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ABSTRACT

Over the years a number of excellent articles have been 
written by a variety of authors on various aspects of mill 
waste management/tailings dams. Unfortunately, when such 
articles are for a technical audience, due to time and space 
limitations, some topics are only briefly discussed.

All of the work presented in this thesis/report has 
previously been published. This thesis/report presents a 
compilation of the best sources on tailings dam and 
impoundment design identified by the author during an 
extensive literature search. The text of this report is taken 
verbatim from these sources. This research was completed in 
1994. Since then significant work has been done in tailings 
management and impoundment design. This thesis/report is 
intended for use as an instructional primer for mining 
companies and regulating agencies.

An informational database has been developed including 
many references for tailings dam design and construction. The 
references used in the compilation of this report are 
available in the database. The database (WASTE.EXE) is 
included with the thesis on three 3.5" high density diskettes.
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CHAPTER 1 

INTRODUCTION TO TAILINGS PONDS

The material presented in chapter one is compiled from 
the Bureau of Mines information circular 8755, Design Guide 
for Metal and Nonmetal Tailings Disposal, written by Roy L. 
Soderburg and Richard A Busch.

1.1 Overview

Surface disposal of tailings uses dams and embankments 
to form impoundments that retain both the tailings and mill 
effluent. In the past, tailings were routinely discharged 
into the nearest surface water course. As this practice fell 
out of favor, it required only a modest advance in technology 
to dam the water course, forming an impoundment in which the 
tailing could settle from suspension. The prevalence of 
surface disposal stems partly from the historical background 
and also from the fact that a reasonably large surface 
impoundment allows for clarification of discharged mill 
effluent and its return to the mill for reuse. As used in this 
guide, tailings ponds comprise embankments placed on ground 
surface that are required to retain slurries of, waste and 
water; they are constructed from tailings, borrow material, or 
some of each. Some mines use deslimed tailings for 
underground fill, leaving only the finer materials to be 
impounded on the surface. The materials range from chemically 
stable quartz to unstable feldspars which can alter to 
micrometer-size clay.
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1.2 Function of Tailings Ponds

The main function of a mine tailings pond is to store 
solids permanently and to retain water temporarily. The 
length of time that water must be retained ranges from a few 
days to months, depending on gradation, mineralogy, etc. When 
clarified, the water can be reclaimed for plant use or 
discharged into the drainage.

When the water contains a serious pollutant, the 
tailings dam must be designed to retain the water for longer 
periods until the harmful chemicals have degraded or until the 
water evaporates. A completely closed system is preferred in 
all such cases, not only for conservation of water, but as a 
necessity to prevent the pollutant from being discharged. The 
seepage water from this type of dam must be controlled, 
treated, and pumped back to the mill for reuse.

1.3 Basic Considerations

Economics continue to be of prime importance in the 
design of tailings embankments, including site selection, 
pumping requirements, length of pipe line, and capital versus 
operating cost. The annual tonnage versus site acreage, 
physical properties of tailings, type of embankment, method of 
waste disposal, availability of construction materials, 
climate, terrain, hydrology, geology, and nature of the 
foundation at alternative sites are all important factors. 
The consequences of failure should be fully considered in 
establishing the factor of safety (FS) of the embankment 
design. Embankments in seismically active areas should 
undergo dynamic analysis to eliminate the possibility of 
liquefaction from earthquake shock. Embankments in remote
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areas can have a lower FS than needed in urban areas. 
Operating costs for tailings disposal can be a big item in a 
mining operation, and much thought should go into the study of 
capital versus operating cost. In some cases, the plan with 
the cheapest capital cost can be the most expensive when the 
operating cost is added, and vice versa. Probably the 
cheapest operation possible would be one where a few water- 
type dams could be constructed to enclose a large area, 
allowing the operator to merely dump the tailings; this would 
completely eliminate operating labor except for pump operation 
and periodic inspection.

1.4 Daily Tonnage

Operation of porphyry copper, taconite, and pebble 
phosphate mines can more easily anticipate the ultimate area 
needed for tailings disposal for the life of the deposit than 
can operation of underground deep-vein mines. These surface 
deposits are generally well defined with known ore reserves 
for a given number of years. Knowing this and the anticipated 
daily tonnage, definite plans for a tailings disposal area can 
be made. Any planned expansion should be considered at.the 
same time, keeping approximately 35 acres per 1,000 tons of 
daily mill production for metal mines, preferably in two 
separate areas. Taconite operations require about the same 
acreage per 1,000 tons of waste produced. Under special 
conditions, such as single-point discharge into large areas 
where cheap land is available and other factors are favorable, 
the area per 1, 000 tons of waste could go up two to three 
times this, but observation of well-engineered taconite 
tailings areas indicates that 35 acres per 1,000 tons is about 
optimum where discharge pipelines surround the area.
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Phosphate mines in flat terrain will require nearly an acre of 
settling pond per acre of mined land until some improvement in 
settling rate can be achieved. Because of the fineness of the 
material and the low pulp density, it is deposited at a single 
point at a time.

1.5 Size of Tailings Area

The size of the tailings embankment necessary for each 1,000 
tons of milling capacity for a safe and efficient operation is 
governed to some extent by the size of the grind, but mostly 
by the terrain within the tailings area. A relatively level 
area of a wide, open valley is an ideal site because of the 
large volume of tailings placed per foot of elevation rise. A 
starter dam constructed from borrow material is a very 
important part of the entire impoundment. The purpose of this 
dam is to contain the sand and provide a pond large enough to 
insure sufficient water clarification at the start of 
operations. The steeper the terrain within the embankment 
area, the higher the starter dam must be to supply the storage 
necessary for the sand and water until the embankment can be 
raised with the beach sand. It is far better to make the 
starter dam a bit higher than required because of the unknown 
factors at startup of an impoundment. These unknowns are (1) 
the efficiency of segregation of the sand and slime on the 
beach, (2) the angle of the beach area, and (3) most 
important, the retention time in the pond to get clean water. 
A capacity curve plotting the volume against elevation should 
be made, as well as a time-capacity curve to get the elevation 
rise per year through the life of the impoundment (Fig. 1).

Where the maximum annual rise is limited to less than 8 
feet per year, the active disposal area must be at least 20
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acres per 1,000 tons of daily capacity. Operating at this 
upper limit of rise per year for continuous operation might be 
safe, but this depends on the grind, pulp density, and type of 
material being impounded. From an operating and safety point 
of view, a figure of 30 acres per 1,000 tons of daily capacity 
is much better for the lower limit of a mature pond. If site 
is on a hillside, the startup time is most critical because 
the area of active storage is small. There is no established 
rate that an embankment can be raised, but for a given 
material, gradation, and pulp density there is a definite

MILLION TOMS
50 604030350

300

250

I 200É Too rapid annual rise, unstable condition,
10.000 • 4 0 ,0 0 0  tpd in 2 years, steep terrain ( 30-percent1- slope)1150

100

2 ponds alternated,flat terrain (2 - percent slope), stable conditions, 
25,000  tpd, 36 acres per thousand tpd production50

Calendar Year

Figure 1. Capacity-elevation-time curve.

maximum rate of rise above which stability becomes a problem.
If the tailings cannot drain as fast as they are placed in 

the pond, the phreatic surface rises and comes out the face 
above the toe dam. When this occurs, seepage and piping take 
place, lowering the safety factor to the danger point.
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Possible solutions are to allow time for drainage and to place 
a filter and rock surcharge on the toe. A rapid annual rise 
is undesirable because the material does not have time to 
properly drain, consolidate, and stabilize, nor is there time 
to raise the peripheral dam.

The pond area required for clarification of the water 
prior to reclamation of discharge into the local drainage is 
difficult to determine by experimental or theoretical means. 
The problem is to provide sufficient retention time to permit 
the very fine fractions to settle before they reach the 
decant. The settlement velocities of various grain sizes and 
shapes can be determined theoretically; however, several 
factors determine the effectiveness of settlement in the 
field, such as grain size, percentage of slimes, pH of the 
water, wave action, and depth of water.

The size of grind required to liberate the metal from 
the waste can produce a material having 55 percent or more 
minus 200 mesh so that the settling rate is quite slow. 
Particles of 50-micrometer size have a settlement rate of 0.05 
inch per second and will settle in a reasonable time even 
though affected by wave action. The most difficult particles 
to settle are those of 2 micrometers or less; these have a 
theoretical settlement rate of 0.01 inch per second in still 
water, but in fact may take days because of wave action.

The quality of the water returned to the mill or the 
watershed will determine the retention time for any particular 
mine. The time required may be as low as 2 days and as high 
as 10 days, with an average of about 5.
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CHAPTER 2 

MATERIAL PROPERTIES OF TAILINGS

2.1 Introduction

The material presented in chapter two has been 
extracted from two sources. Sections 2.2 and 2.3 are from 
the Bureau of Mines information circular 8755, Design Guide 
for Metal and Nonmetal Tailings Disposal, written by Roy L. 
Soderburg and Richard A Busch. The rest of the chapter has 
been extracted from Steven G. Vick’s book titled Planning, 
Design, and Analysis of Tailings Dams.

2.2 Mill Tailings (after Soderberg and Bush, 1977)

Metal mine tailings include materials ranging from hard 
quartz to mudstone with vast differences in physical 
properties. Finely ground mill waste high in silica can 
have a high shear angle at high densities with little or no 
cohesion and still be very susceptible to erosion by wind 
and water. Materials high in feldspar may have a high shear 
strength when fresh, but can chemically change to clay with 
time, reducing the strength. Relatively minor amounts of 
sulfide can oxidize to form a crust and lower the pH enough 
that vegetative growth is difficult or impossible without 
adding topsoil or altering the material in some way. High- 
sulfide tailings may ignite by spontaneous combustion or 
produce acidic runoff, iron oxide, or hydroxide, which can 
pollute large areas in a drainage basin. The sodium cyanide
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from gold ore treatment plants requires retention time in 
the tailings pond, and sometimes requires treatment with 
chlorine or other oxidizing agents to neutralize the cyanide 
to tolerable levels before release. The waste from uranium 
mining and milling can be very dangerous for many years 
owing to radioactive daughter products.

2.3 Classification of Tailings Types (after Soderberg and 
Bush, 1977)

The types of tailings cover such a wide variety of 
physical characteristics that generalization is difficult. 
Not only do the types of tailings vary, but tailings within 
any one ore type may differ substantially according to mill 
process and the nature of the orebody.

Table 1 divides the various types of tailings into four 
general categories according to both gradation and 
plasticity. The first category, soft-rock tailings, are 
those derived from shale ores, including fine coal refuse 
and trôna insolubles. While these tailings ordinarily 
contain some sand-sized materials, the clayey nature of the 
slimes significantly influences the physical character.

Sands usually predominate for the second category,hard- 
rock tailings, which includes the lead-zinc, copper,gold- 
silver, molybdenum, and nickel types. Tailings are
primarily finely crushed silicate particles. Slimes, while 
they may be present in substantial proportions, are derived 
from the crushed host rock rather than clay and do not 
usually exert an overwhelming influence on the behavior of 
the tailings as a whole. Basic information on the 
mineralogy of the ore, grinding operations, and 
concentration procedures will usually permit reasonably
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TABLE 1 Summary of Physical 
(after Vick,1983)

CATAGORY

Soft-rock tailings 
Fine Coal Refuse 
Trona insols 
Potash

Hard rock tailings
Lead-zinc
copper
Gold-silver
Moly

Fine tailings 
Bauxite red muds 
Phosphatic clays 
Fine Taconite Tails 
Slimes

Coarse tailings 
Tar sand tailings 
Uranium tailings 
Gypsum tailings 
Phosphate sand 
Coarse taconite tailings

Tailings Characteristics

GENERAL CHARACTER

Contains both sand and slime 
fractions, but slimes may 
dominate overall properties 
because of the presence of 
clay.

May contain both sand and 
slime fractions, but slimes 
are usually of low plasticity 
to non-plastic. Sands 
usually control overall 
properties for engineering.

Sand fraction small or 
absent. Behavior, 
particularly consolidation 
and sedimentation 
characteristics dominated by 
silt and clay size particles

Contain either sands or non
plastic silt-sized particals 
exhibiting sand-like behavior 
and generally favorable 
engineering characteristics.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL Of MINES 
GOLDEN, CO 8 0 4 0 1 ,«
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valid correlations with physical characteristics of the 
hard-rock tailings reported herein.

Fine tailings, the third category, are those having 
little or no sand and include phosphatic clays, bauxite red 
muds, fine taconite tailings, and slimes from tar sands 
tailings. The characteristics of slimes predominate for 
these materials to the extent of rendering them largely 
incompetent from a structural standpoint. These materials 
may require long periods of time for sedimentation and 
consolidation, and require large impoundment volumes.

Coarse tailings are those whose characteristics are 
determined on the whole by the sizable coarse sand fraction 
or, in the case of gypsum tailings, by non-plastic silt that 
behaves more or less like a sand. This group includes the 
coarse fraction of tar sands, uranium, gypsum, coarse 
taconite, and phosphate sand tailings.

Because tailings in any one category share the same 
broad physical characteristics, disposal problems are 
usually somewhat similar. Thus, when dealing with tailings 
from ores where there is little information available on 
disposal practices, comparison with tailings in the same 
general category may provide useful general guidelines. In 
addition, changes in grinding at a particular mill may, for 
example, produce considerably finer material, which may 
change the category in which the tailings reside and 
introduce new and different disposal problems. It is 
important to recognize, however, that the above 
classifications reflect only the broad physical 
characteristics and engineering behavior of various tailings 
types; chemical characteristics and environmental 
considerations may be more important than physical behavior 
in determining disposal practices in some cases.
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2.4 Particle Sizes (after Vick, 1983)

The grind necessary to free the metallic minerals for 
flotation ranges from about 30 percent to 80 percent minus 
200 mesh (Fig. 2) . Sand-filling operations at some
underground mines remove the coarse sand, leaving an even 
finer material to be impounded in tailings ponds.

Taconite plant waste products include a float product 
of 3/8 to 1/2 inch size and a spiral and flotation reject 
containing up to 70 percent minus 325 mesh, and there is a 
possibility of even finer grind to 90 percent minus 325 mesh 
to reduce the silica content in the pellets. Not all plants 
have the same waste products, but all could have all or part 
of those listed.

2.5 Depositional Characteristics (after Vick, 1983)

Central to an understanding of tailings behavior is the 
nature of the depositional processes which tailings undergo. 
Tailings are deposited hydraulically, usually by some form 
of peripheral discharge method, either spigotting or 
rotating single-point discharge. This results in an above
water tailings beach and a slimes zone associated with the 
ponded decant water. For most types of tailings, the
beaches slope downward to the decant pond with an average 
grade of 0.5-2.0% within the first several hundred feet. 
Beaches on the steeper end of the range usually result from 
higher pulp density and/or coarser gradation of the whole 
tailings discharge. At distant points on exposed beaches, 
the beach slope may flatten to as little as 0.1%. At these 
distant locations, depositional processes may come to
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resemble natural stream channel sedimentation, with shifting 
braided flow channels and backwater regions. This
depositional process produces a highly heterogeneous beach 
deposit. In the vertical direction, tailings beach deposits 
are usually layered, with the percent fines varying as much 
as 10-20% over several inches in thickness. If discharge 
points or spigots are widely spaced, variations in fines 
content of 50% or more can occur over short vertical 
distances. Such extreme layering produced by thin slimes 
layers within otherwise sandy beaches may result from 
periodic encroachment of ponded water onto the beach where 
thin layers of fines settle from suspension.

Horizontal variability is usually also significant, 
with coarser particles settling from the slurry as it moves 
over the beach, and finer suspended or colloidal particles 
settling only when they reach the still water of the decant 
pond to form the slimes zone.

Figure 3 summarizes measurements of fines content as a 
function of distance for several tailings beach deposits. 
The degree of grain-size segregation ranges from high to 
almost nonexistent. The degree of sorting obviously depends 
on the gradation characteristics of the whole tailings 
discharge; slurry with a wide range of particle sizes is 
more likely to exhibit beach grain-size segregation than 
slurries containing poorly graded materials.

Deposition of slimes occurs by entirely processes than 
those for tailings beaches. Sedimentation of slimes from 
suspension in ponded water does not involve sorting by 
saltation or particle rolling, but rather it is a relatively 
straightforward process of vertical settling. The rate of 
slimes sedimentation can have important effects on the size 
of decant pond necessary for water clarification and on the
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quantity of water available for mill recycle. Sedimentation 
rates may be determined in the laboratory by pouring a 
homogeneous slurry at the desired pulp density in a glass 
cylinder. The advance of the interface between the water 
and settled solids is recorded with time.

100
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4 - 2.7 38 305 - 2.7 60 506 COPPER 3.0

Figure 3. Grain-size segregation along tailings beaches, 
(after Vick, 1983)

Typical sedimentation test results are shown in figure 
4, with the linear portion of the curve yielding the 
sedimentation rate. Typical sedimentation rates for various 
slimes are shown in Table 2.

In the absence of laboratory sedimentation tests, an 
empirical rule for decant pond size is that it should allow 
5 days of retention time and provide 10-25 acres of surface 
pond area per 1,000 tons of tailings discharged per day.
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Figure 4. Typical sedimentation test results on copper 
slimes samples. (after Vick, 1983)

Table 2 Slimes Sedimentation Rates (after Vick, 1983)

Sedimentation 
Specific Rate

Slimes Type Gravity (ft/hr)

Copper 2.7 0.31
2.7 0.14

Phosphatic clay 2.8 0.17
Copper-zinc 2.9 0.38

4.0 0.54
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2.6 In-Place Density

Estimation of in-place density is particularly 
important during early stages of tailings impoundment 
planning. The settled density of the tailings usually 
controls the impoundment volume required for a given mill 
tailings production rate.

Figure 5 shows average dry density as a function of 
depth for several types of tailings.
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Figure 5. Increase in average in-place density with depth, 
(after Vick, 1983)

In-place density can be expressed in terms of either dry 
density (Yd) or void ratio (e) . Table 3 shows typical
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TABLE 3 Typical In-Place Densities and Void Rations (after
Vick, 1983)

Specific Void In-place 
Tailings Type Gravity Ratio Density (pcf)

Fine coal refuse
Eastern U.S. 1.5-1.8 0.8-1.1 45-55
Western U.S. 1.4—1.6 0.6-1.0 45—70
Great Britain 1.6—2.1 0.5-1.0 55—85

Oil sands
Sands —  0.9 87
Slimes —  6-10 —

Lead-zincSlimes 2.9—3.0 0.6-1.0 93—113
2.6-2.9 0.8-1.1 80-103

Gold-silverSlimes —  1.1-1.2 —
MolybdenumSands 2.7—2.8 0.7-0.9 92—99
CopperSands 2.6—2.8 0.6-0.8 93-110

Slimes 2.6—2.8 0.9-1.4 70—90
Taconite

Sands 3.0 0.7 110
Slimes 3.1 l.l 92

3.1-3.3 0.9-1.2 97-105
Phosphate

Slimes 2.5-2.8 11 14
Gypsum 2.4 0.7-1.5 60-90

Bauxite
Slimes 2.8-3.3 8 20

Trona
Sands 2.4-2.5 0.7 92
Slimes 2.4-2.5 1.2 68
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values measured in actual impoundments for various types of 
tailings.Slimes tailings generally show an average increase 
of about 10 pcf per 100 ft of depth, with slightly smaller 
rates of increase for the less compressible sands of about 
5-10 pcf per 100 ft. High rates of density increase for 
gypsum are not representative of tailings in general since 
they are produced by long-term creep deformation of 
individual grains.

2.7 Permeability

More than any other engineering property of tailings, 
permeability is difficult to generalize. Average
permeability spans five or more orders of magnitude, from 
10"2 cm/sec for clean, coarse sand tailings to as low as 10~7 
cm/sec for well-consolidated slimes. Permeability varies as 
a function of grain size and plasticity, depositional mode, 
and depth within the deposit. General ranges of
permeability are shown in Table 4.

TABLE 4 Typical Tailings Permeability Ranges (after Vick, 
1983)

Average
Type

Permeability 
cm/sec

Clean, coarse, or cycloned sands with 
less than 15% fines 

Peripheral ̂-discharged beach sands with 
up to 30% fines 

Non-plastic or low-plasticity slimes 
High-plasticity slimes

1er2 to
10'3 to 
1(T5 to 
10'4 to

10"3
5 x 10'4 
5 x icr7 
ICf8
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2.8 Compressibility (after Vick, 1983)

Because of their loose depositional state, high 
angularity, and grading characteristics, both sands and 
slimes tailings are more compressible than most natural
soils of similar type. Compressibility is determined in the 
one-dimensional compression (consolidation) test commonly 
used to evaluate compressibility of clays in conventional
soil mechanics.

Interpretation of compressibility coefficients requires 
specification of the stress range over which they apply. 
Typical values for the compression index, Cc, determined in 
one-dimensional compression tests are shown in Table 5
together with approximate stress ranges over which the 
values were determined and corresponding initial void 
ratios.

2.9 Consolidation (after Vick, 1983)

Primary consolidation governs the rate of pore pressure 
dissipation under constant load, which can have important
implications for certain classes of stability and seepage
problems.

Primary consolidation for sand tailings occurs so 
rapidly that it is difficult to measure in the laboratory. 
The few available data suggest that the coefficient of 
consolidation cv varies from about 5 x lO"1 to 102 cm2/sec
for beach sand deposits. For slimes tailings cv is
generally about 10~2 -10~4 cm2/sec, in the same range as
typically exhibited by natural clays. Reported data from 
the literature for both sands and slimes tailings are.
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TABLE 5 Typical Values of Compression Index, Cc (after
Vick, 1983)

Material

Initial
Void
Ratio
e0

Compression
Index

Cc
Stress Range 

(psf )

Taconite, 1.37 0.19 500-20,000
fine tailings

Copper slimes 1.3-1.5 0.20-0.27 20-20,000
— 0.28 —

Copper sands 1.10 0.05 200-2,000
(cycloned) (Dr = 0) 0.11 2,000-20,000

— 0.09 --
Tar sands 1.0 0.06 200-20,000

( Dr — 0 )
Molybdenum, 0.72-0.84 0.05-0.13 500-20,000
beach sands

Gold slimes 1.7 0.35 3,000-100,000
Lead-zinc 0.7-1.2 0.10-0.25 1,000-12,000
slimes

Fine coal 0.6—1.0 0.06-0.27 —
refuse

Phosphate >20 3.0 100-1,600
slimes

Bauxite slimes 1.6-1.8 0.26-0.38* 1,000-20,000
Gypsum tailings; 1.3 0.07* 500-5,000

0.28 5,000-20,000
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summarized in Table 6.

TABLE 6 Typical Values of Coefficient of Consolidation, Cv 
(after Vick, 1983)

2 CvMaterial Type cm /sec

Copper beach sands 3.7 x 10"1
Copper slimes 1.5 x 10-1
Copper slimes 10"3 to 10'1
Molybdenum beach sands 102
Gold slimes 6.3 x 10"2
Lead-zinc slimes 10"2 oT—I0-p

Fine coal refuse 3 x 10"3 to
Bauxite slimes 10'3 to 5 x
Phosphate slimes 2 x icr4

2.10 Drained Shear Strength (after Vick, 1983)

Notwithstanding their generally loose depositional 
state tailings have high drained (effective-stress) shear 
strength owing primarily to their high degree of particle 
angularity. It is not uncommon for tailings to show an 
effective friction angle (a) 3 to 5 deg. higher than that of 
similar natural soils at the same density and stress level. 
With rare exceptions, tailings are cohesionless and show a 
zero effective cohesion intercept C in properly performed 
and interpreted laboratory tests.

Typical values of a for various materials, based on 
laboratory tests of both undisturbed and remolded samples, 
are shown in Table 7. In most cases, the tests were 
performed on samples either at an initial density
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TABLE 7 Typical Values of Drained Friction Angle o (after
Vick, 1983)

Material a (degrees)
Effective- 
Stress Range (psf)

Copper
Sands 34 0-17,000

33-37 0-14,000
Slimes 33-37 0-14,000

Molybdenum 
beach sands

32-38 -

Taconite
Sands 34.5-36.5 --
Slimes 33.5-35 —  —

27-32 --

Lead-zinc-silver
Sands 33.5-35 --
Slimes 30-36 — —

Gold slimes 28-40.5 0-20,000
Fine coal refuse 22-39 0- 6,000

22-35 0-25,000
Bauxite slimes 42 0- 4,000
Gypsum tailings 32 0-10,000
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representative of that of the tailings deposit or at the
minimum density for the particular material. For most 
materials, a=falls generally within the range of 30-37 , 
averaged over a wide stress range.

2.11 Undrained Shear Strength (after Vick, 1983)

Undrained shear strength implicitly accounts for the
pore pressures generated by rapidly-applied shear stresses, 
and is important in evaluating the flow-like behavior 
exhibited by many tailings deposit failures. In the
laboratory, undrained shear strength is most commonly 
determined by triaxial tests, which produce the total-stress 
strength parameters ot (total-stress friction angle) and ct 
(total-stress cohesion).

Typical values of at and ct for various types of 
tailings are shown in Table 8, as determined from triaxial 
tests performed mainly on undisturbed and normally 
consolidated samples. The strength values correspond to 
initial void ratios generally typical of those encountered 
within most tailings deposits. ot is in the range of 14-24 , 
roughly 15 degrees less than a for similar materials. Total 
cohesion ct, where present, ranges generally up to about 
1,500 psf.
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TABLE 8 Typical Total-Stress Strength Parameters (after
Vick, 1983

Material
Initial 

Void Ratio
e0

Total Friction 
Angle 
ot (deg. )

Total 
Cohesion 
Ct (psf)

Fine coal refuse 0.5-0.8 16-24 600-1,500
Molybdenum sands 0.8 14 8 0 0
Copper tailings. -- 13-18 0-2,000

all types
Copper beach 0.7 19-20 700-900

sands
Copper slimes 0.6 14 1,300CO1—1 1<T>O 14-24 0-400

1.1 14 0
Lead-zinc slimes 0.8-1.0 21 0
Gold slimes -- 2 8 0
Bauxite slimes 2 2 100
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CHAPTER 3

ALTERNATIVE DISPOSAL METHODS AND METHOD EVALUATION

The material presented in chapter three has been 
compiled from a variety of sources. Sections 3.2, 3.2.2,
and 3.5 (except as noted in the text) were extracted from
Tailings Disposal In Rugged, High Precipitation
Environments :____ An Overview and Comparative Assessment,
written by J.A. Caldwell and J.D. Welsh. Sections 3.3 and
3.4 were extracted from Steven G . Vick's book titled 
Planning, Design, and Analysis of Tailings Dams. Section
3.3.1 is extracted from Analysis of Disposal of Uranium Mill 
Tailings in a Mined Out Open Pit, written by W.P. Staub and 
E.K. Triegel.

3.1 Introduction to Disposal Options

There are really three basic disposal options for mine 
tailings. These options are : surface disposal (dry and
wet); underground disposal (mine backfill and pit disposal); 
and, marine/underwater disposal. The tailings disposal 
options applicable for a specific mine site can be 
evaluated. Disposal options can be ranked according to 
their advantages and disadvantages. Once ranked, the optimal 
tailings disposal alternative can be rigorously derived.
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3.2 Types of Surface Impoundments (after Caldwell, 1982)

Tailings disposal impoundments may be classified with 
respect to the topography or the method used to construct 
the embankment, as is shown in Figure 6.

  1
HILL IM POUNDM ENT

RING DIKE

Figure 6. Impoundment location types (after Vick, 1983)

Ring dike impoundments are best suited to flat or gently 
sloping topography where containment is required around the 
entire perimeter. They have a high ratio of embankment 
volume to total contained volume. This increases the amount 
of work in building the embankment, which may be of 
tailings, borrow material or mine waste rock. An advantage 
of the ring dike impoundment is that only the impoundment 
acts as catchment; hence precipitation inflow is kept low. 
Figure 7 describes a ring dike impoundment.

Figure 8 depicts a side-hill impoundment. Side-hill 
impoundments are normally used in sloping terrain. Only a
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Figure 7. A tailings impoundment in a flattish terrain 
(after Caldwell, 1982)
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Figure 8. Dry disposal tailings impoundment 
Caldwell, 1982)
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part of the perimeter is enclosed with embankments. Such an 
impoundment has a larger drainage catchment area than ring 
impoundments. They can be located on a wide range of 
natural slope angles.

The third type of impoundment is the valley 
impoundment. Blocking a valley provides a large basin for 
tailings storage. A valley impoundment offers the lowest 
ratio of embankment volume to containment volume. In steep 
terrain, valley impoundments may be the only choice 
available for tailings storage. The principal disadvantage 
of a valley impoundment is the large drainage area above the 
impoundment. This drainage may provide flood potential and, 
if not diverted, a continual inflow of excess water. 
Because of natural drainage patterns, valley impoundments 
are also more difficult to stabilize and decommission after 
mining. A valley impoundment is shown in Figure 9.

o  300 CHEST TAIHHOB

UPSTREAM  V IE W  OP
IMPO UNDM ENT

/  /  BCTWT

CYCLONES

P L A N  OF I M P O U N D M E N T

Figure 9. A tailings impoundment in a steep valley (after 
Caldwell, 1982)
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Figure 7 shows the plan and construction details of a 
tailings impoundment constructed in flat terrain in a low 
rainfallf high evaporation environment. The bedrock is high 
strength, moderately jointed norite. Soil cover is on 
average about 1m of high plasticity silty clay of very stiff 
consistency. Peak undrained strength is high (+ 150 kPa) 
but residual effective strength is low (a = 15 ) . The
groundwater table is usually at the clay and bedrock 
interface. In this example seismicity is insignificant.

The tailings grade from a medium sand to fine silt. 
They contain potential contaminants, thus construction on 
the clay to preserve groundwater quality is done. A closed 
circuit water balance is possible because of the arid 
climate.

In order to construct to a height of 50m, essentially 
by upstream construction methods, hydraulic fill dams are 
used in addition to conventional upstream discharge. In 
this way the overall flat slopes required for stability in 
the clays are created.

Construction of a surround dam starts with a 1m high 
wall built of in situ clays. Tailings are discharged behind 
the wall from spigots. Segregation occurs along the beach 
which deposits coarser tailings near the perimeter, and 
finer tailings near the penstocks or decant towers which are 
used to remove water.

Once. the surround dams reach a suitable height, 
discharge of tailings into the main impoundment begins. 
This too is done by conventional spigotting.

In order to reduce as far as practicable seepage of 
contaminants from tailings a dry disposal impoundment as 
shown in Figure 8 is used. Underlying bedrock is sound and 
a clay liner is installed over in situ sandy silts before
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tailings deposition.
Figure 9 shows the plan and cross section of a tailings 

impoundment designed for a steep narrow valley. Bedrock in 
the area is a competent quartz monzonite with few fractures 
or joints and an hydraulic conductivity of the order of 10"8 
m/sec. Filling the base of the valley to a depth of 20m is 
a deposit of medium dense alluvial sands with a hydraulic 
conductivity of 10”5 m/sec. A tongue of low strength (c1 = 
0, a1 = 2 0°) silty clay underlies a part of the sands. The 
design earthquake acceleration at the site is O.lg.

The climate is dry : annual precipitation is 300mm and
evaporation is 750mm. Temperatures seldom fall below 
freezing and winds are moderate due to shielding by 
neighboring hills.

The tailings grade from a medium sand to a fine silt 
and are suitable for cycloning. Chemically they do not give 
rise to any potential ground or surface water contamination.

The toe embankment is constructed of mine waste rock. 
Part of the alluvial material is removed both to construct 
an upper starter dike and to remove the underlying low 
strength clay. Dewatering of the sand before excavation is 
required. A transition zone of screened rock is placed on 
the upstream side of the rock embankment and a clay blanket 
and liner on the upstream side of the starter dike.

Cyclones along the starter dike separate the tailings 
into coarse and fine fractions. The coarser sands are used 
to build the sand embankment by centerline techniques. 
Drains beneath the cyclone underflow zone, the starter dike 
and the rock embankment prevent the buildup of a phreatic 
line. A series of diversion ditches plus the very small 
catchment area of the impoundment control long-term buildup 
of excess water on the impoundment. Sufficient freeboard
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for extreme precipitation is provided at all times.

3.2.1 Tailings Deposition Options (after Caldwell, 
,1982)

Tailings may be deposited in an impoundment in one of 
three ways: dry, semi-dry or wet.

"Dry” disposal involves transporting and placing the 
tailings in an essentially dry state. Drying is done in the 
mill; tailings are transported by truck or conveyor to the 
impoundment and placed in layers. The pile is covered and 
reclaimed as tailings placement advances. As there is 
little or no water in the tailings, liners and other 
containment features may not be necessary.

Figure 10 describes an impoundment where semi-dry

Permanent discharge

j,. Tailing —  
water - - 
pond  ̂ >

Reclaim
pond

-

Figure 10. Thickened discharge method (after Vick, 1983)
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disposal is used. This method involves moving tailings as a 
slurry and using placement techniques and impoundment design 
features that cause the tailings to dry out once placed. 
This drying out results either from sun drying of 
unsubmerged tailings or controlled seepage of water from the 
deposited mass. Such designs do not involve liners or 
impermeable dikes or embankments ; but they do provide for 
control of seepage and excess pool water. Potentially 
contaminated water is treated during the mining period. 
When deposition at the impoundment comes to an end the 
volume of water that could seep from the tailings is small 
and will continue to reduce as the tailings dries out.

The rest of section 3.2.2 was extracted from Steven G. 
Vick's book Planning, Design, and Analysis of Tailings Dams. 
This method appears to be best suited to disposal sites 
located in relatively flat topography and where concentrated 
runoff does not occur, at sites close to the mill where 
pumping costs are minimized, and in low seismic risk areas. 
In this regard, the thickened discharge method shares many 
of the siting restrictions of upstream-type embankments. 
Also, like upstream methods, thickened discharge disposal is 
only applicable for tailings containing a reasonable sand 
fraction and without a major proportion of clayey fines.

"Wet" disposal involves depositing and containing the 
tailings in such a way that they are placed and are likely 
to remain wet over extended periods. The design of a wet 
tailings impoundment may involve liners and impermeable 
cores in embankments or containment dikes. Impermeable 
barriers are provided to contain and prevent movement to the 
surrounding environment of water that may be contaminated. 
Figure 9 describes an impoundment where wet disposal is 
used.
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Dry disposal is presently being used for disposal of
coal and uranium mine tailings. Disposal costs are high and
the method is best suited to small operations in dry 
climates. Semi-dry disposal, too, is practical only where 
evaporation exceeds precipitation. Thus in areas of high 
precipitation wet disposal is the norm. If the tailings are 
a potential pollutant, impermeable barriers will be 
required.

3.3 Underground Disposal (after Vick, 1983)

The use of tailings backfill to increase ore recovery
places the most demanding requirements on the properties of 
the material. In room-and-pillar mines, for example, 
backfilling of stopes can allow subsequent remining and 
recovery of ore in pillars, adding significantly to the 
overall degree of recovery of the orebody. For backfill to 
function effectively in this role, however, it must be free
standing and sufficiently stiff to accept appreciable load
transferred from the roof as pillars are mined. Achieving 
these properties often requires addition of cement to the 
sand tailings slurry, typically in proportions ranging from 
about 1:20 to 1:30 by dry weight. In addition to cement 
content, the gradation range, in-place density, and pulp
density of the slurry influence the strength and stiffness 
of cemented tailings backfill. Sulfate-resistant cement may 
be required for tailings derived from high-sulfide ores.

Disposal of tailings in underground mines purely for 
storage purposes, outside of any mining-related function, 
has not been routinely performed to date. However, many
room-and-pillar type mines in such materials as coal, trona.
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and sometimes copper may produce large volumes of otherwise 
unused underground space after mining in a certain area is 
essentially completed. Use of this space for tailings 
disposal can produce major advantages by reducing the area 
and related disturbance required for surface impoundments. 
This can also have a major cost advantage in cases where, 
for example, impoundment lining or reclamation requirements 
impose a severe cost penalty on surface tailings disposal. 
Underground disposal below the water table may be of 
particular advantage for tailings high in pyrite. By 
keeping the tailings permanently saturated underground, 
oxidation that could otherwise produce severe pH and heavy 
metal contamination problems on the surface can be reduced.

3.3.1 Pit disposal (after Staub, 1978)

Disposal of tailings in mined-out pits is an appealing 
alternative to other tailings management methods of the 
recent past. In the 1950s and 60s, tailings were often 
piled on the surface and left to dry. Wind erosion and 
sheet runoff widely dispersed these tailings with their low 
concentrations of radioactive components. Another common 
method of containment was the construction of a ring dike 
made from the sandy portion of the tailings. Clay slime and 
contaminated water were impounded within the ring dikes. 
Often the dikes were poorly designed and constructed, they 
were located on the flood plains of major streams and their 
reservoirs were unlined. Failure of several of these dikes 
led to the uncontrolled surface discharge of tailings. 
Although dikes have remained intact at most tailings 
impoundments, groundwater contamination occurred by seepage
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through the floor of the reservoir. More recently, high 
earth fill embankments have been constructed across natural 
drainage basins to impound slurried tailings within lined 
reservoirs. While dams provide short-term (tens to perhaps 
hundreds of years) protection against erosion of tailings, 
the natural stream course will eventually breach the 
embankment and cut intricate and progressively deepening 
channels through the tailings. Even in the short-term there 
is the risk of catastrophic failure of a poorly constructed 
or earthquake damaged embankment. Disposal of tailings in 
mined out pits reduces the impact of wind erosion, 
eliminates the possibility of catastrophic failure and 
reduces the possibility of stream erosion.

In an open pit that is being mined, in-pit tailings 
disposal is not a practical alternative. Where multiple 
pits are being mined, mined-out pits may be used for 
tailings disposal.

3.4 Marine/Underwater Disposal (after Vick, 1983)

The effects of offshore disposal on water quality may 
be limited if the chemical composition of the mill effluent 
is relatively innocuous and if the tailings are relatively 
coarse or sufficiently flocculated to settle rapidly without 
excessive turbidity. It is also important that the point of 
tailings discharge be in water sufficiently deep and far 
from the shoreline to avoid the most biologically productive 
and sensitive shallow-water and near-shore zones. Various 
authors have reported results for water quality and 
biological monitoring programs for various offshore disposal 
schemes. The results of these studies generally indicate
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minimal biological and water quality consequences for 
offshore disposal, and suggest that offshore disposal areas 
quickly become rehabilitated after discharge ceases. Other 
studies of offshore disposal, however, indicate unexpectedly 
large areas covered by the discharged tailings, as well as 
turbidity problems.

Regardless of technical arguments for or against 
offshore disposal, regulatory authorities view it with a 
jaundiced eye. No other disposal method generates public 
concern more rapidly and intensely, and mines using offshore 
disposal can usually anticipate that control of their 
tailings disposal, and therefore of their entire operation, 
will ultimately reside in the political arena. For these 
reasons, offshore disposal should realistically be 
considered only as a last resort, after all other disposal 
possibilities have been exhausted. Offshore methods, 
however, may be the only possible option for tailings 
disposal in some coastal areas where the combined effects of 
extremely high precipitation, steep terrain, and high 
seismicity make surface impoundments impossible from a 
practical standpoint to safely design and construct.

3.5 Comparison of Disposal Options (after Caldwell, 1982)

In this section, the differences between alternative 
tailings disposal methods are discussed. Emphasis is placed 
on the differences between marine disposal and land disposal 
in rugged, seismic, high rainfall terrain. For comparison, 
reference is made to in-pit tailings disposal and 
impoundments on flat terrain and disposal of "dry tailings" 
in rolling country.
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There are probably no mining projects where the 
tailings engineer will have to choose between disposal in 
the sea, in steep valleys, or on flat land, either by wet or 
dry disposal techniques. However, there are projects where 
the choice is between disposal in the sea or steep valleys; 
and there are projects where the choice is between disposal 
in a steep valley or on flat ground. When disposal is on 
land, there is always a choice between dry or wet disposal. 
Hence, although the comparisons made in this paper are 
hypothetical, they are not entirely without practical 
application as some of the examples described illustrate.

The method described here for use in comparing 
alternative tailings disposal options involves a qualitative 
evaluation of each method. For a list of defined factors, 
five categories are defined ranging from very good to poor 
(or very low to very high impact) . For the list of factors 
in Tables 9 and 10 the impact of each disposal method may be 
evaluated. The considerations leading to an evaluation of 
poor, good, etc. are shown in Table 11.

There is room for argument about the definition of 
ranking considerations and about the assignment of a 
particular scale to each. Some may wish to change 
definitions and scales and hence test the sensitivity of the 
evaluation system to different opinions or judgment. As 
done in tables 9 and 10 a system is established for 
comparing marine tailings disposal to disposal in areas of 
high precipitation and rugged topography, or any of the 
other disposal options considered. Table 10 compares 
operational and cost considerations.

In order to obtain a semi-quantitative evaluation, 
hence ranking, a number is assigned to each factor; 1 for 
very low impact through 5 for very high impact. This has
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been done for tables 9 and 10. Totals and averages are 
given. No weighting is done, except to the extent that all 
factors are considered equal. Indeed, the ratings for the 
two categories considered are not added but are viewed 
separately. For the scales given, it is clear that marine 
disposal ranks ahead of on-land disposal in areas of high 
precipitation and rugged topography. To the extent that 
such numbers have meaning, marine disposal may be ranked 
higher by a factor of two to three. The final numerical 
ratings are a measure, however imprecise, of the extent of 
the advantages and disadvantages of the various systems.
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CHAPTER 4 

SITE SELECTION

In this chapter, information on the site selection of 
tailings dams is presented. Sections 4.1, 4.4.3, 4.4.4,
4.4.8, and 4.4.9 were compiled from information contained in 
the Bureau of Mines information circular 8755, Design Guide 
for Metal and Nonmetal Tailings Disposal, written by Roy L. 
Soderburg and Richard A Busch. Sections 4.2, 4.3, 4.4,
4.4.1, 4.4.2, 4.4.5, 4.4.6, 4.4.7, 4.4.10, 4.4.11, 4.4.12,
and 4.4.13 were extracted from an article written by Earle
J. Klohn titled Geotechnical Investigations for Siting 
Tailings Dams. Sections 4.5 through 4.7 were extracted from 
Steven G. Vick's book titled Planning, Design, and Analysis 
of Tailings Dams.

4.1 Overview of Site Selection (after Soderberg and bush, 
1977)

The selection of a site for tailings disposal has to be 
made when the plant and mine sites are selected. In the
feasibility study of a new property, a tentative tailings 
site must be picked. It should be as close to the mill as 
possible, and downstream from the mill for gravity flow of 
the tailings. It must be of adequate size to accommodate 
the annual tonnage of tailings without too rapid a rise in 
the height of the embankment each year.

In a new area and early in the mine exploration period 
data should be gathered in the area. All climatic data 
should be gathered, and onsite measurements should be made
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of stream flow and evaporation Sedimentation 
characteristics, turbidity, pH, metallic ion count, etc., on 
the proposed waste should be determined. In the United 
States, U.S. Geological Survey (USGS) topographical maps are 
usually available. Detailed contour maps of the impoundment 
area are necessary for the planning and design of mine waste 
embankments. Aerial photographs are useful for locating 
geological features that may not be discernible by surface 
reconnaissance and mapping and for locating potential 
sources of construction materials.

The USGS maps are valuable for reconnaissance surveys, 
for choosing a site, for measuring area and volume, and for 
general geology, drainage area, creeks, etc. Major faults 
should be avoided in the tailings area and especially in the 
dam area. By the time of site selection, there should be 
enough geological information available to eliminate 
tailings sites on any mineralized areas, vein extensions, 
potential shaft sites, pit access, or pit extensions. The 
site should be far enough from projected mining to preclude 
seepage, spills, or runs into the mine through faults, 
shafts, or fractures from mining operation.

Habitation downstream from a potential tailings dam 
would affect the design in that a higher factor of safety 
would be necessary than in a remote area.

4.2 Siting Considerations (after Klohn, 1980)

Design of the tailings storage facility is a site 
specific operation. A design considered suitable for one 
site might be completely unacceptable at another. 
Regulatory guidelines normally require that alternative
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tailings storage areas be identified and the preferred site 
selected on the basis of preliminary site investigations. 
Once the preferred tailings storage site is selected, 
detailed site investigation, leading to ultimate design of 
the facility, should be carried out.

The geotechnical site investigations must provide the 
designers sufficient data in the preliminary stage to select 
the preferred site, and in the final stage to develop safe 
and economical designs that satisfy all regulatory 
requirements. To achieve these ends the geotechnical site 
investigations must cover such items as: topography,
climate, hydrology, geology, hydrogeology, seismicity, site 
stratigraphy (soil and bedrock), soil properties 
(permeability, strength, compressibility, etc.),
availability of suitable borrow materials for dam 
construction, and clay mineralogy and physiochemical 
properties of potential soil liners. Not all of these items 
normally would be classified as geotechnical. However, as 
they are all interrelated and as they all should be carried 
out as part of the engineering site investigations, they 
will be treated collectively as "geotechnical site studies". 
The team required to carry out the necessary site 
investigations will be interdisciplinary in nature, and 
preferably should be led by a geotechnical engineer having 
broad experience and/or training in some of the related 
disciplines (hydrogeology, hydrology, seismicity, etc.).

As previously indicated, the geotechnical site studies 
should be carried out in stages. The first stage usually 
referred to as the preliminary site investigations, should 
be designed to provide an overall assessment of site 
conditions. Sufficient work should be carried out to define 
general site conditions and to identify problem areas for
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each of the alternative sites considered. This permits 
comparisons to be made of alternative sites so that the most 
preferred site can be selected for detailed study.

The second state, usually referred to as the detailed 
geotechnical site investigations, must cover all of the 
previously outlined items in sufficient detail that the 
designers of the tailings storage facility can produce safe 
and environmentally acceptable designs that satisfy all of 
the regulatory requirements.

4.3 Preliminary Site Investigations (after Klohn, 1980)

The preliminary site investigations must be 
sufficiently comprehensive that meaningful comparisons can 
be made between alternative tailings pond areas. The first 
step in the preliminary site investigations should involve 
the collection of all available data for the area. This 
includes such items as:

Topographic maps - usually available from 
governmental agencies. (In Canada, topographic 
maps are available from the Department of Energy.
In U.S.A., maps are available from U.S. Department 
of the Interior - Geological Survey).

Aerial Stereo Photographs - usually available from 
Federal governmental sources and private air 
survey companies. In the U.S.A., photos are 
available from the Photographic Library, U.S. 
Geological Survey.
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Climate - records of air temperatures,
precipitation (rain and snow), wind, solar
radiation and evaporation are normally available 
from governmental sources. In the U.S.A., the 
National Climatic Center, Ashville, N.C..

Streamflows - records of measured streamflows are 
normally available from governmental sources. In 
Canada, the Water Survey of Canada, Department of
the Environment. In the U.S.A., from Automatic 
Data Section, Water Resources Division, U.S. 
Geological Survey.

Geology - regional geological reports and
geological maps, normally available from 
governmental sources. In Canada, both the federal 
and provincial governments are good sources of 
such data. In the U.S.A., the U.S. Geological 
Survey and individual State Geological Surveys 
have this data available.

Hydrogeology - regional reports and papers are 
available for some locations, covering groundwater 
regimes and flow patterns. Possible sources of 
data are governmental reports and publications in 
specialist professional journals.

Seismicity - seismic maps and seismic risk 
predictions are normally available form 
governmental sources. In Canada, computerized 
seismic risk predictions are available from the 
Pacific Geoscience Center, Energy Mines and
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Resources, Victoria. In the U.S.A., data is 
available from the Seismic Records and Earthquake 
Data File - National Oceanic and Atmospheric 
Administration, Boulder, Colorado.

Supplemental Data - maps and reports of both the 
federal and provincial or state departments of 
agriculture and forestry.

In conjunction with the collection and study of the 
above data, including an airphoto interpretation study to 
determine site geology and sources of construction 
materials, a thorough on-site examination of the proposed 
tailings storage areas should also be made. This
examination should be conducted by experienced geotechnical 
personnel. Of prime importance is the surficial geology 
(the geology of all soil deposits overlying bedrock). This 
is particularly true in areas where many of the valleys have 
been infilled with hundreds of feet of soil deposits. Other 
geological factors that should also be assessed, include: 
evidence of landslide movements, evidence of weak planes 
within the rock, evidence of faulting, probable permeability 
of the bedrock in mining and the possibility of deep buried 
channels. The on-site examination in combination with the 
airphoto interpretation normally provides a good preliminary 
assessment of the site geology.

The small scale topographic maps provide a means of 
studying the general area surrounding the proposed mining 
development to locate possible alternative tailings storage 
areas. They are also useful for making preliminary 
estimates of tailings pond storage volumes, the size of the 
runoff area contributing to the tailings pond area, the
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probable direction of groundwater flows, and possible 
effects of the tailings pond on nearby developments.

The climatic and streamflow data, when combined with 
the topographic data, enable a preliminary assessment of the 
runoff characteristics to be made. This provides the 
designer with information concerning average runoff volumes 
and storm runoff volumes. Estimates of both peak flows and 
total runoff volumes are required to assess such items as: 
diversion structures, spillways, flood storage surcharge 
required on top of the tailings pond, etc.

The combined information obtained from the collection 
of published data and the on-site examinations may not be 
adequate to permit an assessment of the merits of 
alternative sites. In some instances, obvious factors, such 
as highly permeable foundations and/or large catchment areas 
contributing to the tailings pond, may eliminate a site. In 
other instances, surficial vegetation and/or surficial 
deposits may mask site conditions, so that further field 
work is required before alternative sites can be 
realistically assessed. Where this is the case, the next 
step in the preliminary site investigations normally 
involves digging test pits or test trenches, drilling a few 
test holes and obtaining soil and/or rock samples, and 
perhaps carrying out some preliminary geophysical work such 
as seismic surveys or electrical resistivity surveys. If 
test holes are drilled, in situ permeability test should be 
run to assess the permeability of the soil and/or rock 
underlying the waste impoundment area.

On the basis of the above outlined preliminary 
geotechnical site investigations, the designers should be 
able to assess the relative desirability, from a 
geotechnical point of view, of the various alternatives
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examined. However, it should be realized that because of 
the several factors which impact the selection of the 
tailings storage area, the most desirable area from a purely 
geotechnical point of view may be unacceptable for other 
reasons (i.e., too close to inhabited areas, conflict with 
other uses, environmentally sensitive issues, etc.). 
Consequently, the importance of considering more than one 
possible area for tailings storage and assessing the 
relative desirability of each area considered, is obvious.

Once the preliminary studies are completed and the most 
suitable tailings pond area, compatible with all the 
regulatory requirements, has been selected, detailed 
geotechnical site investigations must be carried out.

4.4 Detailed Site Investigations (after Klohn, 1980)

Planning detailed geotechnical site investigations 
tends to be a site specific operation. Once the preliminary 
site investigations have been completed, the general site 
conditions are defined and potential problem areas are 
identified. Detailed geotechnical site investigations are 
designed to answer the problems posed by the specific site.

4.4.1 Topography (after Klohn, 1980)

The scale and contour interval required for the site 
maps varies with the function the mapping is intended to 
perform. The government published contour maps having 
1:50,000 scale and 100 foot contours are adequate for 
assessing such items as: contributing watershed for the
tailings pond area; location of the tailings pond with
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respect to existing facilities (towns, farms, highways, 
major streams or lakes, etc); possible effects of seepage 
losses on the surrounding area; etc.

Once the detailed site investigations are underway, 
accurate mapping of the tailings storage area is required. 
This is usually achieved by using photogrammetric mapping. 
This mapping is fast, economical, and suitably accurate, 
provided satisfactory. horizontal and vertical ground 
control. Moreover, once the contour interval is selected 
and the mapping completed to some standard scale, perhaps 
1:2500, it is a simple matter to produce maps having the 
same contour interval to any desired scale. A contour 
interval commonly used for such mapping is 5 foot. These 
maps may be used for computing storage volume for the 
tailings pond, for laying out any required diversion ditches 
and for laying out the tailings dam and dikes. Prior to 
producing final design, surveys are required to produce 
accurate layouts and grades.

4.4.2 Climate and Hydrology (after Klohn, 1980)

Climatic data, including such items as air temperature, 
precipitation, humidity, wind solar radiation, and 
evaporation, and stream flow data are used in assessing the 
hydrology of a site.

The hydrology of a tailings storage area is critically 
important for assessing the runoff volumes and flows that 
may enter the tailings pond. There will always be some 
catchment area contributing runoff to the tailings pond. 
This area may vary from that of the tailings pond itself, to 
a much larger drainage area in the case of an impoundment
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formed by damming a valley into which several streams enter. 
In the latter case, it is most desirable to divert all 
possible streams and natural runoff around the tailings pond 
area.

Substantial runoff volumes and flows can result from 
heavy precipitation or snowmelt over relatively small 
catchment areas, making the design of suitable diversion 
structures a major undertaking. At the end of the mining 
operation, unless the diversions are maintained in 
perpetuity, the risk exists that they will become 
inoperative and that tailings ponds will be subjected to 
very large flood flows at some future date. For this case, 
the tailings dam must be protected from possible overtopping 
which would cause serious erosion and result in tailings 
being washed downstream. The required protection would 
involve the construction of large, expensive, permanent 
spillways to safely handle the maximum possible flood flows. 
To minimize these problems, the tailings pond area should be 
located such that the contributing catchment area is a 
minimum and not much larger than the tailings pond area 
itself (See Figure 11) . This should minimize the size of 
the permanent spillway required after abandonment and in 
cases where the tailings pond has no contributing catchment, 
it may be possible to eliminate the spillway by providing 
sufficient freeboard to store the predicted flood volume.

4.4.3 Evaporation (after Soderberg and Bush, 1977)

In the arid Southwest United States as much as 84 
inches of water per year may be lost by evaporation from a 
tailings pond, and this is one of the major water losses.
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Catchment 
area boundary

(b)

Catchment 
area boundary

Figure 11. Effects of impoundment location on catchment 
area. (a) Impoundment near head of drainage 
basis with limited catchment area. (b) 
Downstream location with extensive catchment 
area. (after Vick, 1983)

Evaporation from the water surface is influenced by 
solar radiation, wind, air temperature, and vapor pressure. 
Evaporation varies with latitude, season, time of day, and 
cloud cover.

A standard for estimating evaporation from lakes and 
reservoirs is the National Weather Service Class A pan. It 
consists of an unpainted galvanized iron pan, 4 feet in 
diameter and 8 inches deep, placed on a frame to, allow air 
to circulate completely around it. It is filled daily to a
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depth of 8 inches for 12 to 18 months and evaporation is 
monitored. Additional instruments can be installed near the 
evaporating pan to relate the measured evaporation in the 
pan to meteorological factors. Some of these instruments 
are—

1. Wet-and dry-bulb thermometers for air and 
precipitation temperatures, vapor pressures, and dew points.

2. Anemometer for wind.

3. Precipitation gages— one non-recording and one 
weighing-type recording gage.

Pan coefficients (ratio of lake evaporation to pan 
evaporation) are used to estimate the evaporation from lakes 
and reservoirs. The evaporation from natural lakes and 
reservoirs is 0.6 to 0.8 as much as from the Class A pan, a 
coefficient of 0.7 is a good average figure.

4.4.4 Runoff (after Soderberg and Bush, 1977)

Runoff must be considered in designing a mine tailings 
pond. The annual spring runoff can best be assessed by even 
a few years of records for a given watershed. Where this 
information is not available and the watershed is small, 
hydraulic handbooks have simple equations to calculate 
runoff flow rates. The National Weather Service has maximum 
probable precipitation for a general area which can be used, 
and assuming a saturated watershed, a runoff hydrograph can 
be drawn. The design must be made to handle the 100-year
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flood whether it is by spillway, diversion ditch, decant 
tower with discharge lines, or pipe beneath the embankment.

In areas of high snowfall the maximum rain could occur 
in the winter on deep snow pack with above-freezing 
temperatures. The runoff could be increased by melting of a 
large portion of the snow, so that the total runoff could be 
even greater than the total rainfall.

A reliable method for estimating runoff volume and flow 
requires three steps. Step 1 is the estimation of the 
amount of precipitation in the form of rain or snow for a 
duration equal to the time of concentration for the area. 
This information is available from the National Weather 
Service as are the maximum storm and the probable frequency 
of occurrences. Step 2 is the assessment of the runoff 
losses in the catchment area by vegetation, evaporation, 
infiltration, and storage in lakes, etc., all depending on 
the characteristics of the area. This step can be 
eliminated by being conservative and assuming a saturated 
watershed, which often happens when the main storm is 
preceded by many days of rain.

Step 3 then assumes that all the precipitation is 
runoff and the timing and quantity of the maximum flow are 
the only problems. Precipitation and streamflow data from 
previous years in the drainage will show the shape of the 
hydrograph, which should be more accurate than a synthetic 
streamflow hydrograph. Synthetic hydrographs are drawn from 
generalized data available on published climatic maps and 
records from adjacent areas. To obtain onsite information, 
recording and non-recording rain gages, a snow storage gage, 
and a recording streamflow measurement gage are necessary. 
Streamflow measurements are also required to determine the 
state-discharge relationship of the stream gage.
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The National Weather Service has records of 
precipitation and the USGS has streamflow records and 
hydrographs which can supply information for a specific 
watershed not directly covered by their streamflow gages.

4.4.5 Freeboard (after Klohn, 1980)

Regulatory requirements for tailings dams in many areas 
stipulate that the design be essentially "closed circuit", 
with no water allowed to leave the system unless treated to 
meet regulatory water quality standards. This means that 
tailings dams and dikes should be designed with sufficient 
freeboard to store the maximum design flood without allowing 
any uncontrolled discharge of effluent. The size of the 
maximum design flood that should be used is an item on which 
there is not universal agreement. In the United States, the 
Nuclear Regulatory Commission (NRC) requires that for 
uranium tailings dams, where the flood runoff is to be 
stored by surcharging the tailings pond, the surcharge 
capacity should be adequate to store a probable maximum 
flood series, preceded or followed by a 100 year flood, 
assuming a pond elevation equivalent to the average annual 
runoff. The probable maximum flood series is defined as the 
probable maximum flood (P.M.F.) preceded by three to five 
days by a flood equal to 40% of the P.M.F. Where an 
emergency spillway is provided, it should be capable of 
passing the P.M.F.. The P.M.F. is defined as the largest 
flood that may be expected from the most severe combination 
of critical météorologie and hydrology parameters.

The U.S. Corp of Engineers has proposed a set of 
guidelines for selecting spillway design floods. Table 12
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summarizes these guidelines. From Table 12 it can be seen 
that the recommended design floods are based on the height 
of the dam, the volume of water stored, and the potential 
hazards to downstream life and property, and they range 
between a 50 year recurrence frequency and the P.M.F..

Current good engineering practice for both major 
conventional water storage dams and tailings dams requires 
the use of the P.M.F. for design of the spillway. Where 
flood storage is to be achieved by surcharging the tailings 
pond the design normally involves some combination of wet 
year runoffs and the P.M.F. The method proposed by the NRC 
represents one such procedure.

Tailings ponds are structures that either should have 
spillways designed to safely pass the P.M.F., or provide 
sufficient freeboard to safely store a combination of wet 
year runoffs and the P.M.F. This requirement should not 
place an unreasonable burden on the tailings pond design 
provided it has been sited such that it has a small 
contributory watershed. If this is not possible, large 
diversion and/or spillway structures, with all the problems 
of perpetual maintenance, will likely be required.

4.4.6 Geotechnical Investigations (after Klohn, 1980)

Geological and subsurface investigations are closely 
interrelated and are usually carried out simultaneously 
under the collective name of "geotechnical investigations". 
The main objectives of the detailed geotechnical 
investigations should include determining:

The detailed soil and bedrock stratigraphy.
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including depth, thickness, continuity, and 
composition of each significant stratum.

The site geology, both surficial and bedrock. 
This study should include a history of deposition 
and erosion, including glaciation, and should 
cover such items as: buried channels; collapsing
structures ; solution cavities ; tectonic movements 
and faulting; weak formations such as shear 
planes, bentonite layers, mylonite seams, etc., 
and site seismicity. Geologic maps should be 
produced showing both the surficial and subsurface 
geologic features of the site.

The site hydrogeology, including : definition of
all aquifers and aquicludes, determination of 
bedrock topography and thickness of unconsolidated 
sediments; determination of the piezometric 
pressures in all aquifers; determination of 
hydraulic conductivity; determination of local 
and regional groundwater flow systems.

The geotechnical properties of the soil and rock 
strata that may affect design of the waste 
impoundment structure. For soils these should 
include: water content, grain size determinations, 
Atterberg limit tests, consolidation tests, 
triaxial compression and/or direct shear tests, 
permeability tests, and ion exchange capacity of 
days proposed as impervious liners. For rock 
these should include : shear strength along weak
layers and permeability of various strata.
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The availability of suitable construction 
materials for building dams or dikes and
impervious linings.

4.4.7 Geophysical Procedures (after Klohn, 1977)

The principal method used for determining detailed soil 
and bedrock stratigraphy is drilling and sampling. Soil 
samples are usually taken at 5 foot intervals with the type 
of sample taken depending on both the nature of the soil and 
the purposes of the sample. Samples of bedrock are obtained 
by continuous coring using diamond drills and double or 
triple core barrels. The types of drills and methods of 
sampling for various soil conditions are indicated in Table 
13.

Geophysical methods such as seismic and electrical
resistivity are often used to complement the drilling and 
sampling programs. Under certain conditions these methods 
can prove invaluable for quickly determining bedrock and 
water table profiles. However, they require careful 
interpretation in conjunction with geological information, 
and work best where geologic .conditions are relatively
simple. Downhole geophysical methods such as seismic 
electrical resistivity and neutron and gamma logging are 
often used to correlate similar rock or soil strata between 
different drill holes. These methods can be very effective.

Drilling records should be carefully maintained for all 
exploration holes. They should contain a record of all 
water losses or gains and the location of soft or shattered 
zones of rock, as well as a detailed description of all soil 
land rock strata encountered. The borehole water level
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should be measured at regular stages during drilling. Rock 
cores should be carefully logged with particular attention 
to such features as: core recovery, weathering, fractures,
joints, faulted zones, solution cavities, etc..

Tailings pond facilities are considered to be hydraulic 
structures as they retain water as well as tailings. Three 
basic properties that must be determined for the foundations 
and abutments of all hydraulic structures are : the
compressibility, the shear strength, and the permeability. 
In addition, the permeability of the tailings pond area 
proper must be determined to ensure that unacceptably large 
seepage losses do not occur. Seepage losses that can be 
safely accepted for a conventional water storage dam may not 
be acceptable for some tailings ponds because of the 
contaminants contained in these losses.

4.4.8 Compaction (after Soderberg and Bush, 1977)

The moisture-density relationship for compacting soil 
is obtained by the Standard Proctor method or the Modified 
Proctor method. In the early days of compaction, when 
construction equipment was small and gave relatively low 
densities, the Standard Proctor density was the expected 
value to be attained in the field. As construction 
equipment and procedures were developed which gave higher 
densities, the Modified Proctor method with over 4-1/2 times 
the compactive effort of the Standard was adopted.

A definite relationship exists between the water 
content of a soil at the time of placement and the amount of 
compactive effort required to achieve a given density. If 
silts and clays are too wet or too dry, the maximum density
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will not be attained with a given compactive effort. The 
objective of the laboratory procedure is to determine the 
optimum water content and maximum density for the specified 
compaction effort.

Sands are not as moisture dependent but should be 
compacted either saturated or completely dry to avoid the 
effect of "bulking".

4.4.9 Shear Strength (after Soderberg and Bush, 1977)

The shear strength of a soil may be measured by
triaxial compression tests or direct shear tests. Triaxial 
tests measure the shear strengths under both drained and 
undrained conditions with the sample maintained as near
field conditions as possible. Direct shear tests can define 
shear strengths under limited conditions of moisture and 
confinement.

Using the shear strength of a soil is common practice 
for the design of an earth starter dam for tailings 
disposal. In this case, the soil can be mechanically
compacted to a density where the shear angle, cohesion, 
permeability, etc., needed for design can all be determined 
by laboratory testing. To determine the same physical 
properties for the tailings is a bit more difficult because 
it is generally deposited hydraulically with no compaction. 
If an old tailings pond is available for undisturbed
sampling and testing, these figures can be obtained and used 
to determine the physical properties and geometry.

If an old tailings pond is not available, such as in 
the case of an entirely new property, some assumptions must 
be made as to the density of the deposited material, from
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either laboratory tests or information from another property 
with the same grind and rock types. The screen analysis, 
mineralogy, pulp density of deposition, and cyclones, if 
any, affect the material characteristics that determine the 
shear angle, cohesion, drainage, etc. Soil shear strength 
is also affected by many test factors including such items 
as rate and method of loading, principal stress ratios, 
degree of saturation, drainage, rate of specimen strain, and 
total specimen strain. In selecting the shear strength 
parameters that are to be used for specific analyses, an 
estimate must be made of the probable strains and rates of 
pore pressure dissipation under field conditions, and a 
decision must be made as to whether "peak" or "residual" 
shear strength values should be used to determine the angle 
of internal friction o. Generally, if the void ratio value 
(e) is small, the peak o is used. If e is high, residual a 
is used. More testing is required to determine the shear 
strength characteristics of soft soil than firm soil.

Triaxial shear testing is a very exacting process that 
requires good equipment and much training and experience, 
and it is best left to specialists in this field. The 
sample must be taken with care in the field, prepared for 
transport, and transported with minimum disturbance. 
Extreme care must be used. The unconsolidated, undrained 
test is described in ASTM D2850-70. This is an important 
test because of its use in stability analysis.

Data obtained from shear strength tests are normally 
presented in terms of effective stresses. During triaxial 
testing, both total stresses and pore water pressures are 
measured. The effective stress is the total stress minus 
the pore water pressure. Plots of effective stress at three 
different confining pressures for soil specimens at failure
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are presented in the form of Mohr circles in Figure 12. The 
apparent cohesion (c) is the intercept of the effective 
angle of the internal friction angle o with the shear stress 
line. For a noncohesive soil this intercept would pass 
through the origin.

M ohr envelope o f  __
in terms of effective stressstress

t—
/—  M ohr circle of 
' effective stresses 
Mohr circle of 

y total stresses

N O R M A L  STRESS

Pore ^  
pressure

c" = effective cohesion (p' = effective angle o f
shearing resistance

<73 = to ta l norm al stress u = pore pressure

<73 = effective norm al stress

Shear strength = S=c' + (r>—u) tanç)1

Figure 12. Mohr diagram showing envelope of soil strength 
in in terms of effective stresses, and 
relationship between effective and total 
stresses, (after Soderberg and Bush, 1977)

4.4.10 Permeability (after Klohn, 1980)

Determination of the permeability of the soil and rock 
strata that underlie the tailings pond area is required to
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permit assessment of probable seepage losses. In soils, the 
permeability is influenced by particle size and thus pore 
space, and the distribution of particle sizes or thedegree 
of homogeneity. Coarse, granular soils exhibit the highest 
permeabilities and fine-grained soils the lowest. Figure 13 
presents a summation of the range of permeability for soils. 
Also indicated in Figure 13 are types of permeability tests 
applicable to each class of soil.

The permeability of intact rock is usually low. In 
most rock masses, groundwater flows largely through 
discontinuities such as joints and fissures. The nature, 
orientation, and continuity of the joints and fissures 
determine the permeability of the rock mass. Highly jointed 
rocks, with open joints can be more pervious than clean 
coarse gravels. Table 14 presents a range of typical 
permeability values for soils and rocks.

The permeability of soils can be determined by 
laboratory testing, or in the case of granular soils, 
estimated from grain size curves. However, laboratory tests 
may not accurately reflect the in situ permeability of the 
soil as this depends on such factors as degree of 
stratification and continuity of individual stratum. 
Consequently, although laboratory permeability values may be 
used for estimating the seepage flows through soils, these 
are usually checked by in situ tests. Rock permeabilities, 
because they depend on discontinuities in the rock mass, 
cannot be determined by laboratory tests on intact rock and 
consequently must be determined by in situ field testing.

Methods which are commonly used for direct in situ 
measurement of permeability are summarized in Table 15. 
Borehole permeability tests are the most commonly used in 
situ permeability tests because of their ease of performance
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TABLE 14 Typical Permeability Values (after Klohn, 1980) 

Soils (intact permeability) Permeability, k (cm/sec)
Gravel 1 - o 1—1

Clean sands 10‘3 - 1
Clayey sands o \—1 - 10
Clays o\—I - 10

Rocks (intact permeability)
Limestone, 2% porosity 8.5 oi—iX

Limestone, 16% porosity 10~4
Silty sandstone 2 x o 1—1

Sandstone, 29% porosity 2 x 10"3
Granite 5 x 10~9
Slate o 1—1

Rock Masses (mass permeability)
With clay filled joints o 1—1

Moderately jointed 10-4 - 10
Well jointed 10"2 - 10
Heavily fractured 10 - 102

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401 >*'



TA
BL
E 

15 
Di
re
ct
 

te
st
in
g 

of 
in 

si
tu
 
pe
rm
ea
bi
li
ty
 

in 
so
il
s,
 

(a
ft
er
 
Kl
oh
n,
 
19
80
)

ER-4609 69

81

O o —

© 4- <0 <0 Q l_ 

Q_ — CX 2 TD S

|S

a

1 ° — 

q  e *  i-

(c
on
ti
nu
ed
.



ER-4609 70

11

irë's-E
O  X -3C u

— o
% g s

73<D
Ü-H-PCOU

L 5ô 
0=0 

°’ «
lï!
v> a . n

l - l

m
wpi
§B-i



ER-4609 71

and relatively low costs. However, they have the
disadvantage of testing a relatively small zone and large 
numbers of carefully run tests are required.

Large scale pumping tests are usually performed by 
pumping water out of a screened well in an aquifer. As 
pumping proceeds the resulting lowering of groundwater 
levels is measured in observation wells. Large scale 
pumping tests are currently the preferred method for 
determining the in situ permeability of soils and rock. 
However, they are costly to perform, and the successful 
location, execution and interpretation of well pumping tests 
requires experienced contractors and hydrogeologists.

4.4.11 Groundwater Conditions (after Klohn, 1980)

To establish the existing groundwater regime, 
piezometric pressures in the underlying soils and rock must 
be determined. This is done by installing piezometers which 
are instruments designed to measure water pressure at a 
specific depth. Piezometers may vary from a simple 
standpipe type, which measures the water level at a given 
depth, to remote monitoring, electrical strain transducers. 
The type of piezometer selected for a given installation 
depends on the expected permeability of the soil or rock 
into which it is installed and the required response time. 
The most important characteristics required of any type of 
piezometer are ruggedness, adequate accuracy, and long-term 
reliability. Piezometer locations are selected to provide 
groundwater pressures relevant to the design or monitoring 
requirements of the particular site.

Detailed water monitoring programs should be set up
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well before the start of operations to establish natural 
background levels of contaminants. The required water 
sampling program should be combined with the groundwater 
regime studies, the in situ drill hole permeability tests, 
and the pumping tests so that maximum use can be made of 
these drill holes, wells, and piezometers in the water 
sampling studies.

4.4.12 Seismicity (after Klohn, 1980)

In areas where seismic disturbances may occur, analyses 
are required to determine the effects of the seismic forces 
on the proposed tailings dams. Before such seismic analyses 
can be made, it is necessary to select the magnitude and 
location of the design earthquake for the site. Selection 
of the magnitude of the design earthquake normally involves 
obtaining the records for all recorded earthquakes in the 
area together with statistical analyses predicting 
magnitudes for various periods. Also required is a detailed 
geological assessment of the structural geology of the area, 
with particular attention to existing faults and their 
history of movement. The exact procedures used to estimate 
the design earthquake vary, but all methods involve a large 
degree of judgment. In any event, as earthquake records are 
only available over a relatively short period of time, the 
most severe earthquake recorded for an area cannot be 
assumed to be the largest that could occur in that area. A 
procedure sometimes used to determine the hypothetical 
earthquake that should be selected as the design earthquake 
is to take the largest recorded earthquake for the area and 
increase it by 1 Richter magnitude (10 times).
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A method commonly used to determine the effects of the 
selected design earthquake on a particular site, is to 
assume that the earthquake occurs on the closest known, 
possibly active fault. The fault is selected on the basis 
of the geological studies that have been made for the area. 
Attenuation tables are then used to estimate the magnitude 
of the earthquake forces reaching the site as a result of 
the design earthquake occurring on the selected fault.

If the geotechnical site investigations indicate that 
the embankment is underlain by loose, saturated sand or 
sensitive silt, or if the embankment itself is constructed 
of such materials, the possibility of liquefaction occurring 
must be considered. Liquefaction occurs when the dynamic 
earthquake forces cause the pore water pressures within the 
loose sand to rise to such high values that the deposit 
loses its strength and liquefies. To make a liquefaction 
analysis requires dynamic laboratory shear strength tests 
on "undisturbed" samples of the loose, saturated soil to 
determine its dynamic shear strength parameters of the soil 
and incorporate the predicted earthquake forces, are then 
used to determine the factor of safety of the foundation 
against liquefaction.

Embankments and foundations composed of cohesive soils 
or dense granular soils normally are not subject to 
liquefaction under earthquake forces. These materials 
usually exhibit little strength loss or build-up of pore 
pressures during earthquake shaking. Dynamic stability 
analyses, both simplified and rigorous may be used to assess 
the stability of the embankment. Experience has shown that 
provided the embankment and its foundations are not subject 
to liquefaction failure, earthfill embankments can safely 
withstand large earthquake forces without suffering
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appreciable damage. Tailings dams, constructed from select 
borrow materials to the same general standards as water 
retention dams should be expected to resist earthquake 
damage in a similar manner.

4.4.13 Instrumentation and monitoring prior to 
construction. (after Klohn, 1980)

Piezometer installations made for the prime purpose of 
measuring water pressures in both the overburden and bedrock 
strata are one of the major items of preconstruction 
instrumentation. All piezometers should be read on a 
regular basis throughout the entire year. This permits 
seasonal variations and trends in piezometric pressures to 
be observed and recorded.

Water quality determinations should also be made on 
samples taken from the various identified aquifers. The 
piezometer installations, whenever possible should be 
designed in such a manner that they may also be used as 
water sampling stations and thus reduce or eliminate drill 
holes required for water sampling programs.

Early in the site investigations, a climate-hydrology 
package of observation should be formulated. These data are 
scarce to non-existent at many mining sites and the 
designers are usually forced to extrapolate from the nearest 
site having such data when making their preliminary designs. 
Climate-hydrology observations are therefore needed as soon 
as possible to provide a check on the extrapolated data and 
to start an accumulation of climate-hydrology data that 
applies to the specific site. The climatic data required 
include : precipitation, evaporation, air temperatures,
winds, and humidity. (Remote-reading weather stations.
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which perform all of the required climate measurements are 
available at relatively small cost). The hydrology data 
required include streamflow measurements and snowpack 
measurements (thickness and water content).

Performance monitoring of the operating tailings pond 
likely would include such items as: piezometers, settlement
gauges, alignment gauges, inclinometers, and water quality 
measurements. Post-operative monitoring likely would be 
primarily concerned with water quality wind and water 
erosion, and radon gas emissions for uranium tailings ponds.

4.5 Impoundment: layout (after Vick, 1983)

Impoundment layout is an integral part of the siting 
process, since the suitability of a particular site cannot 
be fully established without confirming that the site will 
accept a particular impoundment configuration. Like
impoundment sites, impoundment layouts exist in infinite 
variety. Nonetheless, several categories of impoundment 
layouts can be defined that are generally compatible with 
various topographic settings. Impoundment layout types 
considered in this chapter include :

Ring dikes.
Cross-valley impoundments.
Sidehill impoundments.
Valley-bottom impoundments.

4.5.1 Ring Dikes (after Vick, 1983)

The ring dike impoundment layout is shown schematically 
in Figure 14. Best suited for flat terrain in the absence
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of natural topographic depressions, the ring dike layout 
requires a relatively high quantity of embankment fill in 
relation to the storage volume produced. Since all sides of 
the impoundment are enclosed, runoff from external drainage 
areas is eliminated, and accumulated water results only from 
that which falls directly on the impoundment surface. Ring- 
type impoundments are usually laid out with a regular 
geometry, resulting in a uniform configuration easily 
adapted to various types of liners.

V y
X / X /

/ X / x
X y X ... /

/ x y X
/ \

x y
x y

/ x
/ x

(a) (b)

Figure 14. Ring dike configuration. (a) Single
impoundment, (b) Segmented impoundment, (after 
Vick, 1983)

As indicated in Figure 14.b, the impoundment can be 
segmented, with each segment constructed sequentially as the 
previous segment is filled with tailings. While this may 
produce a number of benefits, including seepage reduction, 
concurrent reclamation, and deferral of construction cost, 
segmented-type impoundments require greater embankment fill 
volumes.
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4.5.2 Gross-valley impoundments (after Vick, 1983)

Cross-valley impoundments, illustrated in Figure 15, 
differ little in layout from a conventional water-storage 
reservoir. As the name implies, the cross-valley
impoundment is confined by a dam extending from one valley 
wall to another. Cross-valley type layouts can be nearly 
universally applied to almost any natural topographic 
depression, in either single- or multiple-impoundment form, 
as shown in Figure 15, thus accounting for the prevalence of 
this layout for tailings disposal. Paramount in the use of 
the cross-valley layout is that the impoundment be located 
near the head of the drainage basin to minimize flood 
inflows. While sidehill diversion ditches can be used to 
reduce normal runoff accumulation in cross-valley 
impoundments, larger diversion channels to pass peak flood 
flows around the impoundment are often not feasible because 
of steep valley sidewalls. Flood runoff from large drainage 
catchment areas can often be handled for cross-valley 
impoundments only by storage, spillways, or separate water- 
control dams upstream from the tailings impoundment.

4.5.3 Sidehill impoundments (after Vick, 1983)

The sidehill impoundment layout is shown in Figure 16.
This layout type encloses the impoundment by embankments on 
three sides and therefore generally requires more fill than 
the cross-valley option. This type of impoundment, however, 
can be used where no incised drainages suitable for cross
valley impoundments are available— for example, on mountain- 
front alluvial pediment deposits or where the available



ER-4609

Figure 15
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(a)

(b)

Figure 16. Sidehill impoundment. (a) Single
(b) Multiple, (after Vick, 1983)
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incised drainages would have an excessive catchment area. 
This type of layout is best suited for sidehill slopes of 
less than about 10% grade; on steeper slopes, fill volumes 
may become excessive in relation to storage volume achieved. 
For downstream-type embankments, the upstream portion of the 
embankment itself may occupy a significant proportion of 
what would otherwise be impoundment storage volume.

4.5.4 Valley-bottom impoundments (after Vick, 1983)

Valley-bottom impoundments, depicted in Figure 17, 
represent a compromise between cross-valley and sidehill 
layouts. The valley-bottom option is well suited for cases 
where the drainage catchment area would be too large for 
cross-valley layouts, but hillside slopes are too steep for 
practical application of the sidehill option. Since the 
impoundment is enclosed by embankments on two sides, fill 
requirements are generally intermediate between those for 
cross-valley and sidehill layouts. Valley-bottom
impoundments are often laid out in multiple form, as shown 
on Figure 17, in order to "stack" the impoundments one above 
the other as the valley floor rises.

Central to the use of the valley-bottom layout is a 
diversion channel to carry the full peak flood flow around 
the impoundment. Diversion is usually necessary since these 
impoundments, commonly located in relatively narrow valleys, 
are often constructed across the stream channel. The 
diversion channel usually corresponds to the gradient of the 
original stream channel but is constructed tight against the 
opposing valley wall. During initial layout, if sufficient 
space is not allocated for the diversion channel, costly
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Diverted stream channel

(a)

(b)

Figure 17. Valley-bottom impoundment. (a) Single.
(b) Multiple. (after Vick, 1983)
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excavation in valley sidewall rock may be required to 
achieve necessary channel widths. Because peak flows under 
PMF or similar flood conditions are usually large, widths 
for diversion channels associated with valley-bottom 
impoundments are often considerable. Excavated material can 
often be conveniently used as starter dike fill. In 
addition, it is frequently the case that high-velocity flow 
will occur against the outer embankment face under design 
flood conditions, requiring that lower portions of the 
embankment be protected by riprap. This can make the use of 
centerline or downstream embankment rising methods awkward 
because of the need to continually replace the riprap as the 
embankment face moves outward with progressive raises.

4.6 Single versus multiple impoundments (after Vick, 1983)

All four impoundment layout options described can be 
implemented in either single-or multiple-impoundment form. 
While the best choice depends on specific site conditions, 
some general advantages and disadvantages apply.

Multiple impoundments usually require a greater total 
quantity of embankment fill. In the extreme case for ring 
dikes illustrated in Figure 14, 1.5 times as much fill is
required as for a single impoundment to achieve slightly 
less total storage volume. In other cases, however, 
particularly as illustrated in Figure 17 for valley-bottom 
impoundments, the fill penalty is not so severe and multiple 
impoundments may significantly aid in achieving the required 
storage volume in a limited available space. Also, for 
multiple cross-valley and sidehill impoundments shown in 
Figures 15 and 16, the uppermost impoundment bears the full
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burden of flood runoff inflows. Since the size of the 
individual impoundment segment is much less than for a 
single large impoundment, excessive flood storage 
requirements for the uppermost segment may result, and 
careful planning for control of surface water is required.

These disadvantages notwithstanding, the benefits from 
multiple impoundments can be considerable, again depending 
on individual site conditions. In general, multiple 
impoundments are constructed sequentially, allowing for 
smaller initial capital expenditures and producing cash-flow 
benefits much the same as those realized for raised
embankments. Multiple impoundments also offer considerable 
operational flexibility. Impoundment segments can be 
constructed either strictly on an as-needed basis or in 
advance of actual tailings storage requirements as fill 
material or construction equipment become available. When 
more than one segment has been constructed, discharge of 
tailings can be alternated between the impoundments to
provide beneficial flexibility in impoundment operation.

Environmental benefits for multiple impoundments 
compared to single impoundments of equivalent capacity can 
be major. Generally, multiple impoundments are constructed 
and filled sequentially. Thus, only a small portion of the 
eventual total impoundment area is covered with water at any 
given time. To the extent that seepage is directly 
proportional to the area over which flow occurs, seepage 
rates may be considerably reduced. At least as significant 
is the fact that reclamation can proceed concurrently with
ongoing tailings disposal. Following filling of one
multiple-impoundment segment, reclamation can begin as 
discharge is shifted to the next segment, thus minimizing 
the area disturbed at any one time and reducing problems
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related to blowing dust.

4.7 Optimization of impoundment layout (after Vick, 1983)

For a given impoundment layout, site, and embankment 
type, there is often an optimum combination of embankment 
height and impoundment area that will give the lowest fill 
volume for the required storage capacity. The concept of 
fill efficiency ratio is useful in this regard. The fill 
efficiency ratio is defined as the ratio of impoundment 
tailings storage volume to the volume of fill required to 
achieve that storage. Since fill volume is usually closely 
related to the cost of the impoundment, the fill efficiency 
ratio provides an indirect indicator of relative impoundment 
cost and is useful, not only in optimizing embankment height 
and impoundment area for a given storage volume, but also in 
comparing the relative costs of different impoundments with 
dissimilar capacities. When applied to compare impoundments 
at different sites, the fill efficiency ratio properly 
penalizes those sites where higher embankments are required 
for storage of flood runoff, since the ratio is defined in 
terms of available tailings storage volume rather than total 
reservoir volume.

To illustrate the use of the fill efficiency concept, 
consider the simplified example shown in Figure 18. The 
assumed embankment and impoundment configurations are shown 
in Figure 18a. A sidehill-type layout is being planned on 
ground sloping at a uniform 5%. The impoundment width is 
fixed at 2,000ft by site boundaries, but impoundment length 
and height can vary. The problem thus becomes to select the 
most efficient height and length of the embankment.
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Section Plan
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(b)

Figure 18. Variation in fill efficiency for idealized 
sidehill impoundment. (a) Embankment and
impoundment configuration. (b) Fill efficiency 
ratio versus embankment height. (after Vick, 
1983)
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Figure 18b shows the fill efficiency ratio plotted 
against embankment height and impoundment length. Small 
impoundments of low height produce less storage volume per 
unit fill volume, as do large impoundments with high 
embankments. For this particular example, the maximum fill 
efficiency ratio yields an optimum embankment height of 
about 50ft and a corresponding length of about 1,200ft. The 
resulting storage volume might or might not be compatible 
with volume requirements dictated by the mill tailings 
output, but for large storage requirements this example 
would suggest that a series of multiple sidehill 
impoundments of the optimum dimensions would be efficient.

While the geometry of natural drainage basins is much 
more complex than indicated by this example, it is often the 
case that fill efficiency decreases for very high 
embankments. Minimum embankment height is dictated by 
tailings and flood storage requirements, but there often 
comes a point of diminishing returns where new impoundments 
at different sites would be more efficient than excessive 
raises of a single large impoundment.

Another example illustrating fill efficiency is shown 
in Figure 19. In this case, suppose that a 15-yr tailings 
storage volume is required for a mill output of 2,000T/day. 
The tailings will have an in-place dry density of 90pcf, 
resulting in a tailings storage volume requirement of about
2.4 x 108f t3. The assumed impoundment is a ring dike 
layout, as shown in Figure 19a, with square sides of length 
L. The ground surface is assumed to be flat, and runoff 
water inflow is negligible.

In this example, the problem becomes to select a 
combination of impoundment height and area to achieve the 
given storage volume. This can be accomplished by either a
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Section Plan
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(b)

Figure 19. Embankment fill quantities for square, unlined 
impoundment. (a) Embankment and impoundment
configuration. (b) Variation in fill quantity
as a function of embankment height. (after 
Vick, 1983)
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very low, large impoundment or a high small one. The graph 
in Figure 19b illustrates the diminishing returnsfor high 
embankments in terms of their large fill volume and 
indicates that the given storage volume can be achieved with 
minimum embankment fill quantity for low dikes and a large 
impoundment.

Both of the preceding examples have defined fill 
quantity in terms of embankment fill only. In some cases 
this can produce misleading results. For instance, the 
example in Figure 19 is repeated in Figure 20, only this 
time assuming that a 3-ft thick compacted clay liner is 
required over the impoundment bottom to minimize seepage. A 
similar situation might result from requirements for the 
impoundment topsoil stripping or replacing topsoil over the 
impoundment surface as a part of reclamation. Comparison of 
Figure 19 with Figure 20 shows that total fill volumes are 
substantially increased by the clay liner. More significant 
is that the liner fill, being a function of impoundment 
area, penalizes larger impoundments. For the example in 
Figure 20, storage requirements can be met with a minimum 
total fill volume for an embankment height of about 30ft and 
impoundment width of 3,000ft. This serves to emphasize the 
point that optimizing impoundment layout must often account 
for earthwork requirements in the larger sense, including 
reclamation and seepage-control measures, rather than being 
based strictly on embankment fill requirements. Although 
the above examples are simplified, the same general 
principles apply to more realistic impoundment topography 
and to all types of impoundment layouts. Establishing the 
optimum layout is a trial-and-error procedure. While 
experience is of considerable assistance, an optimum layout 
can be arrived at using the concept of fill efficiency.
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L (ft)
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Figure 20. Fill quantity versus embankment height for lined 
impoundment. (after Vick, 1983)
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CHAPTER 5 

TAILINGS DAM CONSTRUCTION METHODS

The material presented in chapter five has been 
extracted from two sources. Sections 5.1, 5.3, 5.4, and 5.6 
have been extracted from The Development of Current Tailings 
Dam Design and Construction Methods, written by Earle J. 
Klohn. Sections 5.2 and 5.5 have been compiled from Steven 
G. Vick's book titled Planning, Design, and Analysis of 
Tailings Dams.

5.1 Upstream Construction Using Tailings (after Klohn, 1980)

This is the oldest method of tailings dam construction 
and is a natural development of the procedure of disposing 
of the tailings as cheaply as possible. The dam is normally 
constructed by spigotting in an upstream direction off a low 
starter dike. Various methods are used to raise the dam 
when the pond level nears the top of the starter dike. The 
most common method of upstream construction is to raise the 
dyke by dragging up material from the previously deposited 
tailings as shown on Figure 21. Another procedure often 
used in the past and still in use at a few sites, involves
using vertical timber forms to raise the dam in 2 to 3 foot
increments. Figure 22 is a sketch illustrating how the
procedure works. There are, of course, many other
variations of the upstream method, but perhaps the most 
interesting is that shown on Figure 23 which illustrates the 
use of cyclones to raise the dike.
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The chief advantages of the upstream method of tailings 
dam building are the low cost of construction, and the speed 
with which the dam can be raised by each successive 
increment of the dike. By using cyclones, the speed of 
construction is increased, and a lead can be developed 
between the crest of the dam and the top of the pond.

All upstream methods of tailings dam construction 
suffer the disadvantage of being built on top of previously 
deposited, unconsolidated tailings. Under static loading 
conditions, there is a limiting height to which such a dam 
can be built without danger of a shear failure. This height 
will depend on the strength of the tailings within the zone 
of shearing, the downstream slope of the tailings dam, and 
the location of the phreatic line within the dam. A rise in 
the phreatic line due to heavy rainfall, or blockage of 
seepage outlets could cause failures. Under earthquake 
loading, this type of dam can fail by liquefaction.

Figure 24 compares the water storage dam with the old, 
upstream construction type of tailings dam. An examination 
of the figure shows that this type of tailings dam does not 
meet conventional dam requirements for slope stability, 
seepage control (internal drainage),and resistance to 
earthquake shocks. Any change in conditions that would 
result in saturation of the outer sand dike could quickly 
lead to failure by piping or sliding. Potential causes of 
saturation include such items as: a rise in water levels in
the pond, freezing of seepage outlets on the downstream face 
of the dam, and torrential rainfall. The upstream methods 
of dam building are unsuitable for earthquake prone areas.
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5.2 Downstream Construction (after Vick, 1983)

The downstream raising method is illustrated in Figure 
25. Initially tailings are discharged behind a starter 
dike. Subsequent raises are constructed by placing
embankment fill on the downstream slope of the previous 
raise. This method is amenable to the incorporation of 
impervious cores and internal drains for positive control of 
the phreatic surface. Use of these measures can allow for 
storage of significant water volumes directly against the 
inner face of the embankment. In some cases, peripheral 
spigotting of a wide and well-controlled tailings beach can 
result in good phreatic surface control without the need for 
internal impervious zones and drains.

Starter dike

drain

(a)

-------------
0>)

( C )

(d)

Figure 25. Sequential raising, downstream embankment 
(after Vick, 1983)

. c
Ponded water Impervious zone Internal



ER-4609 97

In general, downstream raising methods are well suited 
to conditions where significant storage of water along with 
the tailings is necessary. Because the phreatic surface can 
be maintained at low levels within the embankment and 
because the entire body of the fill can be compacted, 
downstream raising methods are liquefaction resistant and 
can be used in areas of high seismicity. Unlike upstream 
embankments, raising rates are essentially unrestricted 
because the downstream raises are structurally independent 
of the spigotted tailings deposit. Downstream raising 
methods are essentially equivalent in structural soundness 
and behavior to water-retention type dams.

Downstream raising methods, however, require careful 
advance planning. Because the toe of the dam progresses 
outward as its height increases, sufficient space must be 
left during layout of the starter dike to prevent 
encroachment of the dam toe on property lines, roads, 
utilities, diversion ditches, or topographic constraints. 
The ultimate height of the embankment is often determined by 
such restrictions at the toe.

The major disadvantage of the downstream raising method 
is the comparatively large volume of embankment fill 
required and the corresponding high cost. The availability 
of fill for various raises of the dam may also impose 
constraints on construction. In particular, if mine waste 
or sand tailings are used for embankment construction, these 
materials will be produced at a more or less constant rate. 
The volume of fill required for each successive downstream 
raise often increases exponentially as the embankment 
increases in height. Advance planning is required to ensure 
that fill material production rates will be sufficiently at 
all times during the life of the embankment.
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This problem is illustrated in Figure 26. Figure 26a 
shows the elevation-volume curve for the impoundment, which 
is strictly a function of topography. For a given rate of 
mill tailings discharge, the impoundment elevation versus 
time curve in Figure 2 6b can be derived. The elevation of 
the tailings surface starts at zero and increases with time, 
but typically at a decreasing rate. In addition, an 
impoundment depth increment sufficient for storage of storm 
runoff inflow must also be accounted for, as shown by the- 
higher curve in Figure 2 6b. Storm runoff volume is usually 
constant over time, and the impoundment depth allowance at 
time zero represents the starter dike flood storage 
capacity. Although the volume remains constant, the depth 
required to retain this volume decreases with time because 
of the increase in impoundment area at higher elevations.

Figure 2 6c shows the volume of dam fill required as a
function of dam crest elevation, a relationship determined
by the cross-section of the dam and topography along the dam 
alignment. For the downstream method, each raise of 
constant height requires increasingly greater fill volumes 
to construct. Figure 2 6d shows the dam fill volume required 
as a function of time, derived from Figures 26b and 26c. 
The volume of fill required to keep the dam crest above the 
elevation of the tailings (plus flood storage allowance) 
increases exponentially with time. Superimposed on Figure 
2 6d is a constant rate of fill production, such as mine
waste, assuming that the starter dike is constructed of 
natural soil borrow. Although curves must be established 
for each individual case, in the example shown fill
production is adequate initially, but then becomes 
insufficient at higher dam elevations after longer periods 
of time. This problem can be resolved by constructing a
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I

E

Surface elevation

(a)

Tailings plus flood 
storage allowance

III
Tailings level

Time

(b)

Incremental

5= I Cumulative

Crest elevation

( c )

Incremental 
raises n

r~

hi
Fill /  
production

Cumulative curve

Time

(d)

Figure 26. Typical elevation and time relationships for 
impoundment and embankment fill volumes. (a) 
Impoundment volume-elevation curve. (b) 
Impoundment elevation versus time. (c) Dam fill 
volume versus elevation. (d) Dam fill volume 
versus time, (after Vick, 1983)



ER-4609 100

higher initial starter dike of native soil borrow, shifting 
the fill production curve in Figure 2 6d upward. Other 
downstream construction methods are illustrated on Figures 
27, 28, and 29.

5.3 Centerline construction (after Klohn, 1980)

The centerline method of tailings dam construction is 
actually a variation of the downstream method. The only 
difference being that instead of the crest of the dam moving 
downstream as the dam is built, the crest is raised 
vertically. This procedure allows the dam to be raised 
faster, as less sand is required. Figure 30 illustrates one 
type of centerline construction. The major advantages of 
downstream methods of dam building are :

None of the embankment is built on previously 
deposited, loose, fine tailings.

Placement and compaction control can be exercised 
over the fill operation.

Underdrainage systems can be installed as 
required, as the dam is built. The underdrainage 
permits control of the line of saturation through 
the dam and, hence, increases its stability.

The dam can be designed and subsequently 
constructed to whatever degree of competency that 
may be required, including resistance to 
earthquake.
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Usually, the dam can be raised above its original 
ultimate design height with a minimum of problems 
and design modifications. This is critically 
important for most mining operations where the 
original life of the mine might be extended by new 
ore discoveries, higher metal prices, new methods 
of metal extraction, etc.

The major disadvantage of all methods of downstream dam 
building is the large volume of sand required to raise the 
dam. In the early stages of operation it may not be 
possible to produce sufficient volumes of sand to maintain 
the crest of the tailings dam above the rising pond levels.
If this is the case, then either a higher starter dam is 

required or the sand supply must be augmented with borrow 
fill. Both procedures add to the cost of the initial 
tailings facility.

Figure 31 presents a comparison between a water storage 
dam and a tailings dam built using one of the downstream 
methods of construction. The similarity of the two dams is 
obvious. Both have substantial cross-sections and extensive 
internal drainage. This type of tailings dam can be
designed to be stable under both static and seismic 
loadings.

5.4 Conventional dam construction using open pit waste
(after Klohn, 1980)

Waste rock and overburden materials from the open-pit 
stripping operation where economically available, can, in 
most instances, be utilized to provide very stable tailings
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dams, particularly under seismic loading. Unfortunately, 
the availability of waste stripping from the open pit 
operations does not always coincide with the construction 
scheduling required to keep the dam crest above the tailings 
pond. However, it may be possible to combine waste rock and 
tailings sand to produce a safe economical tailings dam. 
Figures 32, 33, and 34 illustrate designs utilizing wastes.

In recent years there has been a definite trend on 
major projects to move closer to using conventional dam 
design and construction procedures. This trend has
developed mainly because of regulatory requirements that 
will not permit downstream discharge of tailings effluent 
unless treated to meet water quality standards, combined 
with the requirement that the tailings pond be able to 
safely store the Probable Maximum Flood. For the
conventional tailings dam, the rise in pond water levels 
associated with storing such floods can be quite 
appreciable. Large rises in pond levels will drown the 
slimes beach and can lead to serious seepage and piping 
problems through the sand dam. Under these design
conditions it becomes necessary to incorporate an impervious 
membrane in the tailings dam, and continue to extend this 
membrane as the dam is raised. The materials used for 
construction of the main portion of the tailings dam may be 
open pit waste, borrow materials, cycloned tailings sand, or 
a combination of these materials. Figure 33 illustrates 
this type of tailings dam design.
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5.5 Comparison of impoundment options (after Vick, 1983)

The selection of an appropriate surface impoundment 
option for a particular tailings disposal problem requires 
that the compatibility of the method to specific site
conditions, mill tailings and effluent production, and mine 
production be carefully addressed. Suitability of various 
surface impoundment options to different conditions is 
summarized in Table 16.

Of particular interest in many cases are comparisons of
different embankment types on the basis of cost. To the
extent that embankment cost is proportional to total fill 
volume, comparison of the various embankment types in Figure 
35 is instructive. For equivalent embankment heights, and 
for the particular configurations shown, downstream or 
water-retention type embankments require roughly three times 
more fill than an upstream embankment on the basis of
comparative cross-sectional area. A centerline embankment 
would require about twice as much as an upstream embankment 
of similar height. The divergence between fill volumes for 
the embankment types become greater with increasing height.

Embankment fill costs are a significant item in many 
cases, especially for high embankments and large tailings 
production rates. However, the contribution of embankment 
fill costs to the total cost of tailings disposal varies 
widely. In some cases, costs for impoundment area topsoil 
stripping, impoundment lining, or reclamation may far 
outweigh embankment fill costs, making comparisons between 
embankment types on the sole basis of fill cost misleading.
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(c )

Figure 35. Comparison of fill volumes for various
embankment types. (a) Upstream. (b) Downstream
or water-retention type. (c) Centerline.
(after Vick, 1983)

5 . 6 Construction and operational problems
(after Klohn, 1980)

The construction and operation problems that can
develop throughout the life of a tailings dam are many and 
varied.

Some of the factors that can contribute to construction 
and operation problems are :

Hydrological conditions that differ from those
originally assumed on the basis of incomplete 
data.
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Changes in mill water balance, resulting in either 
more or less water being added to the pond.

Changes in mill grind, resulting in either more or 
less sand available for tailings dam construction.

Changes in the size of the ore body and/or 
increased capacity of the milling operations.
This produces great volumes of tailings at faster 
rates and consequently the rate of dam raising 
must be increased.

Unforeseen cyCloning problems, including such 
things as : a high clay mineral content in the
ore, which may drastically reduce recovery of 
suitable sand and may require two-stage cycloning; 
initial difficulties in producing the required 
quality of underflow sand, etc.

Unexpected and prolonged shutdown of the mill.
Dam building ceases but pond levels continue to 
rise owing to continued runoff.

Climatic conditions which might include an 
unusually long winter season (shortens dam 
construction period) combined with an unusually 
heavy runoff (requires maximum freeboard to store 
the flood surcharge).

One or more of the above factors, can create severe 
problems for the mining operator.
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CHAPTER 6 

TAILINGS DAM DESIGN

The material on tailings dam design has been compiled 
from several sources. Sections 6.1, 6.5, 6.11, and 6.14
Controls, (except where noted) were extracted from Steven G . 
Vick's book titled Planning, Design, and Analysis of 
Tailings Dams. Sections 6.2 and 6.12 were compiled from The 
Development of Current Tailings Dam Design and Construction 
Methods, written by Earle J. Klohn. Sections 6.3, 6.4,
6.4.1, 6.4.2, 6.6, 6.6.1, 6.6.2, 6.6.3, 6.6.4, 6.7, 6.8,
6.9, 6.10, 6.13, 6.16 and 6.17 were compiled from the Bureau 
of Mines information circular 8755, Design Guide for Metal 
and Nonmetal Tailings Disposal, written by Roy L. Soderburg 
and Richard A Busch. Section 6.14 Pond Inflow, was 
extracted from Environmental Aspects and Surface Water 
Control, written by Ernest A. Portfors.

6.1 Introduction (after Vick, 1983)

The type of tailings dam under consideration may be of 
the water-retention variety or one of the raised 
embankments, including upstream, downstream, or centerline 
types. Determination of embankment type incorporates 
consideration of the following key issues :

Mill-related factors.
Type of tailings and their engineering 
characteristics. Mill output of tailings
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and liquid effluent.

Site-related factors.
Expected level of seismicity.
Water-handling requirements.
Available construction materials.

The type of embankment selected must be compatible with 
constraints imposed by these factors.

Integrally tied to the selection of embankment type are 
siting and layout considerations. Site topography,
hydrology, and geology dictate the configuration of both the 
impoundment and the embankment required to confine it. 
Layout of the embankment may be in ring dike, cross-valley, 
sidehill, or valley-bottom configuration. For any of these 
options, the impoundment may be developed as a single unit 
or in multiple-segment form.

Having established the preferred disposal method, 
embankment type, site, and layout, the stage is set for 
consideration of specific factors that affect design of the 
embankment itself.

6.2 Tailings dam design (after Klohn, 1980)

Tailings dam design differs from conventional dam 
design in the following three important aspects:

The bulk of material stored behind the dam is 
soft, loose, relatively impervious tailings rather 
than water. The consistency of these tailings may 
range between the solid state and the semi-fluid
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state, depending on their fineness, their age, and 
the location of the water table. However, under 
severe seismic shock all saturated tailings are 
likely to liquefy, becoming a fluid of high unit 
weight.

A large part of the dam is usually constructed 
using the coarser fraction of the tailings.

Most of the dam construction is carried out by the 
mining operators, as part of the tailings disposal 
operation, with the dam being raised as required 
to stay ahead of the rising tailings pond.

The first factor affects the forces assumed to act on 
the dam, especially under seismic loading. The second two 
factors strongly influence the design section finally 
selected for the dam. Because tailings dams usually are 
constructed slowly over a period of many years, the designer 
is able to select a design and then check its performance, 
making modifications as required throughout the construction 
period. This is a critically important aspect of tailings 
dam design as it allows far more flexibility than is 
available for design of conventional water retention dams.

With the above outlined qualifications, the basic 
design requirements for tailings dams are very similar to 
those for water storage dams. Although tailings are far 
from being ideal dam-building materials, they are utilized 
in most tailings dam designs for the obvious reason that 
they are the cheapest available material. Some of the 
disadvantages of tailings as a dam-building material are: 
they are highly susceptible to internal piping, they present
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highly erodible surfaces, the fine tailings are very 
susceptible to frost action, and loose and saturated
tailings are subject to liquefaction under earthquake
shocks. Obviously, if tailings are to be used as the main
dam-building material, the tailings dam design must take
into account the undesirable physical properties of the 
tailings. This usually is accomplished by incorporating 
into the design such considerations as:

Separation of the tailings into sands and slimes, 
with only the sands being used for dam building.

Control of the sand separation procedures to 
ensure that the sand produced meets specified 
gradation and permeability requirements.

Installation of internal filters and drains to 
prevent piping and lower the phreatic surface 
within the sand dam.

Compaction of the tailings sand to increase its 
density. This increases the sands resistance to 
liquefaction under earthquake shocks and permits 
the safe use of steeper fill slopes. An 
alternative solution to the liquefaction problem 
is to accept a lower degree of compaction, use 
flatter design slopes and install a positive 
internal drainage system that prevents saturation.

Protection of erodible surfaces with vegetation, 
coarse gravel or waste rock. (The tailings sands 
are subject to wind and water erosion).
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While there are numerous both minor and detailed 
considerations involved in the design of a cycloned sand
tailings dam, the most critical items are related to 
stability of the structure under both static and dynamic 
loading. In areas where earthquake loading is likely, 
failure by liquefaction is a serious potential problem.

6.3 Design criteria (after Soderberg and Bush, 1977)

The procedure for the design of tailings dams will
usually involve the following :

Select the most promising site in relation to the 
plant site for low capital and operating cost, 
ease of operation, and safety. The site must 
conform to the general topography of the area, 
land available, and habitation, which will 
determine which of the following types of dams are 
required:

Cross valley (all extraneous drainage
through the impoundment).

Cross valley, two dams (all extraneous
drainage bypassed beneath the embankment 
by pipeline).

Flat-area dams on three or four sides.

Cross valley, water-type dams.



ER-4609 120

Incised and built up on four sides.

Large area with a series of water-type 
dams between low hills or in saddles, no 
spigoting.

From the topographic map of the storage area, 
calculate the live storage volume and plot the 
results in a storage volume-elevation curve. On 
the elevation side, plot the time also because 
this is a very important factor. If the given
area cannot hold the entire mine output, a 
decision must be made as to how high the
embankment is to be built and its ultimate
capacity.

Determine drainage upstream from starter dam, and 
design decant lines and towers to handle total 
flow expected.

In a new property, a sample of tailings from the 
pilot mill should be checked for gradation, 
segregation from spigoting or cycloning, inplace 
density, and horizontal and vertical permeability. 
The gradation of the material will determine
whether the tailings can be used for embankment 
construction (Figures 36-39), as follows:

Coarse (0 to 15 percent minus 200 mesh), 
good.

Medium (15 to 50 percent minus 200
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mesh), generally good.

Fine (50 to 80 percent minus 200 mesh) , 
questionable--only under special
conditions.

Slimes (100 percent minus 200 mesh, and 
25 percent minus 0.2 micrometer), 
retained by borrow material only or 
water-type dam.

Select a trial embankment section that utilizes 
the most economic and readily available 
construction materials. Check the sufficiency of 
this selection :

From the laboratory tests obtain the 
density of the construction material at 
95 percent of Standard Proctor, the 
permeability, and the shear strength and 
cohesion of the construction and 
foundation material, and make a 
stability analysis using the pore water 
pressures within the embankment and 
foundation.
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HYDROMETER ANALYSIS
SCREEN ANALYSIS Hydrometer analysis reading - 
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Figure 36 Gradation of metal mine tailings-coarse grind, 
low pulp density (after Soderberg and Bush, 
1977)
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flow net should be drawn to estimate the 
pore water pressure resulting from 
steady seepage within the embankment and 
pervious foundation.

If the foundation contains compresible 
strata, foundation pore pressures 
estimated on the basis of consolidation
time theory should be taken into account 
in the analysis and should be checked by 
field measurements during and after 
construction. (Proper blanket drains 
should eliminate all pore water pressure 
from the foundation).

Repeat the stability analyses until a 
section has been found that has the 
required factor of safety.

Again it must be emphasized that the parameters used in 
the analysis are of paramount importance for accuracy and 
are the most difficult .to obtain for a new property.
Probably the most difficult and the most important is the
phreatic line, which can be found by making a model of the
tailings pond and getting horizontal and vertical 
permeabilities and using the finite-element method of 
determining the flow through the embankment. In making the 
model, the material must be discharged at the same grind and 
pulp density as it will be in actual operation. The 
permeabilities obtained in the samples of unconsolidated
material will not be the same as that of the same material 
after consolidation, but the relative horizontal to vertical
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permeability will be approximately the same. The vertical 
sample could then be loaded in the consolidometer and 
permeabilities measured at various loadings to simulate 
various embankment heights, and from this the horizontal 
permeabilities could be calculated at the same heights.

Small-volume, low-height embankments are quite simple 
to design and operate. If borrow material is readily 
available, an all-borrow dike may be desirable, or a small 
starter dam with spigoting around the periphery and the 
embankments raised with tailings sand the most economical.

Generally when the ultimate height of the dam is to be 
only 50 to 100 feet, stability is not a problem, provided 
good operating procedures and reasonable slopes are used and 
the annual rise is kept low. The site selection sampling 
and testing are still necessary to be sure that the 
foundation is strong to accommodate the weight placed on it.

Embankments need a starter dam to provide sufficient 
freeboard to prevent overtopping at the start and to provide 
water storage for clarification and reclaim. Large
operations in a narrow valley may require an extra-large 
starter dam because of the small initial acreage, or they 
should have two or more sites in use at the start of 
operations. Annual rise is very critical and can cause 
trouble if it is too rapid. As much as 10 years leadtime 
may be required before a single site could handle the total 
tonnage in a large operation.

6.4 Starter dam design (after Soderberg and Bush, 1977)

The site investigation, including trenching, drilling, 
sampling, and laboratory testing, should indicate the type.
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quantities, and physical properties of the foundation 
material in the dam area. From this information and the 
properties of the tailings, the starter dam can be designed. 
The material available for construction of the dam is most 
frequently borrow material from within the disposal area. 
If this is mostly clean sands and gravels with high 
permeability, a pervious starter dam can be built. If it is 
predominantly clay mixed with silts, sand, and gravels, an 
impervious starter dam with filters and drains should be 
built. Overburden or waste rock from open pit or
underground operations can also be used. The materials used 
should be those that give adequate stability at least cost.

6.4.1 Pervious Starter Dam (after Soderberg and Bush, 
1977)

Excavation for the base of the starter dam should be 
down to a competent soil that will withstand the weight 
contemplated. All the organic soil, trees, and brush should 
be removed. On a smooth rock foundation with a 5- to 10- 
percent slope, a trench cut into bedrock may be needed to 
key the dam to the rock. Foundation defects such as open 
cracks in the bedrock, clay seams, buried coarse talus 
deposits, or pervious foundation soils should all be 
remedied. Loose and pipable material should be excavated, 
and open cracks filled to prevent piping under the dam.

All the possible problems and conditions for all 
situations cannot be contemplated. Actual treatment of the 
foundation depends on conditions exposed in the field and 
must be solved there. Seepage through or beneath the 
starter dam in this case is not bad except that it must be 
controlled so that it does not lead to piping. On deep
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alluvium most of the seepage would go out the bottom of the 
pond with part of it flowing under the dam.

A pervious starter dam should have a permeability of 
10~2 to 10~3 centimeters per second, but the main criterion 
is that it have a higher permeability than the sands it is 
retaining. It is necessary that the starter dam not retain 
water so that the phreatic surface hits as low as possible 
on the upstream face and does not emerge on the downstream 
face. All the water that reaches the starter dam must go 
freely through it to a collection pond below the downstream 
toe. The sand-gravel mix must be placed in this layers and 
compacted to 95 percent of Proctor to insure stability while 
allowing flow through the dam. The borrow pits in the 
material used for construction of the dam should be tested 
for permeability in the laboratory at Standard Proctor 
density and the material should be placed in the dam so that 
the permeability increases downstream and the overall 
permeability is greater than that of the sand.

6.4.2 Impervious Starter Dam (after Soderberg and 
Bush, 1977)

If all or most of the borrow available for construction 
within economical hauling distance of the site is a 
relatively impervious material, or if the "downstream 
method" of placing tailings is to be used, an impervious 
starter dam should be built.

The method of construction for the impervious starter 
dam is the same as for the pervious dam. Compaction should 
be 95 percent of Standard Proctor, and the foundation 
excavation and preparation should be the same. For the 
ordinary upstream method of placing sands, the starter dam
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should have drains to catch all the seepage water and let it 
pass freely under the starter dam in pipe or blanket drains. 
Under no condition should the starter dam retain water
against its upstream face because it would become saturated 
and unstable. Under these conditions the seepage could 
emerge high on the sand face above the top of the starter 
dam, and remedial measures would be necessary. These 
remedial measures are described elsewhere but are ' no 
substitute for proper drainage, design, and construction. 
The ultimate height that the dam could be built is 
materially reduced if a high phreatic line is generated.

With the downstream method, the starter dam is at the 
upstream toe of the completed dam. It can and should be 
impervious relative to the sand and retain water as much as 
possible. The seepage that eventually goes through and over 
the top of the starter dam will move down through the more 
pervious sand and into the drains between the starter and 
downstream toe dam (Figure 40) . The stability of this
starter dam is not a problem because it eventually is 
completely surrounded by tailings and sand on its top and 
downstream and by slimes upstream.

The area between the upstream starter dam and the 
downstream toe dam must have blanket or strip drains to 
catch all the seepage and drain it out to a holding pond 
where it can be recycled or discharged. These drains would 
not be necessary if the cyclone sand were >100 times the 
permeability of the starter dam.

The steeper the terrain and narrower the valley, the 
higher the starter dam must be. If many years of leadtime
are available and the area can be raised slowly, a small
starter dam can be used, allowing the sand to build up to an 
elevation where the area is large enough to take the entire
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output continuously.
Two complete and separate areas are desirable in order 

to allow de-activation of one area to drain, build sand 
dams, raise pipes, etc., while the other area is activated.
At startup, with large tonnage, the fill time is quite 
short even with two areas, and drainage may be the limiting 
factor. They may not drain fast enough to allow the
necessary time to raise the dams with the sand. When the
original ground is steep (5% to 10% percent slope), the
drains may not be able to handle the water because the pond 
area is small and the rate of rise is fast. In this case, 
standby areas should be provided to take care of
emergencies.

6.5 Control of phreatic surface (after Vick, 1983)

The location of the phreatic surface, or internal water 
level, within an embankment exerts a fundamental influence 
on its behavior, and hence control of the phreatic surface 
is of primary importance in embankment design. The phreatic 
level governs to a large degree the overall stability of the 
embankment under both static and seismic loading conditions, 
in addition to influencing the susceptibility of the
embankment to seepage-induced failure.

The objective of prime importance is to keep the
phreatic surface as low as possible in the vicinity of the 
embankment face. To the extent that the arrangement of 
materials of differing permeability within the embankment 
governs internal seepage patterns, control of the phreatic 
surface dictates the types of materials required for
construction and their configuration in internal zones. A
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general principle that guides embankment design in relation 
to phreatic surface control is that permeability of various 
internal zones should increase in the direction of seepage 
flow. As permeability increases, the phreatic surface is 
progressively lowered, and ideally the most pervious 
available material should be located at or beneath the 
embankment face.

This principle is illustrated in Figure 41. Figure 4la 
shows an idealized upstream embankment in which permeability 
increases in successive zones in the direction of seepage 
flow, from low-permeability slimes near the decant pond to 
high-permeability sands at the embankment face. In this 
case, the phreatic surface is reasonably low near the face, 
and seepage breakout on the face itself, which could induce 
dangerous erosion and slumping, is avoided.

Figure 41b shows the same case, except with a low-
permeability zone at the face, such as might result from 
perimeter dikes constructed of clayey natural soils. Here 
the low-permeability zone impedes drainage and results in an
elevated phreatic surface that breaks out high on the
embankment face, producing conditions conducive to both mass 
instability and such seepage-related problems as piping and 
erosional sloughing. The principle of increasing
permeability in the direction of seepage flow applies in a 
strict sense only to materials near the embankment face. 
Figure 41c shows a downstream or water-retention type 
embankment with an upstream core and a pervious downstream 
shell. In this case, the permeability of the retained 
tailings can be higher than that of the core with no 
appreciable effect on the phreatic surface. It is possible 
for a properly designed downstream or water-retention dam to 
function entirely independently from the nature of the
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■Phreatic surface

(a)

•Phreatic surface

(b)

■Phreatic surface

(c)

Figure 41. Effect of internal zoning on phreatic
surface.(a) Proper internal permeability 
configuration for control of phreatic surface. 
Arrows indicate flow direction. (b) Seepage 
blocked by low-permeability material at 
embankment face, producing high phreatic 
surface. (c) Seepage restricted by upstream 
core and drained by downstream pervious zone to 
produce good phreatic surface control. (after 
Vick, 1983)
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retained material, either tailings, water, or both.
Control of the phreatic surface by internal zoning does 

not depend on the absolute value of permeabilities of 
various zones, but on their relative magnitudes with respect 
to each other. Consequently, a relative increase in 
permeability in the direction of seepage flow can be 
achieved by introducing either lower-permeability zones in 
upstream regions of the embankment or higher-permeability 
zones downstream. The former method is accomplished using 
cores of various types, and the latter by internal drainage 
zones.

6.5.1 Cores (after Vick, 1983)

The use of low-permeability cores is adaptable to 
downstream or centerline raising methods. As shown in 
figure 42, inclined cores are well suited to incremental 
downstream raises, whereas central cores are best adapted to

(a)

(b )

Figure 42. Use of low-permeability cores in raised 
embankments. (a) Downstream embankment.
Phreatic surface indicated by dashed line. (b) 
Centerline embankment. (after Vick, 1983)



ER-4609 134

centerline methods. Good control of the phreatic surface in 
the vicinity of the embankment face is achieved by either 
arrangement, provided that the downstream shell materials 
are sufficiently pervious with respect to the core. 
Prerequisite to the use of cores as a phreatic surface 
control method is, of course, that suitable low-permeability 
natural soils be locally available. Cores of some type are 
usually mandatory where water will stand directly against 
the upstream face of a pervious embankment.

6.6 Drainage (after Soderberg and Bush, 1980)

From the designer's viewpoint, it is desirable to 
promote drainage of water from the tailings pond in order to 
keep the phreatic surface as low as possible and help the 
consolidation and stability of the embankment. For this 
reason, the relatively pervious tailings dam is the most 
common design used. It is also the cheapest because it can 
be built from the coarse fraction of tailings or from the 
borrow material. The impervious tailings dam is the least 
common type and is only used where it is necessary to retain 
polluted water or low-density solids that are slow to 
consolidate. In either type, the stability of the dam is of 
paramount importance and necessary provisions must be made 
to control seepage through and under the embankment and to 
control surface runoff into the pond.

Water control in a tailings pond is probably the most 
critical single design item affecting slope stability, 
followed by (1) weak foundations, (2) slopes that are too 
steep and too high, and (3) low density of the material in 
the dike and on the beach. Failures are often caused by
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overtopping of pond water, by piping of fine materials 
because of seepage through the embankment or foundation, and 
by piping along the outside of decants and culverts because 
of the lack of or inadequate seep rings.

6.6.1 Drains (after Soderberg and Bush, 1980)

The position of the phreatic surface in an embankment 
is very critical for its stability. Of all the factors
controlling stability, the control of water within the 
embankment is by far the most important. For example, a 
slope composed of cohesionless sand having a total unit 
weight of 120 pounds per cubic foot and an angle of internal 
friction of 35° will remain stable at an angle of 35° 
regardless of the height of the slope, providing the 
phreatic surface is below the toe of the slope. If the
phreatic surface is raised to exit the downstream face of 
the slope, the steepest stable angle is reduced to
approximately 18°.

A relatively impervious starter dam very definitely 
requires drainage on the upstream side, and a pervious
starter dam does not necessarily preclude the need for 
drains. Should the pervious starter dam become ineffective 
and there is no drain to fall back on, the phreatic surface 
can rise and seriously reduce stability.

Two of the basic types of drains are (1) the blanket 
drain, which is coarse gravel sandwiched between protective 
filter material which carries all the water through and 
beneath the dam, and (2) the perforated pipe drain, which is 
surrounded by gravel and a protective filter which collects 
the drainage and carries it through the dam. The choice of
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which one to use depends on the availability of drainage 
material, drainage capacity required, foundation conditions, 
and construction cost. Variations and combinations of these 
two methods can be used, but they must be carefully 
constructed, and the material used for filters must have 
proper grain-size graduation.

6.6.2 Blanket Drain (after Soderberg and Bush, 1977)

Blanket drains would typically be used in a cross
valley dam with either a pervious or impervious starter dam. 
Bedrock or a relatively impervious base is close below the 
natural ground level and the upstream method of dam building 
utilizing the tailing sands is planned. The purpose of this 
blanket drain is to intercept the water that moves downward 
out of the tailings as well as any springs or artesian water 
that may come up from below. If springs are found in site 
investigation or artesian water in drill holes, either from 
the rock or below a stratum of impervious clay, the blanket 
drains should have capacity to remove all this water plus 
additional capacity for that which may not have been 
discovered. It is very important that this water be removed 
because in mountainous areas it could have a high head and 
if trapped below the slime layer in a tailings pond it could 
exert tremendous upward pressure and greatly reduce the 
factor of safety of the embankment.

The drain consists of a layer of clean gravel up to 18 
inches thick extending from above the upstream toe to below 
the downstream toe and wide enough to cover the main valley 
bottom. This gravel drain is protected by a 9- to 12- inch 
filter layer of clean sand and gravel both above and below.
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An additional drain of unprocessed sand and gravel up to 3 
feet deep is also placed upstream to extend the drain area 
to catch all the seepage (Figure 43) .

These drains must have a catchment ditch filled with 
cobbles to intercept the drainage and prevent erosion on the 
downstream face. Where the downstream slope of an 
embankment is composed of fine-grained materials, water 
should not be allowed to flow out of this slope. Lowering 
the phreatic surface increases the stability, permitting the 
use of steeper slopes, and reduces the volume of 
construction material needed. In cold climates it is 
especially important that the drain water be directed 
through a drainage blanket below the compacted soil so that 
it will not freeze and raise the phreatic surface causing 
the entire embankment to become saturated behind a frozen 
blanket of soil on the downstream face of the starter dam.

6.6.3 Pipe Drain (after Soderberg and Bush, 1977)

Where drainage pipes are to be used, the pipes should 
be designed to withstand the maximum anticipated load of the 
overlying tailings. When perforated pipe is used, it should 
be perforated on the bottom half only and laid with the 
perforations down, with a bed of gravel both top and bottom 
and graded filter surrounding the gravel (Figure 44). The 
diameter of the perforations should not be larger than one- 
half of the 85-percent size of the drainage material 
surrounding the pipe. Pipe drains can be very satisfactory 
with a good foundation and careful construction, but the 
blanket or strip drains may be more fail-safe. Various 
arrangements of pipe drains can be made. A perforated pipe
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parallel to the upstream toe of the starter dam with one or
more solid pipes through the dam to the downstream toe is
the simplest. This same arrangement can be used as a 
collection for drains up to 600 feet long running parallel 
to the valley at right angles to the dam axis and spaced at 
50- to 100- foot intervals along the valley floor and walls 
(Figure 45) . Pipes through the starter dam should not be 
perforated and should have at least three cutoff collars 
that extend at least 2 feet to prevent "piping".

If the foundation beneath a tailings embankment is 
compressible and differential settlement is possible, pipe 
drains should be avoided. The stresses may result in 
opening pipe joints or breaking the pipe, which might allow 
internal erosion.

6.6.4 Strip Drain (after Soderberg and Bush, 1977)

Strip drains are the same as blanket drains in design
and construction except that they are narrow strips of drain 
material laid in the foundation prior to dam construction. 
They are laid out to carry drainage through the dam and to 
outlets beyond the downstream toe of the embankments. The 
drains are laid out in strategic locations to catch the 
drainage and must be arranged according to the contours of 
the foundation. Strip drains can be used upstream from the 
starter dam in the same manner as blanket or pipe drains. 
If blanket or pipe drains are placed as much as 500 to 600 
feet upstream from the toe of the starter dam and spigoting 
is started with tailings, the slimes begin settling on the 
top of the drains in the first 100 feet from the upstream 
toe of the starter dam. As the sand builds up, this fine
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material continues to move uphill in an increasingly thicker 
layer. The layer of fines or slimes is quite impervious 
even in thin layers, and under consolidation and drainage it 
can have a permeability as low as 10-6 or 10”7 centimeters 
per second. This layer of slimes over a drain renders the 
drain useless except for the first few feet upstream of the 
starter dam. For this reason when drains are constructed 
upstream any distance above the starter dam, the tailings 
should be cycloned and the coarse underflow should be 
repulped and spigoted on the dam to make a beach of very 
pervious sand that will cover the drain. Since this coarse 
sand will have a slope angle of 4+ percent, depending on 
grind, etc., it will require a lot of material and come up 
quite high on the starter dam. After the drain is well 
covered, spigoting of unclassified tailings can be started; 
the blanket of slime will not cover the drain, keeping it 
free and operating for the life of the dam. This type of 
blanket drain would be used only where bedrock is relatively 
shallow and the natural soil is saturated or will become 
saturated from the tailings pond.

In areas where the bedrock is 100 to 500+ feet deep and 
the soil is very pervious (10'2 to 10~4 centimeters per 
second) the blanket, strip, or pipe drains extending 
upstream from the starter dam would not be used because the 
seepage through the bottom would go down toward bedrock and 
not follow the drain. Nearly every mine has a different set 
of conditions and each tailings area must be designed 
accordingly.

Because of the layering in a spigoted embankment, the 
permeability in the horizontal direction may be as much as 5 
to 10 times that in a vertical direction, especially if the 
grind is coarse and the pulp density is low. To determine
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the seepage from the pool and from the spigoting on the 
beach, a flow net should be used to estimate the seepage 
rate to the drains. The quantity of seepage will depend on 
the permeability values, hydraulic gradient, and area of 
flow. In some embankments and possibly all of them, the 
piezometric head from the downstream toe up and under the 
beach (on a large dam 500 to 600+ feet distance) is 
determined more by the water flowing on the beach during 
discharge than by the water escaping from the pond area. 
The water in the pond is contained in a saucer of slime with 
the permeability lowest at the center of the pond and 
increasing toward the beach. Because of this, control of
the height and location of the water pool is important in
controlling the seepage. An increase of 1 foot in the pond 
will flood 200 to 600 feet of beach, which has a higher
permeability than that area at a lower elevation. To insure 
that the drain design is adequate, the upper range of the 
coefficients of permeability of the embankment should be 
used in these calculations. In the same way the lower range 
of permeability of the drainage blanket should be used to be 
sure that the blanket has a greater capacity than the
calculated seepage of the embankment. With a high water 
table, water can enter the drainage system from the 
foundation strata, thus increasing the required capacity of 
the drainage system. Layers of impervious materials in the 
foundation strata will restrict seepage into the foundation.

Calculating the thickness and width of blanket and 
strip drains is probably worth the effort from a cost 
standpoint because the difference of cost between 1 foot and 
2 feet of gravel over a large area could be considerable. 
The drains should be as large as practicable considering the 
cost and availability of materials. They should be uniform
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and continuous and constructed of the proper gradation of 
materials, without which they could become useless.

Granular materials incorporated in underdrainage 
systems should be compatible with the properties of the 
seepage water they are designed to carry. . Drainage
materials composed of carbonate rocks are unsuitable if the 
seepage collected by the system is acidic.

Blanket drains and strip drains should be designed to 
be capable of passing full design flow when the phreatic 
surface within the drain is at or below the upper surface of 
the drainage material.

6.7 Filters and Transition Zones (after Soderberg and Bush,
1977)

A filter or "protective filter" is any porous material 
that has openings small enough to prevent movement of soil 
into the drain and yet is much more pervious than the soil 
it is protecting. Transition zones are also filters between 
a very fine and a very coarse material where several 
different filter materials have to be used. In the 
construction of a zoned embankment with the permeability 
increasing in the downstream direction, filters and 
transition zones should be placed between layers of 
significantly different gradation to prevent piping and 
subsurface erosion (Figure 46).

Each situation is different, and the filter design 
should be governed by field conditions, particularly by the 
gradation of the soil to be protected and the material 
protecting it. Two different gradations of filters would 
probably be used where coarse mine rock was to be placed on 
the downstream toe of a tailings dam to prevent seepage.
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General mill tails K5 = 10ki

Cycloned tailing sand K4 = lOOki

«■ « ' Transition zone (filter) K2 = lOOOki

Blanket drain (processed gravel) K3 = C*-

Transition zone (filter) K2 = lOOOki

Clay soil Ki

Figure 46. Transitions and filters protecting drains 
(after Soderberg and Bush, 1977)
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Experiments have shown that filters need not screen out 
all the particles of the soil but only the coarsest 15 
percent, or the Dss, of the soil. These coarser particles 
(Des and larger) will collect over the filter openings and 
screen out the smaller particles. Therefore, the screen or 
holes in a perforated pipe must be smaller than the Des size 
of the soil. By the same reasoning, if soils are used as 
filters, the effective diameters of the soil voids must be 
less than Dss of the soil being filtered. Since effective
pore diameter is about 1/5 Die, then Die filter < Dss soil.
The filter must provide free drainage, and since the 
permeability coefficient varies as the square of the grain 
size, the ratio of permeabilities of over 20 to 1 can be 
secured by Die filter >5Die soil.

To satisfy the criteria for filter materials, 
thefollowing rules should be applied as illustrated in 
Figure 47.

Rules 1, 2, and 3 assure that the protected soil does
. not pass through the filter. All filters allow small
amounts of fines to pass and collect in the outlet pipes, so 
provisions should be made for flushing out the pipe if at 
all possible. Rules 4 and 5 are to assure that the
permeability of the filter material is high enough to take 
all the seepage from the protected soil. Attempts have been 
made to develop a universal filter that will filter the 
finest soil and yet have a Dss large enough that it will not 
pass through the 5/16-inch perforations of commercial 
drainage pipes. These filters have such a wide range of 
size that the particles segregate during handling and 
placement. A filter with a Cu of 20 or less is not as
susceptible to segregation (Rule 6).

Transition zones and filters are very important in the
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RULE 1:

RULE 2 :

RULE 3 :

RULE 4 :

RULE 5:

The 15-percent size of the filter_________
The 85-percent size of the protected soil

The 50-percent size of the filter_________
The 50-percent size of the protected soil

The filter material should be smoothly graded ; 
gap-graded materials should be avoided.

The 15-percent size of the filter_________
The 15-percent size of the protected soil

should be less 
than 5.

should be less 
than 25.

should be 
greater than 5.

The filter should not contain more than 5 percent of particles, by 
weight, finer than the No. 200 sieve, and the fines should be 
cohesionless.

RULE 6: The coefficient of uniformity of the filter should be equal to or 
less than 20.
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Figure 47. Screen analysis of four filter materials 
(after Soderberg and Bush, 1977)
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design and construction of some tailings ponds, particularly 
where drains are required either upstream from and through 
the starter dam or in the starter dam construction itself. 
They are especially important where a water-type dam is to 
be constructed. Where remedial measures are necessary for 
seepage emerging on the downstream face of a tailings dam, a 
protective surcharge of any available material can be used 
with protective filters and drains.

The thickness of filters required varies with the head 
of water from a few inches with a low head up to 10 feet 
with a high head in a water-type dam. The filter thickness 
also varies depending on whether it is placed with 
construction equipment or by hand. Steeply inclined filters 
placed with construction equipment should be wide enough to 
accommodate this equipment easily, while on level ground 
these filters should be at least 3 feet thick. Filters 
placed by hand should be at least 6 inches thick.

In summary, filters must be of proper gradation to 
protect the soil, have a permeability greater than the soil 
being protected, and have an increasing permeability in the 
direction of flow.

6.8 Sand yield (after Soderberg and Bush, 1977)

The yield of suitable sand obtained in separating cthe 
coarser fraction from the raw tailings affects the design 
and construction of the embankments. A cross-valley dam has 
a big advantage over a flat-country impoundment where three 
to four sides have to be built using sand. A shortage of 
sand makes it difficult to keep the embankment crest above 
the finer tailings in the pond. With fine grind (55 to 60
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percent minus 200 mesh and finer) and in flat country, 
cyclones with the upstream method may be one way to keep the 
embankment ahead of the tailings. In this case it may be 
necessary to use mine waste as a supplement to the sand.

Operations with : a) 35 or more acres per 1,000 tons of
daily capacity; b) with this fine-grind material ; and c) 
with tailings areas divided into two separate ponds that are 
used alternatively; can operate with peripheral discharge if 
the ultimate dams are kept low and the tailings are allowed 
to drain and consolidate after each 10+/- foot lift.

The yield of acceptable sand from cyclones can be 
calculated from the gradation of the raw tailings and the 
characteristics of the cyclones. The rate of embankment 
construction will depend on the amount of available sand, 
the length of embankment being built, and the weather, or 
the number of months a year that it is possible to construct 
embankment. Using cyclones and the downstream method, each 
foot of rise takes longer and requires more sand than the 
previous foot. The use of cyclones with the centerline 
method is nearly as bad.

Spigoting and building an upstream embankment with 
beach sand requires the same amount of sand each lift except 
for the increased length as the embankment gets higher.

In planning any tailings site, the active time for 
embankment utilization is far below 100 percent. The time 
required to build embankment and replace spigots or cyclones 
and the time necessary to raise the entire line to a new 
berm are times when the pond is not available for 
discharging tailings unless they can be "dumped” at some 
other spot in the pond. For this reason, it is better to 
have two complete and separate dams. This is especially 
important at the start of a new operation. With two dams
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there can be a complete shutdown of an area so that the sand 
beach can be drained, dike built, and pipes or cyclones 
replaced. By alternating sites, a regular schedule of
maintenance and operation can be set up; also the annual 
rise of the embankment is reduced, which improves slope 
stability. Where the winters are severe, dike building can 
be done only in the 6 to 8 warmer months to prevent the 
formation of ice lenses in the beach area. Enough sand must 
be available to build enough dike in the summer to last 
through the winter months. Where tailings sand is used for 
mine stope fill, the amount of sand available for embankment 
construction is further reduced; of course, the total volume 
to be impounded is also reduced by this amount.

When the grind is such that the proportion of minus 
200-mesh tailings is more than 55 to 60 percent, the use of 
cyclones is almost mandatory in order to save the entire 
volume of sand for dam building. Under certain conditions, 
a water-type dam should be considered even though the 
capital cost is high. For these dams the operating cost is 
very low. Conditions that may warrant water-type dams are 
high percentage of slimes, harmful chemicals in the 
tailings, and, for phosphate clay, slimes with no sand in 
the tailings.

6.9 Spigots (after Soderberg and Bush, 1977)

The most common method of placing tailings on a pond in 
upstream construction is by spigots spaced 16 to 60 feet 
apart along a header pipe which is installed on the 
embankment crest (Figure 48). The material immediately 
adjacent to the spigots is used for dike constructions on
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Figure 48. Spigoting around periphery of dike-upstream 
method (after Soderberg and Bush, 1977)
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the next lift and should be the best tailings material
available. The gravitational separation of the sand and 
slime as it flows into the pond ranges from very poor to 
very good depending on the grind, specific gravity, and pulp 
density. Figure 36 shows the gradation of the mill tails
from mine A, the gradation at the dike, and the change in
gradation 1,000 feet from the dike of a material that has
about 38 percent minus 200 mesh and is spigoted at 30 
percent pulp density by weight. Figure 37 shows the 
gradations for a material that has 58 percent minus 200 mesh 
and is spigoted at 48 to 50 percent pulp density. Figure 49 
shows the uniformity of the permeability change; the 
vertical permeability is 8 x 10'3 centimeters per second at 
the dike and decreases to 9 x 10-4 centimeters per second 
7 00 feet from the dike. The horizontal permeability had the 
same relative decrease in a 1,000-foot distance from the 
spigot point but was approximately five times the vertical. 
In mines B and C (Figures 50 and 51) , the horizontal and 
vertical permeability in surface test pits is about the same 
at the dike as it is 500 feet from the dike and also near 
the decant area 3,000 feet from the dike. From very limited 
testing there is also no apparent difference in permeability 
between the horizontal and vertical samples from surface 
test pits. The vertical permeability does definitely 
decrease with depth and is very low just above the natural 
soil. These two examples might represent the extremes of 
what can be expected from spigoting. Mine B could certainly 
improve the separations of the sand and slimes if it were 
necessary by decreasing the pulp density 10 to 20 percent.



PE
RM

EA
BI

LIT
Y,

 c
m/

se
c

ER-4609 153

I xiô2

i xid3

- 4X100 200 400 600 800
DISTANCE FROM DISCHARGE POINT,feet

Figure 49. Permeability, uniformity of change 
(after Soderberg and Bush, 1977)

SSHSSSR-
GOLDEN, CO 8 0 4 0 1 / '  - »



ER-4609 154

CJ>
CD

Eo

CD
<X
LU

or
LU
CL

- 4X I

X I

X I
5003000 100

DISTANCE FROM DISCHARGE POINT, feet

Figure 50. Permeability, mine B-nonuniformity of change 
(after Soderberg and Bush, 1977)

- 4 IX10

E
>-I—
_ i

3 ix id
LU

cr
LU
CL

IX 10 100 300
DISTANCE FROM DISCHARGE POINT,feet

500

Figure 51. Permeability, mine C-nonuniformity of change 
(after Soderberg and Bush, 1977)



ER-4609 155

6.10 Cyclones (after Soderberg and Bush, 1977)

As the grind in metal mines becomes finer, 50 to 60 
percent minus 200 mesh, cyclones can recover a larger 
percentage of the sand for dike building than can spigoting, 
and they are being used for this purpose. They are usually 
mounted on the crest of the embankment but are sometimes 
mounted on an abutment at one side of the embankment. From 
the cyclones the fines are piped to the tailings pond, and 
the coarser sand drops directly onto the embankment or is 
repulped and discharged through spigots or launders onto the 
embankment. In some cases, the fines can be piped upstream 
many hundred of feet so that no slimes are beneath the dike 
area. In some cases the slimes may be piped to another 
tailings pond temporarily.

6.11 Compaction (after Vick, 1983)

Compaction of cycloned sand is a significant issue in 
embankment design, and, as explained above, the various 
cycloning methods vary in their ability to accommodate 
compaction procedures. Compaction of embankment sands is 
often desirable to reduce pore pressure buildup during shear 
and the possibility of flow slides. But compaction becomes 
of critical design importance in determining the 
susceptibility of saturated embankment sands to seismic 
liquefaction.

The site seismicity, internal drainage provisions in 
the embankment design, and compaction requirements are all 
interrelated. Liquefaction is most likely to occur for 
loose, saturated sands under high levels of seismic shaking.
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The main design measures against liquefaction are good 
internal drainage to prevent saturation, and densification 
of the cycloned tailings sands by compaction. In the 
extreme, these design measures tend to be mutually 
exclusive : when the sand is unsaturated, liquefaction is
unlikely regardless of density, while if the sand is 
sufficiently dense, liquefaction is improbable even under 
complete saturation. Since compaction requires mechanical 
hauling and placement at considerable expense, it is often 
less costly in areas of lower seismicity to provide for 
internal drainage rather than high densities. In areas of 
high seismicity, both compaction to high densities and 
internal drainage is recommended.

Where high seismicity indicates the need for 
compaction, a remaining design consideration is the relative 
density requirement. In reviewing various liquefaction- 
related relative density criteria, it is apparent that 
compaction to relative densities of 50-60% is appropriate 
for areas of moderate seismicity with expected accelerations 
up to 0.10g. Higher relative densities, in the range of 
75%, may be necessary for higher seismicity. Usually, 
reasonably high relative densities can be obtained for clean 
sand tailings with only modest compactive effort. The major 
cost associated with compaction results from the need to 
haul, spread, and place the sands in thin lifts rather than 
from the compaction operation itself. Use of the hydraulic 
cell method, however, allows for compaction without 
mechanical fill handling and at relatively little cost.

Compaction of a soil is usually accomplished by 
spreading the soil in layers of specified thickness and 
compacting with a mechanical compactor. A number of 
arbitrary standards for determining the optimum moisture and
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maximum densities have been established to simulate
different amounts of effort as applied by the full-sized
equipment used in soil construction. The simplest and the 
most widely used are the Standard Proctor and the Modified 
Proctor. Compaction may be specified by procedure (type of 
compactor, layer thickness, number of passes, and moisture 
content to be used) or by end product (minimum inplace
density required). The purpose of compaction may be to
increase the fill shear strength or to decrease the fill
permeability or both.

Variables affecting compaction are:

The type of compactor : Pneumatic-tired roller,
steel wheel, vibratory steel wheel, sheepsfoot,
grid roller, vibratory plate compactors, and
tract-type tractors.

The weight and energy of the compactor.

The thickness of layers.

The placement water content.

Table 17 shows the compactors recommended to be used to 
attain 95 to 100 percent of the Standard Proctor on various 
soils, but during construction regular density testing is 
necessary. For clean cohesionless tailings sand, compaction
in thin lifts with proper moisture might be attained with a 
tractor for building dikes, but it should be checked with 
inplace density tests. Seldom does the sand have less than 
8 percent minus 200-mesh material, and the moisture content 
is in the bulking range where compaction is difficult.
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TABLE 17 Compaction equipment and methods (after 
Soderberg and Bush, 1977)

Requirements for compaction to 95 to 100 percent Standard
Proctor maximum density

Compacted Possible variations in
lift Passes or Dimensions and weight of equipment

thickness , coverages equipment
inch

SHEEPSFOOT ROLLERS
For fine-grained soils 6 4 to 6 passes F oot For earth dam, highway, and
or dirty coarse-grained for fine Soil type contact airfield work, drum of 60-
soils with more Chan 20 grained area , inch diameter loaded to
percent passing the sq in psi I 5 to 3 tons per lineal
No. 200 sieve. Not 6 to 8 passes F ine-grained 5-12 250-500 foot of drum generally is .
suitable for clean for coarse soil, plas utilized. For smaller
coarse-grained soils. grained ticity projects, 40-inch-diameter
Particularly appropri index, >30. drum loaded to 0.75 Co
ate for compaction of Fine-grained 7-14 200-4 00 1.75 tons per lineal foot
impervious zone for soil, plas of drum is used. Foot con
earth dam or linings ticity tact pressure should be
where bonding of lifts index, <30. regulated to avoid shearing
is important. Coarse-grained 10-14 150-250 the soil on the 3d or 4th

soil.
Efficient compaction o soils
wetter than optimum requires
less contact pressure than for
the same soils at lower mois
ture contents

RUBBER-TIRE ROLLERS
For clean, coarse
grained soils with 4 to 
8 percent passing the 
N o • 200 sieve.

For fine-grained soils 
or well-graded, dirty 
coarse-grained soils 
with more than 8 per
cent passing the 
No. 200 sieve.

10 

6- 8

3 to 5
coverages.

4 to 6 
coverages.

Tire inflation pressures of 60 to 
80 psi for clean granular mate
rial or base course and subgrade 
compac tion.

Wheel load 18.000 to 25,000 
pounds. Tire inflation pres
sures in excess of 65 psi for 
fine-grained soils of high 
plasticity. For uniform clean 
sands or silty fine sands, use 
large-size tires with pressures 
of 40 to 50 psi.

Wide variety of rubber-tire 
compaction equipment is 
available. For cohesive 
soils, light-wheel loads, 
such as provided by wobble- 
wheel equipment, may be sub
stituted for heavy-wheel 
load if lift thickness is 
decreased. For cohesionless 
soils , large-size tires are 
desirable to avoid shear 
and rutting

SMOOTH-WHEEL ROLLERS
Appropriate for subgrade 
or base course compac
tion of well-graded 
sand-graveI mixtures.

May be used for fine
grained soils other 
than in earth dams.
Not suitable for clean 
well-graded sands or 
silty uniform sands.

8-12 

6- 8

4 coverages. 

6 coverages.

Tandem-type rollers for base 
course or subgrade compaction. 
10- to 15-ton weight, 300 to 
500 pounds per lineal inch of 
width of rear roller.

3 -wheel roller for compaction of 
fine-grained soil ; weights from 
5 to 6 tons for materials of low 
plasticity to 10 tons for mate
rials of high plasticity.

3-wheel rollers are obtain
able in wide range of sizes.
2 -wheel tandem rollers are 
available from 1 to 20 tons .
3-axle tandem rollers are 
generally used in the range 
of 10 to 20 tons. Very 
heavy rollers are used for 
proof rol ling of subgrade or 
base course.

VIBRATING -BASEPUTE COMPACTORS
For coarse-grained soils 
with less than about 12 
percent passing No. 200 
sieve. Best suited for 
materials with 4 to 8 
percent passing 
No. 200, placed thor
oughly wet.

8-10 3 coverages Single pads or plates should 
weigh no less than 200 pounds. 
May be used in tandem where 
working space is available. For 
clean coarse-grained soil, 
vibration frequency should be no 
less than 1,600 cycles per 
minute.

Vibrating pads or plates are 
available, hand -propel led 
or self-propelled, single or 
in gangs , with width of cov
erage from 1-1/2 to 15 feet. 
Various types of vibratlng- 
drum equipment should be 
considered for compaction 
in large areas.

CRAWLER-TRACTOR
Best suited for coarse
grained soils with less 
than 4 to 8 percent 
passing No. 200 sieve, 
placed thoroughly wet.

10-12 3 to 4 
coverages.

No smaller than 08 tractor with (Tractor weights up to 60,000 
blade, 34,500-pound weight, for 1 pounds, 
high compaction.

POWER TAMPER OR RAMMER
For difficult access, 
trench backfill. Suit
able for all inorganic

4-6 for silt

6 for coarse - 
grained

2 coverages. 30-pound minimum weight. Con
siderable range is tolerable , 
depending on materials and 
conditions.

Weights Up to 250 pounds. 
Foot diameter 4 to 10
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The pneumatic tire has proven to be an excellent 
compactor for cohesionless and low-cohesion soils, including 
gravels, sands, clayey sands, silty sands, and even sandy 
clay. It applies a moderate pressure to a relatively wide 
area so that enough bearing capacity is developed to support 
the pressure without failure. The light rollers are capable 
of compacting soils in 4-inch layers to densities 
approaching the Standard Proctor maximum at optimum moisture 
with three or four passes. The heavy rollers can obtain 
densities above Standard Proctor maximum in layers up to 18 
inches thick with four to six passes.

Because of the small loaded area and high unit 
pressure, the sheepsfoot roller is adapted best to cohesive 
soils such as clays. Tailings embankments with more than 20 
percent minus 200-mesh material in the dike could be 
compacted with the sheepsfoot or in the modified sheepsfoot, 
which has some of the feet removed and flat plates 8 to 10 
inches in diameter welded on the remaining feet. This 
modified version is best for silty soils of low cohesion, 
which better describes some of the tailings sand. Moisture 
control is very important to efficiency of compaction of 
this type of material.

For cohesionless borrow and waste materials, such as 
rockfills and gravels, compaction by track-type tractors and 
haulage trucks might be adequate if properly controlled. 
Where additional compaction is required, heavy vibratory 
steel wheel compactors are very efficient and are not 
moisture dependent.

Compaction is very critical on starter dams whether 
pervious or impervious and on tailings embankments and dams 
built of tailings sand to raise density, increase stability, 
and prevent liquefaction.
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A particular compactor has its own optimum water 
content which may not be the same as that determined in the 
Standard or Modified Proctor test in the laboratory. The 
laboratory tests will be within a few percentage points of 
those applicable to most compactors, and the heavier the 
compactor, the lower will be the optimum moisture content. 
Field density tests will help determine the efficiency of a 
particular method. Use of compaction layers which are too 
thick for a particular compactor will result in 
undercompaction at the base of the layers, with increased 
horizontal permeability of that zone.

No one method of compaction can be established as best 
for the sand zones of tailings embankments because of the 
wide variations in the gradation of the sand on the beach 
from one property to another. Each mine must determine the 
most efficient compactor for the materials it is using.

6.12 Seismic Considerations (after Klohn, 1980)

Liquefaction of a soil is a temporary state in which 
the structure of the soil is disturbed, causing the 
particles to lose contact, and to transfer the weight of the 
soil and any superimposed loads onto the water in the voids. 
This causes the pore pressure to rise and the soil behaves 
like a dense fluid. It is unable to support loads or to 
resist significant shear forces, and the resulting pore 
pressures approach or equal the confining pressures.

Liquefaction can be caused by changes in static stress 
conditions, particularly in very loose soils. However, the 
more general cause of structural disturbance leading to 
liquefaction is dynamic loading such as can occur during an
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earthquake.
A form of liquefaction, in which air acts as a fluid 

medium, can occur in extremely loose aeolian soils such as 
loess. However, for soils of the types and densities used 
in constructing tailings dams, liquefaction is assumed to 
occur only in saturated zones, i.e. below the phreatic 
surface.

The ease with which liquefaction can be initiated 
varies. Under the least favorable conditions, a soil can be 
liquefied by the first pulse of an earthquake, whereas under 
other circumstances it may not fail even after hundreds of 
cycles.

The factors affecting liquefaction potential are 
summarized following :

Saturation
More-or-less complete saturation is essential for 
liquefaction in sand of the type and density under 
consideration. Partially saturated sand, such as 
may exist where water is percolating through the 
fill above the phreatic surface, will not liquefy 
because the contained air is highly compressible, 
thus preventing a significant rise in porewater 
pressure. Saturation by capillarity is not 
significant in cycloned tailings sand.

Permeability
For liquefaction to occur, the soil must be 
sufficiently low in permeability that no 
significant migration of water and consequent 
pressure relief is possible within the time frame 
of the earthquake. Most cycloned tailings sands
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meet this requirement.

Density
As noted above, loose soils liquefy readily. On 
the other hand, dense soils tend to fail by cyclic 
mobility even though porewater pressures can rise 
momentarily to high values. Density is a very 
important factor and, for most soils encountered 
in practice, the resistance to liquefaction is 
assumed to be approximately proportional to 
relative density, Dr (Dr in the range of 35 to 70 
percent) . For relative densities above 7 0
percent, liquefaction is unlikely to occur even 
under very severe earthquake shocks.

Earthquake Acceleration
The greater the ground acceleration, the more 
readily a given soil will liquefy during an 
earthquake.

Number of Cycles
The greater the number of significant cycles, the 
greater the chance of liquefaction.

Cyclic Stress Ratio
This is the ratio between the cyclic shear stress 
and the effective normal stress. The higher the 
stress ratio, the more readily the material will 
liquefy.

Confining Pressure
This affects the cyclic stress ratio; the number
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of cycles that may cause liquefaction under a 
given cyclic shear. It may also affect strain 
movements once failure has occurred.

Initial Shear Stress
If the initial shear stress has been acting long 
enough to allow full drainage, the resistance to 
liquefaction is increased. However, if drainage 
has not had time to occur under the initial shear 
stress, the resistance to liquefaction is 
decreased.

Other Factors
There are several other factors which appear to 
affect the liquefaction potential of a fine sand 
under earthquake loading. These include such 
things as: age of deposit, method of deposition,
exposure to previous earthquakes, particle shape, 
overconsolidation, etc.

The liquefaction problem is normally assessed by
running dynamic shear tests on laboratory samples of the
tailings sand. These may be so-called "undisturbed" samples 
or reconstituted samples. The most commonly used method is 
the cyclic triaxial test which uses conventional triaxial 
equipment adapted to allow cycling of the deviator stress. 
The output includes continuous records of deviator stress, 
axial strain and porewater pressure.

Using the data obtained from the dynamic laboratory 
tests a dynamic analysis of the tailings dam may be carried 
out. Such an analysis is involved and complex. Briefly, a 
seismic analysis involves the following steps :
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Selection of the design earthquake and its 
location.

Determination of the maximum bedrock acceleration 
to be expected at the damsite and the number of 
significant cycles.

Determination of the dynamic response of the dam.

Determination of the static soil parameters for 
each zone.

Determination of the seismic soil parameters.

Stability analyses of the dam using the dynamic 
response and the static soil parameters.

For liquefaction to occur under seismic loading, sands 
of the gradation common to tailings dams, must normally be 
saturated and in a relatively loose state. Therefore, the 
main protections against liquefaction are drainage and 
densification. In the extreme, these two provisions tend to 
be mutually exclusive, such that:

When the sand is completely drained, liquefaction 
is unlikely regardless of the density, provided 
the slope is well below the angle of internal 
friction of the sand.

When the sand is dense, liquefaction is unlikely 
even though the material may be completely
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saturated.

In tailings dam designs for areas rated as low seismic 
risks it is usually more economical to strive for complete 
drainage rather than for high densities. For areas of high 
seismicity both high densities and good drainage are 
considered desirable.

6.13 Rate of Seepage (after Soderberg and Bush, 1977)

The rate of seepage through a tailings embankment is 
governed by the permeability of the materials, the hydraulic 
gradient, and the elevation difference between the pond and 
the point of emergence of the seepage. With a coarse grind, 
low pulp density, and a wide beach the seepage vertically 
through the beach is tremendous and could equal or exceed 
that which escapes through the embankment. With a given 
screen analysis, mineralogy, tonnage, pulp density, area, 
and construction method (upstream or downstream), there is 
little that can be done to change the seepage once the 
operation has started. The length of the flow path cannot 
be increased after the pond gets to the extreme upstream 
position, or to the decant, except by adding material to the 
toe. The difference in elevation has to increase, and no 
impervious barriers can be placed. Therefore, it is 
imperative that seepage be anticipated and incorporated into 
the design. The mathematical expression for the rate of 
seepage is
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nf
q = k —  h, 

nd
where q = the rate of seepage per unit length

perpendicular to the plane of the 
flow net,

k = the coefficient of permeability of the 
soil.

nf = the number of flow paths (determined 
from the flow net) ,

nd = the number of equipotential drops 
(determined from the flow net),

and h = the difference in piezometric head
between the point of seepage entry and 
the point of seepage exit.

An approximate coefficient of permeability can be 
determined by laboratory tests if field tests are not 
possible.

6.14 Pond inflow and control methods (after Portfors, 1980)

Water inflow to the pond is made up of tailings slurry 
transport water, precipitation directly onto the 
impoundment, runoff from the pond catchment area, seepage 
recovery, ground water seepage, and other miscellaneous 
sources, such as pit dewatering, surface diversions, and 
domestic wastes. If a deficit exists in the system, a 
supplemental water inflow source may be required.

In most tailings ponds, the water required to transport 
the tailings in a slurry form is the single largest input 
water source. In a closed circuit operation, reclaim water 
is withdrawn at a rate proportional to the slurry transport
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water input, consequently, the rate of transport water input 
usually is not critical.

Precipitation onto the pond becomes completely
available as input water to the pond. On the other hand,
runoff from the impoundment catchment and exposed beaches 
will not equal the total precipitation, but will reflect the 
basin losses to evapo-transpirâtion, groundwater recharge, 
diversions, other withdrawals for use, etc.

Hydrological studies are required to estimate catchment 
basin yields in average, wet and dry years. Average annual 
precipitation and runoff values would be used to estimate
available water to balance other losses, and to estimate the
average quantity and cost of any make-up water that may be 
required. Average conditions determine the overall pond 
management strategy over the life of the mine.

Wet year inflow conditions are used in combination with 
flood discharges to calculate the required dam freeboard or 
spill capacity. Dry year flows, on the other hand, can be 
critical to plant operation. If the precipitation and 
runoff are required as water supply sources, the probability 
of a dry year, or a series of dry years, must be established 
to define water deficiencies.

Timing of inflows throughout the year will be important 
as dam construction must be advanced sufficiently to store 
inflow during the high runoff season. The freewater volume 
is then depleted during the dry seasons of the year.

Available precipitation records are used to establish 
amounts and timing of precipitation, and stream flow records 
to estimate runoff. Mines are often located in remote 
regions where hydrologie data are scarce or entirely absent. 
The designer then must use information from neighboring 
areas to estimate flows at the site.
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Catchments above tailings impoundments are generally 
small, and caution must be used when information from large 
basins is applied on small ungauged basins. For example, in 
mountainous regions, weather effects on local precipitation 
can be larger than the regional average.

In the case of large upstream catchments, diversion
channels probably will be necessary to carry upstream runoff 
around the pond, thereby limiting the input of surface 
water. Design discharges adopted for these channels can 
vary depending upon the consequences of overtopping. 
Commonly adopted design floods range between the 100 year 
and 1000 year recurrence interval events. With such a 
design, only in rare cases will the channels be overtopped, 
and flood waters enter the pond.

Offtakes can also be added to the diversion channels 
enabling extra water to be added to the pond during dry
years.

Mine drainage water may be contaminated and 
consequently cannot be released to the downstream. The 
tailings pond then becomes a convenient storage location, 
and the drainage water becomes another input water source. 
Surface drainage water from around the pit and mill area 
also may carry a high concentration of suspended sediments 
and other pollutants. This water can be directed into the 
tailings pond rather than into separate settling ponds.

Controls (after Vick, 1983). The preferred situation 
is to limit water inflow by proper siting of the
impoundment. There are several methods available for
handling remaining flood inflows.

A primary method of inflow control is storage. 
Adequate dam freeboard or surcharge is maintained at all 
times by raising the embankment at a rate such that
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sufficient volume is always available for storage of the 
design inflow. If the design flood inflow has been 
determined with an appropriate degree of conservatism, it is 
unlikely to be experienced during the life of the 
impoundment. In the improbable event that it should occur, 
the impounded runoff could be stored for eventual 
evaporation in regions of arid climate. In other areas, the 
water, if contaminated by mixing with the mill effluent, 
could be treated and released at a gradual rate. Control of 
flood inflow by storage avoids the necessity of expensive 
and sometimes difficult treatment of contaminated flood 
inflow prior to release into surface watercourses.

In some areas, topographic constraints on practical 
embankment height and impoundment volume, combined with high 
precipitation or high rates of net mill water discharge, may 
make storage of flood inflows unfeasible. In such cases, 
the only option may be to provide treatment of all mill 
effluent prior to its discharge into the impoundment. Flood 
inflows entering the impoundment, presumably no longer at 
risk of contamination by mixing with the treated mill 
effluent, can be passed through the impoundment and 
discharged through a spillway designed according to 
conventional methods. In applicable areas, the thunderstorm 
rather than general storm PMP may control the design of 
spillways where peak flow rate rather than total in flow 
quantity is of primary importance. The use of spillways 
with raised embankments, however, is awkward at best. With 
each embankment raise, a new spillway must be constructed at 
the new crest elevation. This adds appreciably to cost and 
difficulty of construction. In extreme cases, water 
handling by spillways may preclude the use of raised 
embankments, instead requiring water-retention type
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structures built initially to full height.
Diversion channels are desirable in most cases and 

essential in some for diversion of normal runoff flows. 
Although diversion channels can also be used to divert flood 
flows around the impoundment, major design floods often
produce flows that require large channels (channel widths
for PM F diversion in excess of 100ft are not uncommon) and 
heavy riprap for protection of the channel banks against 
high flow velocities. As a result, diversion channels 
designed for peak flood flow are sometimes impractical,
depending on the channel length required. For raised
embankments, however, excavation of even relatively large 
flood diversion channels may provide a convenient source of 
starter dike fill material.

For open-pit mining operations, creative planning of 
waste rock dumps and even the pits themselves can provide 
useful water-control benefits for the tailings impoundment. 
Process flow considerations in mine facility layout usually 
dictate that the tailings impoundment and mill be located at 
lower elevations than the pit and associated waste rock 
dumps. If the pit is located within the drainage basin of 
the tailings impoundment, the pit volume itself can be 
credited with flood water storage for extreme PMF-type
floods. If the waste rock dumps can be extended across the
tailings impoundment drainage area without excessive haul
distance, diversion of extreme floods by the mass of the 
waste rock can be realized at essentially no cost. This 
requires that waste dump and tailings impoundment planning 
be integrated and carried out together.

A related method of runoff diversion is to construct 
non-impounding diversion dikes across the impoundment 
drainage area. To be effective, such dikes should be
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located as close as possible to the maximum upstream extent 
of the impoundment. This method of surface-water control 
may be of particular advantage if the impoundment is located 
over relatively shallow bedrock where construction of 
diversion channels would require expensive rock excavation. 
Flow velocities against the diversion dike may be high, 
however, possibly requiring the use of riprap if the dikes 
are constructed of native soils. The use of open-pit waste 
rock for diversion dike construction, usually relatively 
coarse and erosion resistant, may be attractive.

In extreme cases where the tailings impoundment is 
located in a narrow, constricted valley with a large 
upstream drainage area, steep valley sidewalls may make it 
impractical to divert flood runoff around the tailings 
impoundment by either diversion channels or nonimpounding 
dikes. Here it may be necessary to construct an entirely 
separate flood-control dam upstream from the tailings 
impoundment. The flood-control dam can provide full storage 
of expected flood runoff from the upstream drainage area, 
with gradual evacuation of the stored water by a culvert 
passing through the water-control dam and around the 
tailings deposit. This arrangement is to be avoided if 
possible, since fill requirements for the water-control dam 
may be large, in some cases even exceeding fill required for 
construction of the tailings embankment itself. Moreover, 
construction of the flood-control dam cannot be staged; it 
must be completed prior to tailings impoundment operation in 
order to serve its intended flood-protection function. 
Finally, maintenance of buried culverts is problematic, and 
the limited life of the culvert structure may make it 
necessary to provide more permanent water-control measures 
after impoundment abandonment and reclamation.
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Figure 52 summarizes the various methods for handling 
extreme flood inflows from external drainage areas. It is 
important to note that even with complete diversion of flood 
runoff from tributary drainage areas, that portion of the 
extreme flood precipitation which falls directly on the 
impoundment surface must still be accounted for.

6.15 Effects of floods on impoundments (after Vick,1983)

A completely separate consideration is control of 
floods that may pass at the toe of the embankment. This 
inflow into the impoundment may result in erosion, 
undercutting, and eventual failure of the exterior face of 
the embankment, and it is especially critical for 
impoundments located in low-lying river floodplain areas or 
narrow canyons. The same general flood criteria as for 
impoundment inflow apply, only here the concern is with flow 
velocities of the water at the embankment toe. Riprap of 
affected portions of the embankment face provides one 
solution. The method of choice is to avoid impoundment 
siting in floodplains, particularly in areas of 
predominantly soft, sedimentary rocks where riprap may be 
unavailable locally and difficult or expensive to import. 
For some Southeastern U.S. phosphate tailings impoundments 
located in low-lying coastal areas, imported riprap for wave 
protection during hurricanes constitutes the major expense 
in impoundment construction.
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Figure 52. Methods for handling external extreme runoff.
(a) Storage. (b) Passage through spillway. (c)
Diversion by channels. (d) Storage and 
diversion by mine pits and waste dumps. (e)
Diversion by dikes. (f) Storage and diversion
by upstream water dam (after Vick, 1983)
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6.16 Embankment freeboard and wave protection
(after Soderberg and Bush, 1977)

Tailings embankments built of borrow material need 
protection from wave action if the water is allowed to come 
against the borrow dike. Wave action is a very destructive 
force and can erode and overtop an embankment unless ample 
freeboard is provided. The height of the waves depends on 
the wind velocity, the duration of the wind, the fetch (the 
distance the wind can act on the water) , and the depth of 
water. On steep upstream slopes, riprap will limit the 
uprush of the waves to approximately 1.5 times the height of 
the waves and will prevent erosion by wave action. Tailings 
embankments should not have free water standing against the 
dike except where a water-type dam is impounding the 
tailings, and then they should have riprap on the upstream 
face. Table 18 gives the approximate wave heights for 
various wind velocities and fetch, and the freeboard and 
riprap gradation for the 3:1 slope. For 2:1 slopes, the 
thickness should be 6 inches greater. A layer of filter 
gravel should be placed between the riprap and the 
embankment.

Wave action is not a problem if even a small beach is 
provided between the dike and the water, because the waves 
dissipate harmlessly in the shallow water on the beach.

6.17 Crest Width (after Soderberg and Bush, 1977)

The crest width should be no less than 12 feet for easy 
equipment operation in a situation where water is against 
the embankment. The most suitable crest width will depend 
on the allowable percolation distance through the embankment
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TABLE 18 Embankment freeboard and wave protection, (after 
Soderberg and Bush, 1977)

APPROXIMATE WAVE HEIGHTS
Fetch, miles Wind velocity, miles per hour Wave height, feet

1................. 50 2.7
1................. 75 3.0
2.5...................... 50 3.2
2.5...................... 75 3.6
2.5...................... 100 3.9
5 ........................ 50 3.7
5 ........................ 75 4.3
5 ........................ 100 4.8
10........................ 50 4.5
10........................ 75 5.4
10........................ 100 6.1

FREEBOARD REQUIRED FOR WAVE ACTION
Fetch, miles Normal freeboard, feet Minimum freeboard, feet

Less than 1 ............. 4 3
1................. 5 4
2.5...................... 6 5
5 ........................ 8 6

10........................ 10 7
RIPRAP REQUIRED ON 3:1 SLOPES FOR PROTECTION AGAINST WAVES

Reservoir fetch, miles Nominal 
thickness, 

inches

Gradation, percentage 
various weights

of stones of 
(pounds)

Maximum
size

25 percent 
greater 
than--

45 to 75 
percent

25 percent 
less 

than1From To
1 and less.............. 18 1,000 300 10 300 10
2.5...................... 24 1,500 600 30 600 30
5 ........................ 30 2,500 1,000 50 1,000 50
10........................ 36 5,000 2,000 100 2,000 100
Sand and rock dust less than 5 percent.

Source : U.S. Bureau of Reclamation.
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at full pond level, the height of the structure, and ease of 
construction. In the upstream, downstream, and centerline 
methods using tailings to raise the embankment, this does 
not apply because the water is not in contact with the dike. 
The width is then governed by the equipment used.

The approximate crest width for embankments under 100 
feet high is given by the question:

z
W = - + 10,

5
where W = crest width in feet,
and z = height of the crest above the foundation

at its lowest point.

Tailings dams over 100 feet in height should have 
crests not less than 30 feet in width.
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CHAPTER 7

SEEPAGE AND SEEPAGE CONTROL MEASURES

The information presented here on seepage and seepage 
control has been extracted from several sources. Section 
7.1, 7.4, 7.5, were extracted from Control of Seepage in
Tailings Dams, written by Patrick M. Griffin. Section 7.2 
and part of section 7.3 were compiled from Earl J. Klohn1 s 
article Seepage Control for Tailings Dams. Sections 7.3 and 
7.8.4 were extracted from the Bureau of Mines information 
circular 8755, Design Guide for Metal and Nonmetal Tailings 
Disposal, written by Roy L. Soderburg and Richard A Busch. 
Sections 7.6, 7.8.1, 7.8.2, 7.8.3, 7.8.5, 7.8.6, and 7.8.7
were compiled from Seepage Control Measures in Tailings 
Dams, written by Robin Fell. Sections 7.7 and 7.8.8 were 
compiled from Steven G. Vick's book titled Planning, Design, 
and Analysis of Tailings Dams. The information in section 
7.9 through the end of the chapter was extracted from Mine 
Waste Management, edited by Ian Hutchison and Richard D. 
Ellison.

7.1 Introduction to Seepage (after Griffin, 1990)

When considering seepage, the designer of a tailings 
dam is faced with three major concerns:

Resistance to piping and internal erosion.

Location of the phreatic surface and its effect on
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downstream slope stability, and

Intercepting and treating or recycling any seepage 
effluent which contains hazardous or toxic 
substances.

7.2 Quantity of Seepage (after Klohn, 1979)

The first step in the design of seepage control 
measures for a given tailings dam is to estimate the 
quantities of seepage water that the system will be required 
to handle. Generally, there are five sources of seepage 
water during the construction of most tailings dams. These 
sources are :

The free water in the tailings pond.

The construction water associated with dam 
building. (This may be cyclone underflow or the 
water used for transporting the sand for a 
hydraulic fill).

The water from the spigotting operation used to 
form the impervious beach.

The consolidation water squeezed out of the slimes 
as they consolidate in the pond.

Precipitation falling on the tailings dam.

The quantity of seepage to be expected from the free
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water in the tailings pond can be estimated using 
approximate flow nets based on the anticipated width of 
beach and the permeabilities of the materials involved. 
Estimating the quantity of seepage due to spigotting is much 
more difficult, however, a reasonable approximation can be 
made by assuming that the spigotting completely saturates 
the beach so that in effect the free water in the pond 
extends to near the top of the spigotted beach. A flow net 
drawn for this condition should provide an estimate of the 
combined seepage, due to both the free water in the pond and 
the effects of spigotting.

Estimating the quantity of the construction water that 
the drains must handle varies from a simple exercise for the 
case of on-dam cycloning, where all the construction water 
seeps into the downstream sand dam, to a complex exercise 
for the case where large volumes of hydraulic fill transport 
water flow across the dam and then exit either upstream into 
the tailings pond or downstream behind the seepage recovery 
dam. For the on-dam cycloning, all the water contained in 
the cyclone underflow is assumed to reach the underlying 
drain. This value can be estimated with reasonable accuracy 
from the density of the underflow and the recorded tonnage 
of sand placed each day. For the case of hydraulic fill
placement, where large volumes of water flow across the sand 
dam, the seepage loss into the dam may be estimated by 
assuming downward seepage under a hydraulic gradient of 1 
and using the expression :

q = k i A
where q = rate of vertical seepage

A = total area over which the water is 
flowing
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i =hydraulic gradient (1 for this case)
k =effective coefficient of permeability =
Vk h x K v

The fourth potential source of seepage, consolidation 
water squeezed out of the slimes as they consolidate is more 
difficult to quantify. In effect, this action adds an 
additional increment of pore pressure to the normal 
hydrostatic pore pressure that would exist in the slimes if 
they were completely consolidated under their own weight.

In high rainfall climates precipitation can be a major 
contribution and may cause the sand dam to be almost fully 
saturated during long periods of heavy rainfall.

Of the above five outlined sources of seepage water, 
construction water from cyclone underflow or hydraulic fill 
placement operations is usually several times greater than 
all other sources combined. In designing the drains, the 
highest probable seepage flows that can enter the drains 
should be used and the drains should be assigned their 
lowest probable permeabilities and gradients. This is 
essential, as once constructed and buried, the drains must 
continue to perform satisfactorily throughout the life of 
the structure and, in many cases, for many years after the 
mining operation is completed. All drains should be sized 
to handle flows several times the largest probable flows 
computed using the above outlined methods.

7.3 Use of flow nets (after Soderberg and Bush, 1977)

The uppermost line of seepage that is at atmospheric 
pressure is known as the phreatic surface and is the
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uppermost flow line. An equipotential line is a line of 
equal head; therefore, water rises to the same level in 
piezometers installed along a given equipotential line. The 
equipotential lines in a flow net must intersect the free 
water surface at equal vertical intervals.

Flow lines and equipotential lines must intersect at 
right angles to form areas that are basically squares when 
the materials are isotropic. Adjacent equipotentials have 
equal head losses. The same quantity of seepage flows 
between adjacent pairs of flow lines.

Usually it is best to start with an integral number of 
equal potential drops by dividing the total head by a whole 
number and drawing flow lines to conform to these equal 
potentials. The outer flow path will generally form a 
distorted square figure, but the shape of these distorted 
squares (the ratio B/L) must be a constant (Figure 53).

In a stratified soil profile where the ratio of 
horizontal to vertical permeability ( K h / K v )  exceeds 1 0 ,  the 
flow in the more permeable layer controls. The flow net may 
be drawn for the more permeable layer, assuming the less 
permeable layer is impervious. The head on the interface 
from this permeable layer is imposed on the less pervious 
layer for the construction of the flow net within that 
layer. This situation can occur when a starter dam is 
impervious to the tailings it is retaining and has 
insufficient, ineffective, or no drains, so that water at 
the interface builds up to and goes over the top of the 
starter dam. The flow net through the starter dam then 
would be the same as if there was free water against it, as 
illustrated in Figure 54.

In a stratified layer where the ratio of permeability 
of the layers is less than 10, the flow net is deflected at
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(A) kn-kv

Phreatic surface

Stratum (T )  
Permeability kt(B) Flow net for true section where kh=k,

Stratum ( 2) 
Permeability kg

k2=tan 

If squares are drawn in
Rati0 k  in (2 )  = k2Flow line

Equipotential

(Cl Transfer conditions at interface between strata

(D) Flow net for section (B) above in kh=4kv
Horizontal dimensions of section reduced by \J

kh

(El Flow net (D) above transposed to true section

FIGURE 0-1. - Flow net construction.

Figure 53. Flow net construction (after Soderberg and 
Bush, 1977)
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Saturation level

V
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Figure 54. Zoned dam study (after Soderberg and Bush, 
1977)
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the interface in accordance with Figure 54.
When materials are anisotropic with respect to 

permeability, the cross section should be transformed by 
changing the scale. The horizontal dimension of the section 
is reduced by the square root of K v K h .  The flow net is then 
drawn as for isotropic materials and can be transposed to a 
true section. If Kh > Kv the L dimension becomes elongated, 
and the net is no longer a square. In computing the 
quantity of seepage, the differential head is not altered 
for the transformation. Where only the quantity of seepage 
is to be determined, an approximate flow net suffices. 
Where pore pressures are to be determined, the flow net must 
be accurate.

Earl J. Klohn, in his article Seepage Control for 
Tailings Dams states that seepage flows are predicted from 
the flow net using the following relationship :

q = k . h . nf per unit of length 
nd

Where : q = rate of seepage flow
k = coefficient of permeability of the 

soil
h = the hydraulic head acting across 

the structure
nf = number of flow paths in the flow 

net

nd = number of equipotential drops in 
the flow net
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7.4 Piping protection (after Griffin, 1990)

The major issues which must be addressed to prevent 
piping within the tailings embankment are control of 
hydraulic flow gradients, care in the use of erodible
materials, and effective use of filters to separate
materials with large differences in gradation. Where a 
beach is used, drainage paths will be lengthened, which will 
have a positive effect in reducing the seepage flow gradient 
through the upstream portion of the embankment. Without a 
beach, it is necessary for designers to provide appropriate 
control of the gradient in the upstream dam section.

If sand tailings are used as an integral part of the 
dam, the designers must take into account the potential
erodibilities of these materials. Generally, non-plastic 
sand and slime tailings can be expected to be extremely
erodible. Materials containing some clay minerals, such as 
phosphate tailings, could have some inherent resistance to 
erosion and dispersion.

Filter systems are used in tailings dams in much the 
same manner as for conventional embankment structures. 
Often, the sand fraction of the tailings can be used as a 
filter or a component of a filter system. Care must be 
taken, however, that the sand material has sufficient 
durability and will be chemically stable when exposed to the 
effluent seepage. Physiochemical decomposition of the 
tailings sand could create problems over time if not 
properly accounted for in the design.

Durability is commonly evaluated by performing the same 
types of tests normally required for concrete sand and 
aggregate (i.e.-pétrographie analysis, specific gravity and 
absorption, sodium/magnesium soundness, abrasion, freeze-
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thaw, etc.), but the acceptance limits are usually more 
flexible than that required in ASTM Method C-33. For
example, chert is deleterious to concrete, but may be 
perfectly adequate in a filter or drain. Similarly, 
requirements for resistance to mechanical and chemical 
breakdown need not always be as stringent as for concrete 
aggregate.

7.5 Location of the phreatic surface (after Griffin, 1990)

The stability of the downstream slope of the tailings 
dam will be heavily influenced by the depth of the phreatic 
surface through the embankment. This is not as critical an 
issue for the upstream slope, because of the presence of
solids within the pond. On the downstream side of the
embankment, the strength of cohesionless materials is 
influenced by both the buoyancy effect of water below the 
phreatic surface, and also the effect of seepage pressures. 
The technical issues are essentially similar to those for 
conventional embankment dams. However, with the combination 
of features such as beach zones and extended drainage paths, 
it is often possible to reduce the downstream phreatic level 
to a very low surface within the embankment, and therefore 
steepen the downstream slope while still maintaining
acceptable slope stability. This issue can often have major 
economic consequences on the overall cost of a tailings dam.

For borrow dams, the most desirable materials for the 
embankment are free draining hard durable rock or gravelly 
materials. However, less desirable materials, such as mixed 
soils, and decomposed shales and sedimentary rocks, might be 
more economical or more readily available locally. In these
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cases, it may be desirable to introduce a chimney and/or 
blanket drain arrangement to help lower the phreatic 
surface. The added cost of providing the zoning detail in 
the embankment, including provision for staged enlargement, 
might well be justified if the provision allows for the use 
of inexpensive materials and for steepening of the 
downstream slope.

Another approach for dealing with the economies of 
steepening a downstream slope would include full utilization 
of the observational approach. The observational approach 
is well established and well accepted within the 
geotechnical engineering profession, and has definite 
applicability to tailings dams. In a specific project, a 
system can be designed with a reasonably conservative 
estimation of the phreatic level. Then as the dam is 
enlarged in stages, instrumentation can be used to determine 
the actual performance of the structure, including the 
actual phreatic levels, stresses and displacements. If it 
can be shown from instrumentation data that the original 
design assumptions were overly conservative, then there will 
be ample justification for modifying the design to a more 
economical, but still reasonably conservative, scheme.

For dams constructed with tailings material, it becomes 
more difficult to introduce zoned elements, such as internal 
filters and drains. However, it is possible to introduce a 
blanket drain and appropriate filter along the foundation of 
the dam which extends to thé eventual downstream embankment. 
Here again, tailings sands could serve as a filter or a 
significant component of a filter system. Combined with the 
observational approach, this method could allow for 
refinement of the steepness of the downstream slope over 
time.
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Blanket drains and similar underdrain systems have a 
significant additional advantage where there is a necessity 
to collect hazardous tailings effluent leachate. It is 
possible to design an underdrain system which also 
incorporates groundwater cutoffs and doubles as a wastewater 
containment and collection system. Another advantage to 
lowering the phreatic level through the downstream 
embankment section of the dam is the beneficial effect on 
long-term durability of the embankment materials. 
Physiochemical interaction is minimized, and material 
degradation is significantly retarded when materials do not 
have tailings fluids flowing through them in a saturated 
condition. It is often possible to justify use of very low 
cost "random fill zone" materials in a downstream dam 
section when the material will be completely protected from 
saturation by a chimney and underdrain system.

7.6 Contaminants (after Fell, 1990)

Many mine and industrial tailings have accompanying 
water or "liquor" which contains dissolved salts, heavy 
metals and other residual chemicals from the mineralogical 
processes. If these escape to the surrounding surface and 
groundwater in sufficient quantities, they can lead to 
unacceptable concentrations, making the water unusable for 
drinking water and affecting aquatic life. Some common 
problems are :

Gold tailings —  cyanide
Coal —  high salts content
Copper, lead, zinc —  heavy metals, sulphides
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Alumina —  caustic soda (NaOH)
Uranium —  heavy metals, radon

Hence there is often an emphasis in the engineering of 
tailings dams on the estimation of seepage rates, and where 
these prove unacceptable, to provide measures to reduce 
them.

These measures can be very costly, and are often not as 
effective as the proponents would expect. They can affect 
the economic viability of a mining project, certainly the 
profitability of the operation.

Many tailings storages (or "dams”) will be constructed 
on relatively flat land with a deep existing groundwater 
(See Figure 55) .

Buffer zone

Water supply  

well t
Tailings

Precipitation 
adsorption 

■ ion exchange
' Partially 
saturated zone

Discharge toSaturated \  Direction of 
/  groundwater flow

Dispersion '

(Aquifer)

Figure 55. Groundwater flow and contaminant transport 
processes (after Vick, 1983)

The following should be noted:

the flow rate of seepage will be dependent on the 
permeability of the tailings
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contaminants in the seepage water willnot all join 
the groundwater. Much will be absorbed in the 
foundation soil and rock. Contaminant load does 
not equal flow rate x contaminant concentration in 
the storage

having joined the groundwater saturated zone, 
dispersion takes place,

reduction of contaminant concentration may occur 
in mixing with stream flows

it is contaminant concentration in ground and 
surface water which is generally critical, not the 
total quantity. Hence, absorption, dispersion and 
dilution can yield acceptable water quality in 
streams or well points, even though the original 
contaminant levels may have been unacceptable.

It is important to realize that in many cases, a 
partially saturated flow condition will exist in the 
foundation, at least at the start of operations and possibly 
on a permanent basis if the tailings permeability is low 
compared to the foundation permeability. Figure 56 shows 
the stages in the development of seepage.

It may take years for the seepage mound to rise to 
connect to the tailings (stage 3) or it may never happen.

Note that flow in the tailings in stages 1 and 2 will 
be vertical, will not emerge at the toe of the embankment, 
and will be virtually unaffected by any foundation treatment 
such as grouting. In stages 2 to 4, flow will be in all 
directions away from the storage.
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Figure 56. Stages in seepage development (after Vick, 
1983)
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In many other cases, the tailings will be stored in a valley 
in which a dam has been constructed. It is usual to site 
such dams at the head of a catchment so as to limit the 
water runoff from the area outside the storage. Catch 
drains and other measures may be used to reduce this inflow.

Figure 57 shows an example of a tailings storage. In 
this case the final development will consist of several 
embankments. When estimating seepage from such a storage it 
is important to remember that seepage will occur under each 
of the embankments, and depending on the base groundwater 
levels, into the hillsides adjacent the embankments. Hence 
in Figure 57 seepage will occur to the west, north and east, 
but not to the south where natural groundwater levels are 
higher from the storage. Note that the groundwater does not 
always mirror the topography and may be affected by local 
variations in geology —  e.g. permeable dikes.

Many inexperienced engineers and geologists will either 
forget completely that seepage will occur in all directions 
from the storage, or at least apply an excessive amount of 
the site investigation effort and analysis to the seepage 
which will flow through and beneath the main embankment.

From the examples shown in Figures 55, 56 and 57, it
will be apparent that the assessment of seepage flow rates 
will involve:

knowledge of the permeability of the tailings, as 
these are commonly part of the seepage path. In 
many cases they may control the seepage rates; In 
Figure 57 it would be necessary to be able to 
model the whole of the area between the streams, 
necessitating knowledge of rock permeabilities 
well beyond the storage area
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Figure 57. Seepage from a valley type tailings storage 
(after Fell, 1990)
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mmodeling of the seepage, usually by finite 
element methods, which may involve several 
sectional models and/or a plan model. This 
modeling should account for the development of 
flow as shown in Figure 55, not just model an 
assumed steady state coupled flow situation, i.e. 
the storage and groundwater coupled as in stage 3, 
Figure 56. A common error is to do this when in 
fact it does not apply, and worsen the accuracy 
further by assuming seepage emerges at the toe of 
the dam and at ground surface, when in fact flows 
downstream of the embankment are inadequate to 
raise the phreatic surface to ground level.

7.7 Objectives of seepage control (after Vick, 1983)

Some general principles related to seepage control:

Not all mill effluents contain toxic constituents. 
Depending on ore type, mill process, and pH, 
contaminants may range from toxic heavy metals 
(that is, cadmium, selenium, arsenic) to such 
relatively innocuous materials as sulfates or 
suspended solids.

For mill effluent that does contain toxic 
constituents, it is not necessarily the case that 
seepage of this effluent will result in pervasive 
groundwater contamination. Geochemical processes 
may retard or inhibit movement of some 
constituents, and these processes are often most
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effective in reducing mobility of the most 
troublesome metallic ions associated with low-pH 
effluents.

If toxic constituents do enter the groundwater 
regime, the ultimate effects on the groundwater 
environment must be determined before deciding on 
a seepage-control strategy intended to minimize 
these effects. Essential to this determination 
are hydrogeologic factors, baseline water quality, 
and intended use of the groundwater resource both 
present and future.

From these principles, it seems reasonable that the 
type of seepage-control strategy should match the chemical 
conditions of the effluent and the geochemical and 
hydrogeologic conditions of the site. Three types of 
systems used with regard to uranium tailings seepage control 
can be defined and extended to tailings in general :

Type I System. Seepage from the impoundment is 
essentially uncontrolled. Due either to a lack of 
troublesome contaminants in the mill effluent or 
to uptake of these contaminants by geochemical 
processes, groundwater contamination potential is 
not serious, irrespective of seepage quantity.

Type II System. In this case, impoundment 
effluent is partially retained, but some seepage 
loss is anticipated. Contamination potential is 
greater than for Type I effluents, and a higher 
level of seepage-contaminâtion analysis is
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required, along with provisions to monitor
groundwater quality.

Type III System. Here, seepage is totally 
restricted by structural measures. Ordinarily
very costly, these measures, such as impoundment 
liners, attempt to achieve "zero discharge" of 
seepage from the impoundment.

Along with matching the seepage-control strategy to 
effluent and site conditions, it is necessary to establish 
the objectives of groundwater protection.

The objectives of groundwater protection may be to 
prevent adverse health effects on groundwater users, or to 
keep contaminants at a given concentration from migrating 
beyond the project site boundary, or to prevent any escape 
of contaminants whatsoever from the impoundment. The 
influence of these objectives on required seepage-control 
measures can be substantial, as illustrated in Table 19.

7.8 Seepage control measures

Measures to control seepage from tailings dams include :

Controlled placement of tailings
Foundation grouting
Foundation cutoffs
Hydraulic barriers
Pump wells
Toe drains
Seepage collection and dilution dams
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TABLE 19 Groundwater Protection Objectives (after Vick, 
1983)

Objective
Impoundment Type 

Required
Pertinent Site and Effluent- 

Related Conditions

(1) Prevent contaminant 
migration beyond site 
boundary

I, II, or III Geochemical factors; 
groundwater gradient ; 
buffer zones

(2) Restrict concentrations 
of specific contaminants 
in groundwatrer to 
defined levels

I, II, or III Basesline water quality ; 
geochemical and hydro- 
geologic factors; effluent 
composition

(3) Prevent adverse health 
effects on groundwater 
users

I, II, or III Locations of wells ; geo-
chemicaland hydrogeological 
factors ; effluent 
composition

(4) Prevent introduction of 
toxic contaminants 
into groundwater

II or III Geochemical andh ydrogeologic 
factors ; effluent 
composition

(5) Prevent any seepage 
release from impoundment 
(“zero discharge")

III only Independent of all effluent, 
geochemical, and hydro
geologic factors
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Liners

7.8.1 Controlled placement of tailings
(after Fell, 1990)

In many cases the most cost effective way of 
controlling seepage will be to place the tailings so they 
blanket the base of the storage. Figures 58 and 5 9 show 
this effect.

The effectiveness of the tailings as a "liner" is 
dependent on placement methods. If tailings are placed sub- 
aerially and allowed to desiccate, lower permeabilities will 
result from the drying. If placed subaqueously lower 
densities and higher permeabilities are likely to result.

A difficulty with this approach is that the coarser 
fraction of the tailings tend to settle out more quickly 
than the fine (or slimes) fraction. Hence a "beach” of 
sandy tailings often occurs near the discharge point. If 
water is allowed to cover this area subsequently, it can 
allow high local seepage rates.

This can be overcome by shifting the tailings discharge 
points from one end of the storage to the other, placing 
slimes under the beach area, and/or by using a liner or 
seepage collector system under the sandy area. Seepage can 
also occur down the contact between tailings and embankment 
if rock riprap is used.

The actual permeability of the deposited tailings can 
be determined by laboratory permeability or consolidation 
tests, preferably on undisturbed samples from the tailings 
storage (taking account of variations within the deposited 
tailings, particularly in regard to distance from the 
discharge point and the degree of consolidation of the
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tailings. Almost invariably, the horizontal permeability 
will be one or two orders of magnitude higher than the 
vertical permeability due to a stratification on cycling of 
deposition (particularly near the discharge point). This 
often leads to thin sand or silt partings on the top or 
bottom of each layer (depending if the coarse particles are 
low or high specific gravity).

7.8.2 Foundation Grouting (after Fell, 1990)

It is common to grout the foundation of most large 
water storage dams, at least those which are founded on 
rock. The grouting is usually carried out by pumping a 
slurry of cement into holes drilled into the foundation. 
Chemical grouts may be used to grout soil (e.g. sand and 
gravel) or lower permeability rock.

In such dams the grouting is carried out to 
reduce leakage through the dam foundation 
reduce seepage erosion potential 
reduce uplift pressures under concrete dams 
(when used with relief drains) 
strengthen the dam foundation and reduce 
settlement (for concrete gravity and arch dams.

Grouting has a limited effect on reducing seepage,
particularly in rock which is closely fractured. The
critical issues are:

Portland cement grout is a suspension of silt and
sand size particles in water. It cannot penetrate



ER-4609 202

fractures finer than about 0.15-0.2mm wide. Table 
20 shows estimated minimum groutable rock lugeon 
values. One Lugeon ia a flow of 1
litre/minute/meter of borehole under a pressure of 
1000 KPa.

The grout penetrates a limited distance into the 
fractures in the rock. This is dependent on the 
fracture opening and roughness, grout pressure and 
time, and grout viscosity. Table 21 shows 
approximate penetration of grout into fractures 
based on laboratory tests and comparison with 
field behavior.

Because the grout only penetrates a limited 
distance, and does not render the rock 
"impervious", but only reduces the permeability, 
the seepage is only significantly reduced if the 
rock is high permeability. A simplified
permeability analysis gives the figures in Table 
22.

Since it is not uncommon to adopt a closure criteria 
(i.e. the lugeon value at which no further grouting is 
carried out) for grouting of say 3 to 5 lugeons, it is 
apparent that unless the rock is very high in permeability 
there will be little reduction in seepage yielding little 
overall reduction in seepage except in high permeability 
zones in the foundation.

Chemical grouts may achieve a lower permeability in the 
grouted zone than cement grout, but the penetration 
distances are small.
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TABLE 20 Estimated minimum groutable rock lugeon values 
(after Fell, 1990)

Cement Type Minimum Lugeon Value which can be Grouted
1 fracture/m 2 fractures/m 3 fractures/m

Portland Type A 8 16 32
Portland Type C 5 10 20
MC 500: Microfine 1 2 4

NOTES: 1 lugeon is a flow of 1 litre/minute/metre of borehole under a pressure of 1000 kPa. In a
75mm dia hole is approx. 1.3 x 10"5 cm/sec equivalent permeability.

TABLE 21 Approximate penetration from the borehole of grout 
in fractures (after Fell, 1990)

Lugeon Value
1m

Fracture Spacing 
0. 5m 0 .25m

100 20m 5m 4m
50 12m 3m 2m
20 3m 1. 5m 1m
10 2m 1m NP
5 1m NP NP
1 NP NP NP

NOTE NP - Grout not able to penetrate, fractures too narrow
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TABLE 22 Effectiveness of grouting in reducing seepage, 
(after Fell, 1990)

Permeability Grout Seepage with Grouting x 100 %
Permeability Rock Seepage without Grouting

0.5 90
0.2 70
0.1 50

0.05 35
0.02 20
0.01 10

On one project, the grouting of a 5km long dam to a
depth of about 25m, on average would have reduced the
estimated seepage by 1%, nearly all of this in the small
portion of the foundation affected by faulting, and having a 
permeability of the order of 100 lugeons.

It will be seen from the above discussion that it is 
unlikely that grouting of tailings dam foundations can be 
justified on the grounds of reducing seepage. It may be
justified on other grounds, such as reducing 
potentialerosion in weathered rock, or where the high 
permeability zones can be identified from geological
information, allowing grouting of only those parts of the 
foundation.

7.8.3 Foundation cutoffs (after Fell, 1990)

For tailings storages constructed on soil foundations, 
particularly sand or sand and gravel, a significant
reduction in seepage may be achieved by construction of an 
earthfill cutoff or a slurry trench cutoff wall as shown in 
Figures 62 (a) and (b) . There are several types of slurry
trench wall.

Table 23 summarizes these alternatives, and their
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Figure 60. Foundation cutoffs (a) Cutoff Trench; (b) Slurry 
trench cutoff wall (after Vick, 1983).

TABLE 23 Foundation cutoffs and their properties. (after 
Fell, 1990)

Type of
Permeability
Cutoff

Maximum 
Depth (m>

Normal
width

Backfill 
Material cm/sec

Cutoff
trench

6 to 10m, depends on 
dewatering requirements

3 to 6m 
at base

Compacted 
earthf ill

10 s to ÎO 7

Slurry
trench

10m backhoe, 25m drag
line and clamshell

1 to 3m Soil with 10"4 
5 to 15% bentonite

to 10'*

Grout
diaphragm wall

50m 0.5 to 1.5m Cement/bentonite.
Slurry left in 

trench
10"s to 10*

Plastic concrete 
diaphragm wall

>50m 0.6 to 1.2m Plastic concrete 10'* to 10'7

Rigid concrete 
diaphragm wall

>50m 0.6 to 1.2m Conventional
concrete

10'7 to 10»
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potential application.
When a relatively impervious layer is at a shallow 

depth below the foundation, a core trench can be used to 
limit seepage. A core trench is illustrated in Figure 61.

7.8.4 Hydraulic barriers (after Soderberg and Bush, 
1977)

Where the tailings dam is constructed on a thick 
pervious foundation, and pollution control requirements 
preclude the escape of water from the tailings pond, seepage 
losses may be controlled by developing a hydraulic barrier 
downstream of the tailings dam.

The hydraulic barrier (illustrated in Figure 62) can be 
produced by a line of pumping wells and a line of injection 
wells downstream of the embankment, the injection wells 
being located downstream of the pumping wells. Fresh water 
is supplied to the injection wells, while ground water is 
extracted from the pumping wells. If the piezometric water 
levels along the line of the injection wells are maintained 
at elevations higher than the piezometric water levels along 
the line of the pumping wells, a hydraulic barrier will be 
formed that will prevent the flow of seepage from the 
tailings pond past the line of pumping wells. This should 
be checked in the field by piezometric measurements. The 
hydraulic barrier may be usable for up to 100 feet of 
overburden, but would not be feasible where the depth was 
much greater. This method does not eliminate contamination 
of the ground water in the long run, but only as long as the 
injection and pumping wells are operating.



ER-4609 207
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Original ground
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Figure 61. Core trench (after Soderberg and Bush, 1977)
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7.8.5 Pump wells (after Fell, 1990)

Seepage can be collected by constructing water wells 
into the pervious strata downstream of the tailings 
embankment, and pumping from these back into the storage or 
to the process plant.

Such a well system can be reasonably successful in 
intercepting seepage but there are some disadvantages :

the pumps lower the piezometric pressures 
downstream of the storage, so gradients and 
seepage rates from the storage may be increased;

the wells also attract water from downstream and 
so may also add to water management problems in no 
release operations;

the wells have to be pumped continuously to be 
effective with all the costs associated with this.
The well screens and pumps are susceptible to 
corrosion and blockage and require maintenance and 
replacement;

it is unlikely that it is practicable to operate 
the wells after shutdown of the storage, so 
another method may be needed to handle long term 
seepage.
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7.8.6 Toe drains (after Fell, 1990)

A drain may be provided at the downstream toe of the 
embankment with a view to collecting seepage which emerges 
at that location.

These drains can be reasonably successful in 
intercepting seepage, but only if the seepage naturally 
emerges in this location. In many cases the flow rates will 
be such that the phreatic surface stays below the level of 
the drain. Even when the seepage is sufficient to raise the 
phreatic surface to flow to the drain, much may still bypass 
by flowing beneath the drain. Ideally the drain has to 
penetrate to a low permeable stratus, and this is often not 
practicable.

Such drains may also intercept surface runoff from the 
downstream face of the dam and groundwater from downstream, 
and if the seepage is to be returned to the dam or process 
plant, may exacerbate water management problems if a no 
release system is being operated.

7.8.7 Seepage collection dams (after Fell, 1990)

In many cases, a practical way of collecting seepage 
from tailings storages will be to construct a seepage 
collector dam or dams. Figure 57 shows such a system.

The seepage collector dams may be located close to the 
storage, sufficiently close to collect (the bulk of) the 
seepage but not too far away so as to limit the external 
catchment— e.g. Dam A on Figure 57. In this case one would 
be anticipating pumping the water back into the dam or 
process system.
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Alternatively one may deliberately locate the collector 
dam sufficiently far downstream that the runoff from the 
catchment to the dam is sufficient to dilute the seepage to 
acceptable water quality— e.g. Dam B in Figure 57. This has 
the advantage that the seepage which occurs after shutdown 
of the tailings storage is also diluted to acceptable 
quality.

Whether such an approach is acceptable will be 
dependent on the particular circumstances for the tailings 
storage. For example, it may be unacceptable to have 
substandard water quality in the stream between Dam B and 
the tailings storage. Seasonal effects can also be 
important e.g. If there is a prolonged dry season, water may 
pond in the stream and concentration of contaminants may 
occur.

In many cases the catch dam with pump-back or dilution 
may be far more appropriate than expensive measures to 
control the seepage. Many engineers have an over-optimistic 
view of the efficacy of these seepage control measures, or 
an unrealistic view of what costs a mining operation can 
reasonably bear to construct such measures.

7.8.8 Liners (after Vick, 1983)

Liners constitute the final category of seepage-control 
measure and are usually reserved for conditions where a Type 
III system is called for because of stringent groundwater 
protection requirements and relatively high concentrations 
of toxic constituents in the mill effluent. Liners of any 
type are inherently high in cost, but their effectiveness is 
at least somewhat less in doubt than high-cost barrier
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systems, principally because a liner is a surface 
installation that can be constructed under controlled 
conditions and inspected. This does not guarantee, however, 
that even a properly constructed liner will function as 
intended during actual operation or that any lined 
impoundment will be a "zero discharge" facility. Liners do 
have a major advantage over seepage barriers or seepage 
return systems insofar as they are completely independent of 
subsurface conditions. Whereas the effectiveness and
construction feasibility of grout curtains, slurry trenches, 
and collector ditches or wells depend on the presence of a 
lower impervious layer as well as the nature of the material 
to be penetrated, liners suffer no such limitations and can 
be constructed on any surface sufficiently dry and competent 
to allow for normal earthwork operation, without regard for 
the nature of subsurface soil, rock, or groundwater 
conditions. Liners, however, must be resistant to both 
chemical attack by the retained effluent and a variety of 
types of physical disruption.

Because of the critical nature of seepage problems in 
those cases where liners are required, there is considerable 
debate over the relative merits and effectiveness of the 
various kinds of liners and liner materials.

7.9 Liner systems and properties (after Hutchison, 1992)

Liners and liner system technologies for application to 
tailings dams have made great strides in recent years, with 
environmental legislation and restrictions continuing to 
increase, liner systems installed in closed circuit tailings 
dams will become more common. This section will identify
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the types of liner systems potentially applicable to mine 
waste, individual liner components, and a table of site 
specific factors to consider in a liner system design.

7.9.1 Types of liner systems (after Hutchison, 1992)

Design and performance requirements of a liner system 
are determined by the following :

Waste Material Characteristics 
Chemical composition 
Grain size distribution 
Hydraulic conductivity 
Availability of free liquids

Waste Management Characteristics 
Slope of liner
Height and slope of waste placed on the 

liner
Waste placement method 
Hydraulic head controls 
Duration of operation

Site Characteristics
Location (including depth) to water 
Unsaturated zone conditions 
Climatic conditions

This section initially introduces types of systems 
(Figure 63) available for consideration on a case-by-case 
basis. Table 24 summarizes the types of materials and/or
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TABLE 24 Available materials or procedures for liner system 
components. (after Hutchison, 1992)

A. LOW HYDRAULIC CONDUCTIVITY LINERS

A.l Low H ydraulic Conductivity N atural Soil o r Rock - Natural soils or rock may be used as a low hydraulic
conductivity liner so long as it is possible to demonstrate by field investigations that the material is uniform over the entire area
requiring the liner. This demonstration may be particularly difficult for rock that is extensively fractured.

A.2 Constructed Low H ydraulic Conductivity Liners - Low hydraulic conductivity liners which are constructed 
beneath a mine waste management unit may consist of any of the following materials:

• Compacted, low hydraulic conductivity soils (e g., clayey-silt to clay depending upon required hydraulic 
conductivity ).

• Soil and bentonite or cement mixtures.
• Pre-formed flexible membrane liners, made from a variety of available polymer material, generally called 

geomembranes; varying in thickness from about 20 to 100 mils.
• Field-applied liners, varying from about 80 mils of spray-on asphaltic materials to 6 inches of

conventionally placed asphaltic materials.
• Composite liners, consisting of combinations of soil and geomembrane low hydraulic conductivity layers.

A 3 Waste Material - Settled or mechanically placed tailings often have a low hydraulic conductivity and can be used as pan 
of the long-term liner system, provided the tailings serve one of the low hydraulic conductivity liner functions illustrated in 
Figure 7.1.

B. CUSHION OR LINER PROTECTION MATERIALS

B.l Geo textile - Synthetic geotextile materials varying in weight from 4 to 20 ounces per square yard may be used above or 
below geomembranes to protect against penetrations from rock particles due to loads from construction activities or the weight of 
the waste material. The suitability of a geotextile material varies with its method (density) of fabrication.

B 3  Fine-Grained Soil for Geo membra ne Protection - Soils varying from clay to sand can also be used to protect 
most geomembranes from equipment traffic or static loading of the waste material. Small gravel size material has also been used 
to protect thick geomembranes. The protective soil must be relatively free of large rock panicles which could cause stress 
concentrations on the liner.

B 3 Coarse-Grained M aterial for Clay Liner Protection - Gravel protection may also be required for a compacted soil 
liner, if the liner may be subjected to extreme loads such as impacts from large boulders placed by the end dump method.

C. HYDRAULIC HEAD CONTROL COMPONENTS O'O'O-O
C .l Free-Draining Gravel Layer - Several inches of free-draining gravel (including coarse sand) are usually adequate 
to rapidly remove small volumes of leakage. However, thicker layers (8 to 18 inches) are usually placed to facilitate construction. 
The waste material itself may function for this purpose if the material is granular and relatively free draining.

Cut Perforated Pipes - Closely spaced perforated pipes can be used to control hydraulic head above a liner. The required 
spacing is calculated considering the maximum desired head, and the flow rate and hydraulic conductivity of the waste material 
between the pipes.

C J  Geocomposite Systems - Composite systems consisting of synthetic drainage associated with geotextile filters have 
recently been developed for a wide range of drainage control functions. Presently these systems have limited load-carrying 
capacity, but are routinely being improved for wider use.

D. LEACHATE COLLECTION AND REMOVAL SYSTEMS (LCRS) O O O O O

D.l Synthetic Geonet M aterials - Geonets arc net-like polymer products designed to allow high rates of transverse flow 
Typical thicknesses of these materials vary from 0.16 to 0.30 inches.

D.2 Free-Draining Gravel L ayer (See Item C.l)
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procedures available for the individual components that 
comprise a liner system.

7.9.2 Single liner systems (after Hutchison, 1992)

Single liner systems are designed to restrict the 
downward (or outward) seepage of water (leachate) at the 
base (perimeter) of the mine waste management unit. The 
potential leakage through the liner will depend on:

The magnitude of hydraulic head above liner.

The thickness and effective hydraulic conductivity 
of the liner material. The effective hydraulic 
conductivity is dependent upon the properties of 
the liner material, plus the size and frequency of 
holes, cracks, or other flaws which may exist in 
the liner.

The length of time the hydraulic head is applied 
to the liner.

These factors (head, liner hydraulic conductivity, and 
time of application) can be controlled for most mine waste 
management units and should be considered in designing a 
project-specific containment system.

7.9.3 Single liner systems with overlying hydraulic 
head control (after Hutchison, 1992)

This type of system is similar to the single liner 
except that the hydraulic head buildup is controlled by a
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pervious layer above the low hydraulic conductivity liner. 
To be effective, the pervious layer must be free-draining 
and direct the liquids away from the liner system. Often, 
the mine waste material itself is porous so that it alone 
can act as the free-draining over-liner material. For 
finer-grained wastes such as tailings, the free-draining 
layer must be constructed from imported materials.

In design, control of the hydraulic head can be an 
important consideration in determining the potential for 
leakage to occur. Often it is necessary to establish a 
trade-off between head control and liner hydraulic 
conductivity, especially at sites where low hydraulic 
conductivity materials are not readily available.

Figure 63 illustrates that cushions or liner protection 
layers may also be appropriate for this type of system, if 
required to avoid liner penetrations from underlying 
conditions or from the free-draining material.

7.9.4 Composite liners with and without overlying head 
control (after Hutchison, 1992)

This type of liner system usually involves the 
placement of a geomembrane liner directly on top of a low 
hydraulic conductivity soil or clay layer. To be effective, 
the two layers must be in close contact so that any leakage 
through imperfections in the geomembrane liner must also 
pass through the soil or clay layer as a limited point 
source. Without this contact, leakage through the
geomembrane can spread and hence leak through a large soil 
or clay area, thus increasing the total leakage through the 
liner system. Usually in mine waste application, there is 
sufficient load placed on the upper geomembrane to assure
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good contact between the two layers.
As for single liner systems, liner protection and/or 

hydraulic head control layers can be located above the 
composite liner system (see Figure 63).

7.9.5 Double liners with an intervening leachate
collection and removal system (after Hutchison, 
1992)

This type of system assures a very low hydraulic head 
on the bottom liner. This is provided by a free-draining 
LCRS medium above the bottom, low hydraulic conductivity 
liner, plus a low hydraulic conductivity top liner.

Acceptable quantities of leakage through the top liner 
and into the LCRS should avoid the potential for 
unacceptable leakage through the bottom liner. Leakage 
through the bottom liner depends upon the rate at which the 
LCRS material can remove any leakage which does occur and 
the hydraulic conductivity of the bottom liner. In many 
cases, it is possible to remove this leakage so that the 
head on the bottom liner is just a fraction of an inch in 
those areas exposed to top liner leakage, and negligible or 
zero elsewhere. It is important that the LCRS removal rate 
be adequate to avoid the buildup of a continuous column of 
water between the top and bottom impervious liners. 
Otherwise, the hydraulic pressure above the top liner would 
be transmitted directly through to the bottom liner, and the 
double-lined system would have essentially no benefit toward 
reducing the potential for leakage through as a result of 
the hydraulic head.
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7.9.6 Drainage system above double liners, with an 
intervening collection system (after Hutchison, 
1992)

This system provides an additional level of assurance
that the liner system will not be exposed to excessive
hydraulic head. The top, free-draining layer, which can be
the waste itself, reduces the hydraulic pressure on the top
liner and therefore reduces the potential for leakage to 
occur into the LCRS between the liners. The reduced leakage 
into the LCRS, in turn, reduces both the thickness of the 
film of water which may flow above portions of the bottom 
liner, and the resulting potential for leakage to occur into 
the underlying unsaturated zone.

7.9.7 Low conductivity liners (after Hutchison, 1992)

Tables 25, 26, and 27 provide summary data for a
variety of low hydraulic conductivity liner materials which 
can be applied to mine waste management units. The liner 
types are divided into categories of low hydraulic 
conductivity soils, geomembranes, field-applied liners, and 
composite systems.

7.9.8 Basic liner properties (after Hutchison, 1992)

Table 25 summarizes typical hydraulic conductivity 
values for a variety of soil and synthetic materials. Table
26 indicates typical physical properties for commonly-used 
low hydraulic conductivity synthetic liner materials. Table
27 qualitatively indicates problems which can occur for each 
liner type and indicates the potential degree of difficulty
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TABLE 25 Typical hydraulic conductivity values (after 
Hutchison, 1992)

MATERIALS
HYDRAULIC

CONDUCTIVITY
(cm/sec)

In Situ Rock 1 X 10 s - 1 x 10'"

In Situ Soil 1 x 10 S - 1 x 108

Compacted Clay 1 x 10'6 - 1 x 10'8

Compacted Silt

bX 1 x 10'7

Soil Bentonite Mixture 1 X 10 7 - X o 'b

Soil Cement Mixture 1 X 10-4 - 1 x ÎO'7

Pre-Formed Geomembrane 5 x  10-"- 5 x 1 0 "

Field-Applied Geomembrane 1 X 10* - 1 x 1 0 "

Fabric-Contained Bentonite 
Panel

Approximately IQ9
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that may be realized in attempting to solve each problem.

7.9.9 Potential problems with low hydraulic
conductivity liners (after Hutchison, 1992)

Table 27 qualitatively illustrates potential problems 
which may be realized with various low hydraulic 
conductivity liners. The size of the circle in the matrix 
indicates the relative potential for the identified problem 
to adversely affect liner performance. The darkness of 
shading in each circle indicates the degree to which special 
efforts may be required to resolve the difficulty.

The most consistent potential problem with low
hydraulic conductivity soils is associated cracking, from 
the effects of either desiccation (drying) or freeze/thaw 
cycles. Desiccation cracking can occur up to several feet 
deep with a substantial increase in hydraulic conductivity.

Freeze/thaw cracking is more difficult (costly) to
protect against because a greater cover thickness is
required. For this reason, compacted soil liners may not be 
appropriate when large portions of liner will be leftexposed 
throughout freezing winter conditions.

Additional important potential problems with low
hydraulic conductivity soil/rock liners are :

QA/QC verification of liner continuity for 
natural, in situ soil and rock liner conditions.
This is particularly important for rock formations 
that may be fractured due to factors such as 
stress-releasing tectonic folding, differential 
weathering, etc.
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Soil and rock hydraulic conductivity can be
unaffected or greatly increased due to the
chemistry of the liquid to be contained. High pH 
liquids or liquids which contain high levels of 
dissolved salts which could exchange with ions in 
the soil, can cause hydraulic conductivity 
increases in soil liners. The most severe
potential impacts are associated with high 
concentrations of organic solvents. However, this 
is not generally important, as most mine waste 
management units are not exposed to organics.

The most important potential problems for most of the 
geomembrane liners are associated with the possibility for 
penetration of the liner as a result of construction
activities or waste material loading. These types of
problems are most easily mitigated by the provision of
cushioning (or protection layers) below and/or above the 
synthetic material to reduce the effects of concentrated
loading conditions.

Polyvinyl chloride (PVC) liners also can be subjected 
to accelerated deterioration if exposed for long periods to 
sunlight or to certain organic chemicals.

Composite systems, which consist of a combination of 
compacted soil and a geomembrane, have less potential for 
either penetration or cracking problems than either material 
alone because the dissimilarities in the two provide 
redundancy. The system least likely to suffer from
potential penetrations is one in which a geomembrane is 
sandwiched between two compacted soil layers. This type of 
system can only be economically feasible, however, when the 
low hydraulic conductivity soils are readily available and a
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reasonably thin geomembrane is utilized. Construction of 
this liner system is likely to require special compaction 
methods for the upper soil liner.

7.9.10 Protection layers (after Hutchison, 1992)

Thin geomembrane liners are susceptible to being 
penetrated by sharp objects, especially under heavy loads. 
This penetration can occur as a result of rock particles in 
the subsurface material, or from sharp objects or rock 
particles above the liner.

The two most frequent procedures for protecting against 
such penetrations are to:

Assure the subbase soil is smooth, either by 
conditioning (e.g., removing rocks and/or 
compacting the soil) the natural soils, or by the 
placement of a supporting natural or screened 
clayey or silty soil. If possible, it is 
desirable that the base soil have some degree of 
cohesion so, that when it is compacted to a dense 
and stable condition, it will not shift after the 
liner is placed.

Utilize a layer of geotextile to act as a cushion 
between the liner and the subsurface.
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7.9.11 Hydraulic head control layers (after Hutchison, 
1992)

Provisions to control hydraulic head above a low 
hydraulic conductivity liner are important in minimizing the 
potential for excessive leakage. This is accomplished by 
providing a free draining system above the liner, with the 
primary function of removing liquids without the need to 
establish a large hydraulic gradient. Table 23 provides 
descriptions of three basic types of hydraulic head control 
systems commonly used in mine waste management practice : 
free-draining gravel, perforated pipes, and geocomposite 
systems. The rate at which liquids are removed from any of 
these systems depends on: (1) the system's hydraulic
conductivity, (2) the slope of the waste management unit 
base, and (3) the volume of liquid involved.

7.9.12 Leachate collection and removal systems (LCRS)
(after Hutchison, 1992)

Instead of controlling the liquids above the low 
hydraulic conductivity liner systems, the primary function 
of an LCRS is to detect and collect liquids that may pass 
through a top, low hydraulic conductivity liner. As shown 
in Table 23, an LCRS is. placed immediately between two low 
hydraulic conductivity liners. Therefore, liquids that pass 
through the top liner can be removed with only a fraction of 
an inch of hydraulic head buildup on the lower liner.

An LCRS usually consists of the following components:

The drainage layer itself
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A sump, or depression, for collecting the liquids.

A liquids removal system, either mechanical or by 
gravity.

7.9.13 Liner design considerations (after Hutchison, 
1992)

Many specific factors combined with a range of 
chemistries associated with mine wastes, indicate the 
necessity for flexibility and consideration of site specific 
conditions in designing engineered liner containment 
systems. These factors include :

There are many liner systems that can be safely 
used for mine waste management units. Each has 
certain cost, construction, or performance 
advantages, and different types of potential 
problems that must be accounted for in design, 
construction and operation.

Construction materials available at mine sites can 
vary greatly. Often natural clay materials will 
not be available within reasonable distances for 
use in construction. In these cases especially, 
synthetic materials such as flexible membrane 
liners (geomembrane) should be considered as the 
primary containment system for sites where some 
type of liner will be required. The studies in 
this chapter show that a properly designed and 
constructed geomembrane or composite liner will 
provide substantial protection to beneficial uses
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of water, especially for ground water at depth. 
For a given hydraulic head and unsaturated zone 
characteristic, a geomembrane or composite liner 
will perform better than a single clay (compacted 
low hydraulic conductivity soil) liner. Composite 
liners, consisting of both geomembrane and clay, 
provide greater protection than either material 
alone.

A liner system performance can be predicted best 
by its overall design and construction QA/QC 
procedures, and not simply by its component 
specifications (e.g., thickness). For example, if 
a liner will be subjected to constructed or 
operational loads, geomembrane components may 
require protective layers below and/or above the 
liner, to avoid penetrations. In those cases, the 
properties of the protective layers and not the 
geomembrane thickness often will be the most 
important design criteria.

Clay liner performance does not increase
proportionately to its thickness, but potential 
leakage does decrease as the thickness is 
increased. The thickness of the clay liner should 
be designed to be sufficient to avoid leakage 
breakthrough which poses a threat to the 
beneficial uses of ground water during operation 
of the waste management unit. At sites with 
limited availability of clay, the minimum
practical thickness of compacted soil is
warranted. Based on experience, this is
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considered to be 1 foot, although with special 
construction, considerations 8 to 9 feet can be 
utilized.

The potential threat to beneficial uses of water 
can vary greatly, depending on operational factors 
such as the duration of waste unit operation and 
controls employed to reduce the hydraulic head 
pressure exposed to the liner. Low hydraulic 
heads can be maintained by providing a control 
component above the low hydraulic conductivity 
layer, or a double liner with an intervening LCRS.

The potential threat to beneficial uses also will 
vary depending on liner system design and the 
condition of the unsaturated zone below the waste 
management unit. Potential migration periods 
through the unsaturated zone can be tens or 
hundreds of years with a properly designed and 
constructed geomembrane liner and verification by 
state-of-the-art QA/QC procedures, especially when 
ground water is deep and the unsaturated zone 
material has relatively low hydraulic 
conductivity. The rate of migration and
probability of seepage reaching ground water 
depend upon the hydraulic conductivity of the 
unsaturated zone and the depth to water.

The need to provide redundancy within the liner 
system or to rely upon natural subsurface 
conditions will depend on waste and site-specific 
factors. At some sites, liner system construction



ER-4609 230

and operating procedures may provide basic 
containment so that the unsaturated zone can be 
relied upon to provide redundancy, with an
adequate factor of safety. For example :

Double liners may not be necessary at 
many sites if hydraulic heads are
maintained sufficiently low.

Small rates of leakage into the LCRS for 
double liners can be acceptable so long 
as it is collected and removed to avoid 
significant head buildup on the lower 
liner.

Uniform design specifications either are likely to be 
inappropriate, with insufficient containment for sites with 
unfavorable conditions, or too restrictive, resulting in 
over-regulation of sites with favorable conditions. This 
need for flexibility is consistent with the conclusion
reached by the ERA in the development of draft criteria for
designing Municipal Solid Waste Landfill(MSWLF) containment 
systems. The ERA studies showed that a site-specific, risk- 
based approach would be most appropriate. In reaching its 
conclusion, the ERA specifically recognized the importance 
of climate and geologic site factors, including the effects 
of these factors on travel time from the waste management 
unit to ground water. Table 28 summarizes factors that 
should be considered for site-specific liner system designs.
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TABLE 28 Site-specific factors to consider in liner system 
design (after Hutchison, 1992)

Potential Waste Material Toxicity
Chemical Properties of the Waste
Physical or Chemical Changes REsulting from Mining or Ore Extraction 
Net Acid Generation Potential
Soluble Constitutents for Anticipated Environmental Conditions 
Special Treatment or Neutralization Procedures Utilized
Total Resulting Mass of Soluble Constituents Which Could be Mobilized Under Site Conditions

General Water Resource Values at the Site
Adequate Quality for Beneficial Use 
Sufficient Quantity for Beneficial Use 
Existing or Identified Beneficial Uses 
Probable Locations of Future Beneficial Uses

Leachate Availability to the Environment 
Waste Material Characteristics
Hydraulic Conductivity Based on Direct Measurement, Laboratory Tests, or Grain Size and 

Density 
Moisture Retention Capacity 
Thickness of the Waste 
Site Climatic Conditions
Provisions at Closure to Restrict Infiltration

Site Factors
Topography
Geology, Including Predictability of Uniformity and/or the Potential for Discontinuities 
Unsaturated Zone Thickness, Contiinuity, Hydraulic Conductivity and Natural Water Content 
Potential Migration Time for Seepage to Ground Water
Effects of Climatic Conditioins on Long Term Unsaturated Zone Migration Characteristics 
Constituent Attenuation Potential

Waste Unit Management Practices 
Facility Type 
Waste Placement Method
Protection of Liner Systems From Environmental or Physical Damage 
Controls on the Hydraulic Head
Risk Reduction Practices, Such as Placement of Underdrains, Sub-Aerial Depositions, Limited 

Time of Operations 
Non-Liner Barriers, Such as Cutoff Walls 
Installation of Special Early Warning Monitoring Systems
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CHAPTER 8 

SLOPE STABILITY

In chapter eight, sections 8.1, 8.3, and 8.6 were
compiled from the Bureau of Mines information circular 87 55, 
Design Guide for Metal and Nonmetal Tailings Disposal, 
written by Roy L. Soderburg and Richard A Busch. Section
8.2 was extracted from Steven G. Vick's book titled 
Planning, Design, and Analysis of Tailings Dams. Sections
8.4, 8.5, and 8.7 were compiled from the book Geotechnical
Engineering and Soil Testing, written by Amir Wadi Al-
khafaji and Orlando B. Andersland. Section 8.8 was
extracted from an article titled Seismic Assessment of 
Tailings Dams, written by Thomas G. Harper, Harvey N. 
McLeod, and Michael P. Davies.

8.1 Introduction to Slope Stability (after Soderberg and
Bush, 1977)

Since no slope can be regarded as permanently stable, 
slope stability is a relative matter. However, in soils
engineering practice, the term is used in reference to the 
possibility of a sudden relatively deep-seated slide.

Soil and rock materials fail in shear if the applied 
shearing stresses on any surface exceed the shear strength 
of the materials along that surface. The resisting forces 
are the shear strength of the materials, both frictional and 
cohesive. The cohesive strength is minimal or negligible in 
most cases. Pore water pressure at the failure surface 
lowers the resistance to sliding because it reduces the

ARTHUR LAKES LIBRARY  ̂
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401 x
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effective stress. Artesian water from the substrata into 
the embankment will also reduce the stability of the 
embankment owing to hydraulic uplift. The shear strength of 
the materials can be further reduced by weathering and 
softening by water. The shear strength may be increased by 
compaction or by chemical cementing of the waste materials.

Cracking of the embankment caused by differential 
settlement can reduce the shearing resistance along 
potential failure surfaces. This cracking may lead to slide 
failures or piping. Dense tills are usually strong, their 
shear strengths can have both frictional and cohesive 
components, and they may be relatively impermeable and 
incompressible. Drilling and sampling are necessary to seek 
out inconsistencies in the materials.

Sands and gravels are relatively incompressible, and 
their shear strength is primarily frictional with no 
cohesion. Here again, the density, gradation, and particle 
shape determine their behavior. Loose, fine sand acts the 
same as the same gradation material in mine tailings. If it 
is saturated and below the critical density, it is subject 
to liquefaction under shock load. Silts develop strength 
from either friction or cohesion, depending on density, 
gradation, and moisture content.

Clay in the foundation may cause embankment settlement 
and instability. As the embankment rises, the clay may 
consolidate and gain shear strength. Uncompacted clays in
waste piles saturate and swell, reducing their shear 
strength to almost zero. The finer portions of tailing from 
metal mines act as clays. The entire output of some mines 
is mudstone or clay and requires specially designed dams to 
contain it. Phosphate slimes are also a special case 
because of the fineness of the clay and the pulp density of
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the material being impounded.

8.2 Phreatic surface determination (after Vick, 1983)

Seepage conditions within the embankment exert a 
controlling influence on its stability, and a primary 
purpose of seepage evaluation is to assess pore pressures
for input to stability analyses. Seepage in tailings 
embankments is commonly assumed to occur under gravity flow 
and, for purposes of pore pressure evaluation, is usually 
determined for steady-state conditions.

It is important to note that the Darcy assumptions of 
steady seepage conditions and gravity flow are useful in the 
context of stability analysis because they usually yield
conservative estimates of pore pressures.

The most common procedure for determining phreatic 
surface location is by flow net analyses.

8.3 Rotational Slides (after Soderberg and Bush, 1977)

A somewhat idealized concept of a rotational slide is 
shown in Figure 64. The crosshatched areas of the figure 
represent a cross section of the sliding mass. The surface 
on which sliding occurs is curved and may often be
approximated in cross section by a circular arc. The 
sliding tendency is created by the moment of the mass about 
the center of the arc. This moment is opposed by shearing 
resistance developed along the sliding surface. When all
available resistance is overcome, failure occurs as shown in 
the bottom panel of Figure 64. Two pictures of a typical 
rotational slide are shown in Figure 65.
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enter of rotation

Sliding
masŝ

4CG

tw

Figure 64. Plan of rotational slide (after Soderberg and 
Bush, 1977)
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Figure 65. Rotational slide (after Soderberg and Bush,
1977)
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See Table 29 for procedures for stability analyses

TABLE 29 Generalized procedures for performing tailings 
embankment stability analyses. (after Soderberg 
and Bush, 1977

Step Method

(1) Select trial embankment slope configuration
(2) Determine phreatic surface location based 

on internal zoning, material permeabilities, 
and boundary conditions

(3) Establish whether or not initial excess 
pore pressures will result from embank
ment raising

(4) Perform stability computations for 
applicable conditions

(5) Return to Step 1 and revise trial configuration 
if factors of safety are not adequate

Experience and judgment 
Flow nets 
Numerical models 
Published solutions
Compare raising rate to pore pressure 

dissipation rate for tailings or soft 
foundation soils 

Use any of several available computational 
methods after defining loading  ̂
cases for analysis, and appropriate 
strength behavior under drained and 
undrained conditions

Hand calculations for the factor of safety of a given 
embankment by the "method of slices", utilizing trial and 
error, is a long and tedious process.

8.4 Stability of homogeneous slopes (after Al-khafaji,
1992)

When dealing with slopes in homogeneous soil deposits, 
it is possible to derive a general expression similar to 
those developed for infinite slopes. All other cases 
require use of approximate numerical or graphical 
techniques. The factor of safety in all approximate methods 
of analysis for finite slopes is defined in terms of moments 
about the center of an assumed circular failure arc. This 
concept is illustrated graphically in Figure 66. The 
analysis of a finite slope in any soil can be made by first
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assuming a failure surface defined by a circle with a radius 
R. The weight of the failure mass W is determined along 
with its center of gravity. The radius and the angle 0 
defining the failure arc are used to compute the arc length 
L as

The overturning moment OM and the resisting moment RM 
are then computed.

The factor of safety is then defined as the ratio of RM

OM = WX 
RM = RTL

to OM.

RM = RTL 
OM WX

(2 )

x

Top o f slope

Assumed failure surface

Figure 66. Typical cross section of a finite homogeneous
slope (After Al-khafaji, 1992)
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Thus far, the factor of safety has been calculated for 
only one failure surface. To determine the minimum factor 
of safety we must calculate the FS for many trial failure 
surfaces by assuming other radii and centers. The proper 
factor of safety corresponds to the lowest value computed 
for all of the assumed failure surfaces. This concept is 
depicted in Figure 67. Here, a grid representing the 
centers of all circles to be investigated is first 
specified. The radius at each of the nodes is varied so
that the lowest factor of safety for circles with radii
ranging from bedrock to the top of the slope is normally 
investigated. The lowest value is then placed at the node j 
(j=l,2,... ,m) , where m is the number of nodes in the grid. 
This procedure is repeated for each node, after which
contours of equal factors of safety are drawn and the lowest 
factor of safety is determined. For the case shown in 
Figure 67, the soil cross section involves stratified soil 
layers. The individual soil layer i is homogeneous within 
its thickness Li. The implication is that the weight of 
each stratus within the assumed failure surface must be 
determined separately. The factor of safety for a given
center j is then given by:

n
T  Ti L i

(FS)J = H  =   J=1.....m <3)

The stability of homogeneous finite slopes can be 
determined using stability charts. Typical stability charts 
for homogeneous clay slopes are shown in Figures 68 and 69. 
These charts have been extended to include the influence of 
surcharge loadings, submergence, and tension cracks as shown



ER-4609 240

Assumed failure surface

Bedrock or hard strata

Figure 67. General method of analysis of finite slopes. 
(After Al-Khafaji, 1992)
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y  -y—  X f x  T ^ — i ----- 7 T — -^-1 crcles

Toe circles

Slope, b

40 30
Slope angle, p (degrees)

Assumed conditions
1. No open water outside o f slope
2. No surcharge or tension cracks
3. Soil is homogeneous to depth D
4. Shear strength is derived from cohesion only and is 

constant with depth
5. Failure takes place as rotation on circular arc 

Notes
1. For location of center of critical circle, see Figure 11.10
2. For reduction factors for submergence, surcharge, or 

tension cracks, see Figure 11.11

H = 25

i 0 = 20

Firm base

‘ "Yf =115 pcf c = 600 psf 4> = 0 
d = D/H =  20/25 = 0.80. 6  = 35

FS = N c =5.8_i|̂ _ = .21
Failure is base circle

Figure 68. Stability analysis for slopes in cohesive soils
(0 = 0) (after Al-khafaji, 1992)
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D efin itions

Basic circles

2.5
Unit ordinate yo ■<

2.0---
1.5 Slope circles

1.0 = dToe circles

Examples: A ;

Toe circles

^  Unit abscissa xp

Slope, b

0.25

60
Slope angle, p (degrees)

Slope circle

60'Toe circle

Example C: B = 20°. d = .3 
ro= 1.45. yo = 2.15

US-
Base circ le

70- ,
yo = 115.5

-77-
Example A: 3 = 70°. d = 0.5 

iq =  0.3, yo = 1.6
70'

Example B: 3 = 45°. r/ = 1.0 
r0 = 0.5. y0 = I 65

Figure 69. Center of critical circle, slope in cohesive
soil (after Al-khafaji, 1992)
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in Figure 70. These charts have one thing in common, they 
apply to finite slopes in homogeneous soils. Nonhomogeneous 
soils require a more elaborate analysis.

8.5 Total stress analysis (after Al-khafaji, 1992)

Not all materials are going to be a clay with T = c = 
constant along the failure surface. Therefore, we must look 
at materials with s = c + a tan 0 . Note that it is also 
possible to use effective stress strength parameters. 
Stability chart solutions are available for soils with these 
strength characteristics as shown in Figure 71. This chart 
is extended to include the influence of surcharge loadings, 
submergence, and tension cracks in Figure 70. The method of 
slices deals with slopes in soils with variable shear 
strength along the failure surface.

The method is extremely versatile and is based on 
dividing a failure mass into several vertical slices. 
Consider the problem using total stress strength parameters 
(strength = i = c + a tan 0 ) . This assumption generally 
implies that the pore water pressure is not known. Consider 
the finite slope shown in Figure 72. The factor of safety 
against stability failure is defined as before using 
Eg.(2).Assuming the failure mass consists of vertical slices 
only, the free body diagram for the ith slice can be 
determined as shown in figure 73.

Since the slice is statically indeterminate, assume 
that the resultant of EL and SL is equal to the resultant of 
Er and SR and that their lines of action coincide. This 
assumption is not a bad one, especially if the failure mass 
is subdivided into several slices.



ER-4609 244

Surcharge load, q Submergence under water lieight. / /wd = d =10
_ i.

:  0.9

1 0.8
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0.80.40.1 0.40.3

Tension cracks to depth,
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1.0
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^  Tension
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Influence on safety factor

When 4> = 0

When <t> > 0

FS :
Ps« m A'pc yH + q-y„

FS=^and^ = ̂
Fd = 
F.=

K, MwK Tu,W*<7
Example when <t> =  0 Example when <t> > 0

200
See Figure 11.9

For. <7 = 200 psf, ç/TfW = =

Ww= 15 ft. HJH = g  =0.60

H, = 4 f t ,H/H = ^  =0.16

Then: n , = 0.940 
il.  = 0.945
gt = 0.985 (zero hydrostatic pressure) 

. . 0.940 x 0.945 x 0.985 x  5.8 x 600
^  FS= 115 x 25 + 200 -  62.4 x IS

50 = 0.018

= 1.45

See Figure 11.12

For: 7 = 50psf.ç/YW  = 120 x23

Ww = 5  ft. H J H  =  =0.217

W, = 8 ft. W./W =  ^  =0.346

Then: g ,  = 0.995, g .  =  0.975 and
g, = 0.990 (full hydrostatic pressure)

^  f-° 'ZZmSg  -2600

Xo t = ^ ° . l 306 =3 .08  FS = 14 = 1.52
280 2600

Figure 70. Influence of surcharge, submergence, and tension
cracks of stability (after Al-khafaji, 1992)
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Stability number 
for critical toe circles

K.

Example o f stab ility  analysis

Critical center

H = 23

Slope, fc = ro tp  24— I— h  h-
90° 80° 70° 60° 50° 40* 30* 25*

Slope angle, P

4 - I  I 1----- 1----- h
20”

Assumptions

1. Groundwater level is 
below failure surface.

2. No surcharge or tension 
cracks.

Properties

c =  280 psf 
*  =17 *  

y  ~  120 pcf 
H  = 23 ft. P = 30* 

Computations

^ % ^  = 30l 
^ = 14 1
ro =0.52 > From diagrams
yo = I 65 J

Xo =00-2(23) = 12 ft 
Y0 = 1.65(23) = 3 8  ftCenter coordinates

Definitions

An =Values of j

Y0 =  y0H
An =  xo ft

Values of xo 
for midpoint 
(base) circles >0 = yon

t.c. <t>

V  Critical toe 
—  circle

Factor of safety, FS

Parameter Xrf =

I f  > 0  critical slip circle intersects toe. 
Groundwater level and top of hard stratum 

are below critical slip circle.

Figure 71. Stability analysis for slopes with 0 and c
(after Al-khafaji, 1992)
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X, = R sin a ;

C ente r o f circle

W ni = Wj cos a,

L,

Figure 72. Finite slope stability analysis using total 
stress (after Al-khafaji, 1992)

sL

Figure 73. Free body diagram for a typical slice
(after Al-khafaji, 1992)
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Consequently, the overturning moment is determined as 
follows.

is n
OM =T\ MiXi = r Y, Résinai (4)

fsi 1=1

The corresponding resisting moment RM is given by
n "

RM = jeV LjTj = r J2 l»i{ci + 0itan+i)
1=1

(5)

For a unit slice thickness, the normal stress yi is related 
to the component of the weight in the direction normal to 
the base of the slice Wni. That is, Oi = Wni sin 0i. 
Therefore, substituting into Eq. (5) and simplifying gives

n
RM = Ry] Lici+LiWicosaitan$i (6)

1=1

The factor of safety is now determined as

Y' LjC, +LiF/icos«vtan<b.

1=1

Equation (7) is applicable when using total strength 
parameters. Several computer programs utilizing this
technique are available. Hand calculations are cumbersome 
and inefficient when more than a few circles are examined.
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8.5.1 Effective stress analysis(after Al-khafaji 1992)

Consider the situation in which the soil is either 
totally or partially submerged and there is steady-state 
seepage. The strength of the soil along the failure surface 
is now given by the effective shear strength parameters ct 
and as t  = ct + at tan 0t. This implies that the pore 
water pressure is known or can be predicted. This is 
generally the case in that the pore water pressure can be 
approximated using a piezometer or a flow net. An 
expression for the factor of safety can be derived using 
Figure 74. The factor of safety is once again given by 
Eq. (2) . The resisting moment is determined by examining a 
free body diagram for a slice as shown in Figure 75.

X, = fi sin ct;

C< '  '

Figure 74. Finite slope stability analysis using effective
stress (after Al-khafaji, 1992)
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U, ~ pore water pressure force 

Wyfl = weight of water 

W y = weight of soil

K
\

Figure 75. Free body diagram for a typical slice using 
effective stress (after Al-khafaji, 1992)

Note that figure 75 represents a slice with a unit 
thickness. Therefore, the pore water pressure u± = U i / L ± ,  

and the normal effective stress acting on the slice base is 
given by

Li Li Li

The resisting moment is then given by

n n

R M =  R J 2  LiTi = a T  + tan<t>ti)
2=1 2=1

(9)
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Substituting Eq.(8) into (9) gives

ct< +
WfCOSdi

Ui
tan*tl 10)

which simplifies to

n
RM  = r J2 Licti + {Wicosai-uiLi) tan$ti (11)

j.=i

The overturning moment can be evaluated by considering 
the total unit weights and boundary water pressures. For 
the cross section under consideration, the total unit 
weights and boundary pressures are evaluated by considering 
the free body of the entire failure mass shown in Figure 76. 
The resultant Us of the water pressure distribution along 
the circular failure surface is normal to the failure 
surface and, therefore, passes through the center of the 
trial failure circle. Consequently, it does not have any 
influence on the OM. Thus, the OM is given as

n
OM - -U1X1-U2X2+Ry]  j y v s i n a j

2=1
(12)
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Figure 76. Boundary water pressure resultant 
(after Al-khafaji, 1992)
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Substituting Eqs.(ll) and (12) into (2) yields the desired 
factor of safety

n

-U 1X1 -CT2X2 + r Y / W ^ s in o c j
2=1

When hand calculations are necessary, tabular summary 
sheets are generally used. Otherwise, computer programs are 
used for analyzing the majority of practical problems.

8.6 Computer input for factor of safety calculations
(after Soderberg and Bush, 1977)

In most cases it is extremely difficult, if not 
impossible, to obtain soil samples that are truly 
representative of the zone being studied. Consequently, the 
soil properties developed from these samples must be 
interpreted and applied with great care. Assuming that 
input values developed are representative of the actual case 
being studied, the computer factors of safety are general 
guidelines and are meaningful only if used in conjunction 
with all of the other design considerations.

The engineer must anticipate and design for the worst 
possible situation; that is, ultimate height, maximum 
phreatic line, saturated soils, and seismic activity. The 
safety factor will only be meaningful if such values are 
used for the computer program.

Grain-size distribution, the area of the tailings pond, 
and the rate of discharge have much to do with the stability
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of the embankment. A finer grind in the mill with the 
coarse fraction being taken out for use as underground fill 
will make dike building more difficult. Combine these 
factors with the small impoundment area compared with the 
tons of waste per day, and the situation becomes worse. The 
tailings used underground at some properties do reduce the 
total that must be impounded on the surface by 40 percent or 
more, but they also remove the coarse sand (the best 
material for building the dike) and the coarse sand beach, 
which provides added safety.

An example of rapid building is a situation in which a 
500-ton-per-day operation is impounded in a 5-acre site with 
a pond rise of 1 foot in 33 days. Even a 10-acre site with 
a 1-foot rise in 66 days is much too fast. Such situations 
could cause a rapid increase of pore pressure because the 
water does not have time to percolate through the fine 
material. Even with the best of conditions, a rapid 
building rate is not good, and every effort should be made 
to keep the annual rise compatible with the seepage ability
of the soil or drains.

Piezometers installed in proper places in the 
embankment will allow monitoring of the pore-water pressure 
in the dam, which can be related directly to the safety 
factor as shown in Figure 77, a typical graph showing the 
variance of safety factor with phreatic water height in the 
dam. This type of chart can be developed for any dam and 
used by the operators to predict the safety of the 
embankments. The phreatic surface is related to the rate 
that material is placed around the periphery of the dike. 
Safety factors cannot be accepted at face value if there is 
the possibility of liquefaction from either earthquake,
sonic blasts, or sudden load. Soils in the 80- to 280-mesh
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sizes, saturated and above the critical void ratio, are very 
sensitive to liquefaction. Soils finer than that would be 
too sluggish in their reaction to shock because of lower 
permeability, and those coarser would dissipate the water 
fast enough to make failure from shock unlikely.

All soil testing requires stringent testing conditions 
and experienced personnel. Since Coulomb's theory and 
stability equations are approximations, these samples have 
to be studied thoroughly by experienced soils engineers to 
insure that true values are obtained for any stability 
analysis. Once these values have been interpreted, it is 
simple to predict the stability using the computer. 
Ultimate height, slope, and water movement can be determined 
by soil engineering analyses. Before any major construction 
of this type, these analyses should be made either by the 
operating firm or by a consulting agency. The cost is only 
a few percent of the total investment.

8.7 Recommended factors of safety (after Al-khafaji, 1992)

Table 30 gives factors of safety suggested by various 
sources for mining operations. All of these factors are 
based on the assumptions that the most critical failure 
surface is used in the analysis, that strength parameters 
are reasonably representative of the actual case, and that 
sufficient construction control is ensured. There is no 
substitute for a sound sub-surface investigation and for a 
credible laboratory program for soil property determination. 
The lower the uncertainty, the lower the factor of safety 
required to ensure safety.
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TABLE 30 Factors of Safety Suggested for Mining Operations 
(after Al-khafaji, 1992)

United States (Federal Register, 1977) Minimum Safety Factor

I End of construction 1.3
II Partial pool with steady seepage saturation 1.5
III Steady seepage from spillway or decant crest 1.5
IV Earthquake (cases II and III with seismic loading) 1.0

Design is based on peak shear strength parameters 
Design is based on residual shear strength parameters 
Analyses that include the predicted 100-year return period 

accelerations applied to the potential failure mass 
For horizontal sliding on base of dike in seismic areas assuming 

shear strength of fine refuse in impoundment reduced to zero

°Where there is a risk of danger to persons or property.
*Where no risk of danger to persons or property is anticipated.

8.8 Seismic Assessment, (after Harper, 1992)

A significant portion of the operating and closed large 
dams in North America are tailings dams used to impound 
wastes from mining operations. Often these dams were built 
by mine personnel, and may not have been subjected to the 
rigorous quality control measures required for conventional 
water storage dams. Construction methods and materials vary 
considerably.

Tailings dams’ stability in earthquakes has become an 
increasing concern as seismic knowledge has advanced. In 
Chile, failure of the new and old El Cobre tailings dams 
following the La Ligua earthquake in 1965 killed 200 people. 
Growing awareness of seismicity and the potential liability 
associated with tailings dams are raising the requirements 
for assessing the stability of both closed and operating 
structures.

1.5° 1.3*
1.3° 1.2*
1 .2 ° 1 .1*

1.3° 1.3*
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The main seismic design factors for tailings dams are 
the governing site seismicity and the properties of the 
tailings. Site-specific earthquake-induced motions can be 
calculated either deterministically (based on the largest 
earthquake thought possible given the geological evidence 
within the region) or probabilistically (by estimating 
ground motions and their annual probability of being 
exceeded) .

Tailings behavior under seismic loading depends on the 
soil characteristics and the size and duration of the 
seismic event. The tailings and foundation materials may 
behave in either a brittle or a non-brittle fashion. 
Several soil characteristics influence the dynamic behavior 
of hydraulically placed tailings and foundation materials, 
including relative density, modulus, fabric of soil, and 
aging.

When planning new impoundments or raising existing 
ones, designers should look for a deposition method or 
construction technique that optimizes the impoundment’s 
seismic resistance. These include using a rockfill toe 
berm; constructing a dam with cycloned tailings to use the 
coarser, more liquefaction-resistant fraction in the dam; 
depositing tailings by methods that ensure that coarse, 
drained tailings form the dam; or compacting tailings to 
increase liquefaction resistance.

However, selecting the method most appropriate for the 
anticipated seismic conditions at a given site requires 
broad experience. Deposition planning that satisfies 
seismic requirements while not ignoring space restrictions 
and environmental and economic considerations is very 
challenging, and must take into account impoundment 
geometry, seepage control measures, tailings deposition
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mode, hydraulic fill composition and tailings line density.

8.8.1 Methods of analysis (after Harper, 1992)

Once site seismicity has been evaluated, the next step 
is to assess the significance of the design seismic loading 
on the tailings structure.

If large-scale brittle behavior is not considered 
likely, a deformation analysis is recommended. It may be 
argued that rigorous deformation analyses are more suited to 
formal water-retention dams, but tailings impoundments are 
often just as susceptible to catastrophe if significant 
crest settlement occurs. Many have free water or slimes 
contained with minimal freeboard and require permanent 
deformation analyses to ensure that the freeboard is 
sufficient.

If tailings behavior is potentially brittle, some form 
of seismic stability analysis is required. The level should 
depend on the consequences of failure in loss of life, 
property damage or mill downtime. Site seismicity can be 
evaluated empirically by examining relationships between 
earthquake magnitude and the furthest liquefied site or 
through one of a number of analytical procedures requiring 
an ascending degree of effort :

Residual-strength, or steady-state, analyses use 
the concept of minimum post-earthquake strength 
with the well-accepted methods of conventional 
limit equilibrium analyses. This type of analysis 
is typically conservative, and if an adequate 
post-earthquake stability is determined using it.
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further analyses are not required. However, it is 
difficult to assign residual-strength values to 
tailings because of disagreements between 
laboratory and field evaluation procedures. 
Further study is needed.

Modified pseudo-static analyses couple
conventional pseudo-static methods of dynamic 
analysis with an evaluation of seismically induced 
pore pressures. This method requires more
detailed input than residual-strength analyses, 
but is still significantly less involved than a 
rigorous finite element evaluation.

Total stress equivalent linear dynamic analyses, 
the next level of analytical complexity, involve a 
combination of static finite element analyses and 
total stress column analyses using SHAKE, a 
program developed at the University of California, 
Berkeley, to analyze earthquake response of 
horizontally layered sites. This is convenient 
for determining the overall stability of the 
embankment in a seismic event. A large number of 
case histories exist using the SHAKE approach, 
allowing a wealth of calibration information for a 
particular design.

Effective-stress finite-element analyses, made 
possible by recent developments in analytical 
processes, are similar to total-stress analyses, 
and have been applied recently to assess the 
seismic performance of tailings impoundments. For
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now, this level of analysis is typically reserved 
for major tailings impoundments whose failure may 
cause extreme economic loss or potential loss of 
life; as the body of experience grows effective- 
stress finite-element analyses will become a 
commonplace design tool.

A companion process to analyzing the stability of 
tailings structures is the quantification of the risk of 
failure. In cases where a deterministic assessment
indicates that the dam will fail, it is important to 
quantify the risk. This can be done on a probabilistic 
basis, in which the probability of seismic events is coupled 
with the behavior of the dam to calculate the annual 
probability of failure.

One method uses the program PROLIQ (from the University 
of British Columbia), which calculates the probability of 
seismically induced liquefaction for level ground sites. 
Modifications can be developed for sloping ground. Program 
input involves field data and the results of a regional 
seismicity evaluation. A slight modification of the PROLIQ 
model has been used successfully on major tailings projects.

Other methods are available but are all essentially 
similar. Regardless of the methodology, the results of a 
probabilistic event should be carefully rationalized and 
used with extreme engineering judgment.

8.8.2 Seismic upgrading (after Harper, 1992)

The requirements for seismic upgrading must be assessed 
according to: (1) impact of the failure on people and the
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environment; (2) cost and feasibility of upgrading works; 
and (3) the risk or probability of failure. To decide 
whether the risk of failure is acceptable requires 
determining the risk criteria.

For a deterministic assessment, it is commonly accepted 
that the dam must have a factor of safety of over 1.1 for 
the maximum credible earthquake (MCE) if its failure could 
cause loss of life or extensive environmental damage. The 
MCE criterion normally uses the limit equilibrium method for 
stability analysis, and it is commonly applied to water- 
storage dams. A main concern with tailings dams is the 
potential for liquefaction, and this requires closer 
integration with the risk of liquefaction. Criteria for a 
probabilistic assessment has not been rigorously set. An 
annual probability of less than 0.0001 is currently 
operative for numerous water-storage dams in the U.S. This 
could be regarded as a minimum target criterion for tailings 
dams.

The impact of a failure depends on the runout distance 
for the failed section. Runout assessments have been 
carried out for numerous failed structures worldwide and 
form the basis for current estimations. The basic options 
available for seismic upgrading are : (1) drainage; (2)
densification; or (3) construction of buttress/containment 
structures.

Drainage is a very important parameter and can often be 
improved at a relatively lower cost than other options. It 
can, however, be very difficult because of the typically 
fine grain size of the tailings and the fact that loose 
deposits at the base of the pond could require pumping if 
gravity drainage is not feasible. Densification methods 
include dynamic compaction, vibro-wing and vibro-
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replacement. The cost and technical suitability of 
densification options are very site-specific. The most 
positive solution is typically to provide a buttress fill to 
improve the stability of the structure. An alternative is 
to construct a dike downstream of the dam to contain the 
failure.
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CHAPTER 9 

INSTRUMENTATION

In chapter nine, sections 9.1, 9.3, 9.4, and 9.5,
except where noted in the text, were extracted from the 
Bureau of Mines information circular 8755, Design Guide for 
Metal and Nonmetal Tailings Disposal, written by Roy L. 
Soderburg and Richard A Bush. Sections 9.2 and 9.3.1 were 
extracted from an article titled Evaluation of Mine Tailings 
Disposal, written by Dan C. Kealy and Richard Busch.

9.1 Introduction to Instrumentation (after Soderberg and
Bush, 1977)

All tailings embankments that are to be more than 100 
feet high should be monitored during construction and 
operation and for some time after being abandoned. Many 
factors can affect the stability, and instrumentation should 
be installed in the embankment and foundation to monitor 
these changes. Instruments may be installed to measure 
piezometric levels (water), seepage flows, embankment 
movement, and total pressure.

Only three basic instruments are required:

Piezometer (preferably with water-sampling
capabilities).

Some type of slope-movement-detection device.
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Pressure cells.

9.2 Piezometers (after Kealy, 1972)

Incorrect choice of the piezometer has caused 
unsuitable monitoring in the past because of mechanical 
problems or incorrect pressure ranges. A laboratory testing 
program was initiated by USBM to study the characteristics 
of various types of piezometers. The knowledge gained 
should be useful in selecting a suitable piezometer for 
various water-monitoring applications.

In active tailings ponds the slime zone is not readily 
accessible; therefore, when piezometers are placed in these 
areas, lines have to be run horizontally to a reading 
station on the bank or some other solid footing. In these 
installations only hydraulic, pneumatic, or electric 
piezometers can readily be used. Standpipes and other 
Casagrade-type piezometers cannot be used because of the 
lack of access to the piezometer and air-locking problems.

Four pneumatic piezometers, one electric vibrating-wire 
piezometer, and one electric strain-gage piezometer were 
obtained. All were tested under laboratory conditions and 
monitored by instruments more sensitive than the piezometers 
themselves. Table 31 was compares the six piezometers.

Figure 7 8 shows piezometers installed to sample pore 
water pressures in tailings. Figure 7 9 shows piezometers 
monitoring changes in water quality in tailings dam seepage.
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TABLE 31 Comparison of piezometer devices by weighting 
system (after Kealy, 1972)
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Figure 78. Piezometers for sampling of pore water in 
tailings (after Ritcey, 1989)

Figure 79. Downstream of tailings dam seepage showing 
a number of piezometers for monitoring the 
changes in water quality over time and distance 
(after Ritcey, 1989)
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9.3 Slope movement (after Soderberg and Bush, 1977)

There are inherent hazards in constructing and 
maintaining mine tailings embankments. These hazards are 
difficult to recognize and quantify. Inspectors are trained 
to look for certain "telltale" signs of hazardous 
conditions, but often factors such as creep or slow local 
failures are not noticeable without the ability to relate to 
prior embankment conditions.

Numerous systems are available for observation of 
ground movement and also for mapping areas of interest. 
Slope indicator devices can monitor small movements of a 
slope, and standard ground surveying techniques can be 
applied to mapping. These standard surveying techniques, 
which enable mapping and locating of specific points on a 
structure, are time consuming.

One of the simplest but most effective ways to measure 
the movement of embankment is to drive pipe or rebar 
vertically into the berm of an embankment in a straight line 
of sight so that any movement can be measured by simply 
measuring the offset from the line of sight.

On cross-valley dams the permanent stations can be 
placed on the natural ground or rock off the embankment with 
the recording stations set on an abandoned berm where they 
can be protected from the spigoting or dike building 
operation. These should be measured for elevation changes 
also. In flat country the survey line must be brought up to 
the embankment from the natural ground at each end of the 
downstream slope, and the movement markers placed the same 
as described for the cross-valley dams. This is important 
because the line of site must be made from points on top of 
the sand berm, and these points themselves could have
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considerable movement which then would not show the true 
movement of the other points. The permanent points on the 
natural ground at each end should be placed at a 
considerable distance from the embankment so as to be 
unaffected by the foundation deformation.

Another device for measuring both horizontal and 
vertical movement is the slope indicator, which is lowered 
into a casing with grooves which guide it and measures the 
movement in two directions at right angles. For this 
instrument the casing must be set into bedrock, or if the 
alluvium is deep, the bottom of the casing must be set into 
the foundation and the casing installed in the embankment as 
it rises. Another way to install the casing is to drill a 
hole and install the casing after an embankment is 
constructed.

From the readings of the slope indicator a profile of 
the hole can be drawn showing where the movement is taking 
place from top to bottom (Figure 80).

9.3.1 Other detection methods (after Kealy, 1972)

As an aid to inspection personnel, a faster and more 
reliable reconnaissance system must be integrated with a 
suitable method of cataloging and evaluating the gathered 
data.

In August 1975, CH2M Hill was awarded a contract to 
identify, develop, and test a rapid system for monitoring 
coal refuse embankments to aid in inspections. The rapid- 
monitoring system has been shown to be an effective, 
economic, and powerful monitoring tool. The system obtains 
high accuracy by using convergent and vertical photography
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from conventional fixed-wing aircraft. Either black and 
white (B&W) or color-infrared (CIR) film may be used; B&W 
film is superior from the standpoint of accuracy, while the 
CIR film offers better evaluation of qualitative stability 
indicators through photointerpretation techniques. The 
rapid-monitoring system also provides a method for 
maintaining a permanent, visual record of site conditions.

The rapid-monitoring system of aerial photography 
proved to be practical for detecting and recording movement 
of targets on slopes and embankments. The system uses 
existing technology and conventional aerial photography with 
fixed-wing photo aircraft* Targets for the rapid-monitoring 
system are readily available, inexpensive, and easy to 
install. A destroyed target can be replaced easily, and 
base coordinates for detection of movement can be determined 
at the next monitoring. The rapid-monitoring system could 
be readily implemented for embankment inspection. Economics 
are enhanced when several areas can be photographed in a 
single photo mission.

Cost is often the most decisive factor in planning the 
scope of monitoring programs. Some of the factors
influencing the cost are site location and size, vertical 
relief, accessibility, vegetation, weather, and frequency of 
monitoring. For the landslide and the coal refuse
embankments studied, costs of monitoring by the rapid- 
monitoring system were estimated to be 15 to 40 percent of 
the costs of monitoring by conventional ground survey 
methods.

Besides being a useful inspection tool for coal refuse 
embankments, the rapid-monitoring system can also be used 
for a wide variety of other types of mining problems such as 
the stability of mine spoil piles, open pit mines, and
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tailings dams. The system's accuracy is such that major 
earth dams and the stability of natural and manmade slopes 
can also be monitored to detect and record movement.

9.4 Pressure Cells (after Soderberg and Bush, 1977 )

Pressure cells should be placed on the top of the 
decant lines or other culverts that will be under the 
embankment to measure the pressure of the soil and water 
against the plane surface. The reinforced-concrete conduit 
should be designed for the combined weight of material at 
maximum height, but the pressure cells placed at strategic 
spots along the line could verify the actual pressures. 
This information can be valuable in designing future
conduits.

9.5 Records (after Soderberg and Bush, 1977 )

All instruments installed in an embankment should be 
read and recorded on a regular basis, which at startup
should be quite frequently. Later, as patterns are
established, the time between readings can be altered to 
suit the situation. These records are very important and 
should be reviewed periodically to see if additional records 
are needed and to note the trends. The piezometric level 
measurements are probably the most important and have a 
direct tie-in with the seepage or flow from the drains. 
Precipitation measurements should be made, and positions of 
the spigots or cyclones that are operating should be noted. 
Often the length of time a group of spigots can be left in 
operation depends on the rise of the piezometric level in
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that area. A rise in the piezometric level could also mean 
that the drains were beginning to plug up.
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CHAPTER 10 

MAINTENANCE AND INSPECTION

In chapter ten, sections 10.1 and 10.2 were extracted 
from the Bureau of Mines information circular 8755, Design 
Guide for Metal and Nonmetal Tailings Disposal, written by 
Roy L. Soderburg and Richard A Busch. Sections 10.3 through
10.3.6 were compiled from the document Tentative Design 
Guide for Mine Waste Embankments in Canada, D.F. Coates 
being the project officer. Section 10.3.7 was compiled from 
Jan Eurenius’ article Long Term Studies and Design of 
Tailings Dams. Section 10.4 through 10.4.2 were extracted 
from an article titled Reclamation of Mineral Milling 
Wastes, written by K.C. Dean and R. Havens. Section 10.4.3 
was compiled from an article titled Comparative Costs and 
Methods for Stabilization of Tailings, written by Karl C. 
Dean and Richard Havens.

10.1 Overview (after Soderberg and Bush, 1977)

The active life of mine tailings embankments may be 
from a few years to as much as 100 years ; during this time 
many changes can take place that affect the stability of the 
embankment. This type of construction is radically
different from a water-type dam where the construction is 
done in a relatively short time under close quality-control 
of material and methods.

The physical properties of the tailings used in pond 
construction may change over the years for many reasons.
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Such changes can alter the stability of an embankment, 
resulting in variations in the factor of safety. One of the 
most common changes is the increase in tonnage to the mill 
without a compensating change in tailings area; this will 
mean an increase in the annual rise of the dam, reducing the 
factor of safety. A change in grind with an increase in the 
minus 200-mesh material can cause a higher phreatic line, a 
possible decrease in the efficiency of the drains, and 
increased seepage through the starter dam. Any one or 
combination of these changes can mean a decrease in the
factor of safety of the embankment. It is therefore 
important that a continuous program of inspection and 
maintenance of the embankment be started at the beginning
and maintained throughout the life and even after the 
abandonment of the embankment. The records of the
instrumentation as described previously are one of the most 
important aids in determining the safety of the tailings 
dam, and in a high dam are an absolute necessity. High
embankments should be thoroughly inspected by a competent 
engineer at least twice a year during the active life of the 
pond. A review of the records of the instrumentation in the 
embankment should be included in this inspection.

Daily inspection should be made of the spigots or 
cyclones, the decant lines, and position of the water pool 
in relation to the decant or the tailings area boundary. 
The drain lines should be checked for quantity of water and 
sediment.
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10.2 Objectives (after Soderberg and Bush, 1977)

The objectives of the quarterly or semiannual 
inspection and maintenance program should be to determine :

Whether there are any major changes in the 
foundation or the embankment that were not 
anticipated in the design such as heaving of the 
foundation at the toe, longitudinal or transverse 
cracks in the crest, or excessive seepage.

Whether the material characteristics have changed; 
and if so, how will these changes affect the 
stability?

Whether the distribution of the material into the 
pond is as the design called for; and if not, how 
will it affect stability?

Whether the slime and water pond is where it 
should be in relation to the dike area (moving 
upstream in the cross-valley ponds and within 
close bounds around the decant towers in the flat- 
country ponds).

Whether the dam construction is rapid enough to 
keep the slimes and water well back from the dam.

Whether the decant towers or barge pumps can 
handle the storm runoff in addition to the reclaim 
water.
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Whether the drains are operating, free of 
sediment, and flowing at a regular rate.

Whether there is seepage on the downstream face of 
the starter dam indicated by weeds growing along 
the face, or worse yet, seepage on the downstream 
face of the sand dam above the starter dam.

Whether the decant lines are intact and free of 
cracks that could allow sand to pipe into the 
lines and cause a total failure. These can be 
visually inspected.

If the phreatic surface is as planned; or is there 
excess pore water pressure from within the 
foundation or perched water tables?

Whether there have been variations in the water 
levels or a sudden rise in the water level, the 
appearance of any new springs, or new seepage on 
the face of the embankments, foundation, or 
abutments. Conditions at the seepage exit points, 
decant and drain pipe outlets should be reviewed: 
Is the water clear or does it contain sediments; 

is there sloughing in the area; is water coming 
along the outside of these pipes; are there 
sinkholes in the beach or slime zone which would 
indicate piping?

Whether there has been an increase in embankment 
movement as indicated by the surface control 
points or slope indicator.
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Any evidence of borrow from the toe or any other 
area of the embankments that might affect
stability.

Whether the embankment geometry is no steeper than 
planned.

Whether diversion channels and pipes have 
withstood spring runoff or storms. Are they
adequate and in good repair?

All of these points must be watched closely to check 
stability, but if a tailings dam has been designed for a 
total height of 500 feet and all seems to be going well at a 
height of 200 feet, a thorough investigation should be made 
by drilling holes into the fill material. Undisturbed 
samples can be checked for inplace density, screen analysis, 
0 angle, and cohesion. With this information and the 
phreatic surface and geometry of the embankment, a static 
and dynamic stability analysis can be run to get the FS at
that time. From this information the FS can be projected
for an embankment 500 feet high to determine if the slope 
can be steeper or must be flatter, or if the construction 
must be stopped short of the design height.

10.3 Remedial Measures (after Coates, 1972)

The extent and nature of remedial measures required to 
maintain or improve the stability of mine waste embankments 
will vary with circumstances. Some developments may require
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extensive work in addition to that anticipated in design. 
For others, minor repairs may be adequate. Descriptions of 
the principal types of measures effective in improving 
stability and in combating erosion follow.

10.3.1 Slope Flattening (after Coates, 1972)

This is illustrated on Figure 81. By removing the 
weight of material near the crest of the slope, the driving 
force tending to produce a slide is reduced. If the 
material removed form the crest is dumped over the toe of 
the slope, measures should be taken to ensure that it does 
not impede drainage form the embankment. (A drain could be 
required if the material has a permeability low in 
comparison to that of the material at the base.)

10.3.2 Berms (after Coates, 1972)

This is a special case of slope flattening. It is also 
illustrated on Figure 81. Generally, a berm can improve 
foundation stability but may not be very effective in 
increasing the factor of safety against slope failure unless 
it is at least one third to one half the height of the 
embankment. Its effectiveness will also depend on the shear 
strength in the berm. Compaction may be necessary.

10.3.3 Height reduction (after Coates, 1972)

This could be in the form of excavation to form a berm,
as shown on Figure 82, thus flattening the overall slope.
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Figure 81. Embankment slope remedial measures
(after Coates, 1972)
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Figure 82. Embankment height reduction and seepage control 
(after Coates, 1972)
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10.3.4 Seepage control (after Coates, 1972)

Inverted filters can be used to prevent erosion and 
sloughing caused by seepage from embankment foundation 
surfaces, as shown on Figure 82. Such filters can prevent 
the development of piping. However, if piping has developed 
to the point where sink-holes are forming on the upstream 
face of the embankment, it may be necessary to blanket this 
upstream face with impervious fill or to seal the leaks by 
grouting. Where sub-surface erosion is occurring into 
culverts or pipes buried under the embankment, these methods 
may be the only ones possible.

Relief wells can sometimes be used to lower the water 
table under embankment slopes, as shown on figure 82. Such 
systems can be expanded as the need arises. They are not 
very effective where the holes are located outside of the 
embankment fill. Inclined holes can be drilled under the
embankment; however, drilling at angles more than about 30° 
off vertical usually involves additional costs. Relief well 
systems are effective when installed under the embankment 
before the start of waste disposal.

10.3.5 Surface Drainage (after Coates, 1972)

Generally, less erosion of waste pile slopes will occur 
when the upper surface of the embankment is graded down 
towards the hillside or towards the center, as shown on 
Figure 83, and the runoff led away through drainage ditches 
or pipes. A drainage system of this type is preferable to 
one where drains are located close to the top of the slope, 
as seepage from such drains can affect the stability of the
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Figure 83. Embankment surface drainage (after Coates, 1972)
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slope. Erosion of long slopes can be reduced by breaking 
the length of the slope by berms and leading the drainage 
water to drop pipes. Broken rock, coarse gravel or grass 
can also be used to limit slope erosion.

Maintenance of embankment drainage systems shouldbe 
directed to preventing unnecessary entry of water into the 
embankments. The drainage system should be inspected at 
intervals, particularly after heavy rain, with a view to 
keeping the system free of obstruction. Arrangements should 
be made for any work required to be carried out such as:

clearance of vegetation, sediments and refuse from 
trash screens and drainage ditches,

cleaning pipe drains to clearsediments or salt 
deposits; cleaning of silt traps,

attention to the outlets of any drainage zones, or 
other seepage outlets.

repairs as required,

the diversion of any flow or accumulation of water 
into the permanent drainage system,

attention to filters.

Tailings settlement ponds may require adjustment of 
inlet and decant arrangements, the clearance of any 
blockages, and rectification of any undercutting of the 
embankment slopes brought about by wave action.

For completed tailings embankments it may be necessary
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to maintain the decant or overflow systems to prevent the 
accumulation of rainwater or to control surface run-off; the 
clearance of silt from these systems is likely to be 
necessary from time to time. Breaching a tailings
embankment is not generally an acceptable means of 
preventing an accumulation of water; this method should only 
be used if erosion caused by the outflow will not endanger 
the embankment, block the drainage system or cause nuisance 
in other ways.

10.3.6 Toe Embankments (after Coates, 1972)

Where waste piles are located on relatively steep 
hillsides they may start to move downhill, particularly if 
the materials are fine and become saturated, or they are 
affected by weathering. Such movement can sometimes be 
stopped by constructing an embankment of compacted material 
at the toe of the pile.

10.3.7 Surface Erosion (after Eurenius, 1990)

The surface of the dam must be protected against water 
and wind erosion. The major factors affecting water erosion 
are amount of rainfall, catchment area, runoff, steepness 
and length of slopes. The stability of natural soils 
against water erosion is predicted by studying the influence 
of these factors upon formations similar to a dam 
construction. Such studies indicate that gentle slopes are 
essential for the long-term stability. Flattening of the 
slopes is considered being effective in preventing surface 
erosion. For high dams (higher than 15 m) the slopes are
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suggested to have an inclination flatter than 2:1 and 3:1 
(horizontal to vertical). When non-toxic tailings are used 
as damfill, the surface is mostly stabilized with an 
appropriate vegetation. If the tailings contain toxic 
material, the slopes are covered by suitable sealing 
material.

10.3.8 Dust Control

Dust control has become a subject of importance in the 
regulatory climate faced today. Just a few years ago, 
measures taken against water erosion would generally serve 
the purpose of controlling wind erosion. This is no longer 
the case.

Active tailing ponds must be stabilized to reduce dust 
and wind erosion. Sucessful techniques are simple, and 
relitively easy to implement.

Tailings areas on the dam face and slope can be 
stabilized by annual treatment with a water soluble organic 
polymer. These areas see little traffic. Polymers that 
have been proven successful include citrus based oils and 
water soluble organic resin. Typically the Polymer is 
applied mixed with water and sprayed from a water truck. 
The polymer or resin bonds the fine grained particles 
together and coats the surface of the tailing with a glaze. 
This effectively stops dusting and wind erosion.

Active areas such as roads and pipe corridors can be 
stabilized by similar methods. Polymers and resins can be 
applied with success, but vehicle traffic will crush the 
glazed surface making repeated applications necessary. Milo 
hay and straw has been used to good effect by crimping the 
straw into the active roads, and then applying polymers and
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resins to the surface. Water trucks are then used to hit 
areas that start dusting when the wind picks up.

10.4 Stabilization Procedures (after Dean, 1972)

The principal methods for stabilization of milling 
wastes include :

Physical— the covering of the tailings with soil
or other restraining materials.

Chemical— the use of a material to interact with
fine-sized minerals to form a crust.

Vegetative— the growth of plants in the tailings.

The vegetative procedure is preferred in that esthetics 
of the area are improved while obtaining stabilization. 
Also, if a mineralized waste is to be conserved for possible 
later retreatment or if the area is to be used later for 
residential construction or recreational purposes, it is 
beneficial to stabilize the area with vegetation. 
Vegetation does not hinder retreatment procedures as much as 
covering the tailings with other foreign materials.

Methods have been developed and applied in many areas 
of the country using physical, chemical, vegetative, and 
combined procedures. Several milling companies, either 
independently or in cooperation with the Bureau of Mines, 
have applied various stabilization techniques to differing 
types of wastes and environments. The principal aim of 
these companies has been to achieve effective low-cost
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stabilization requiring minimal maintenance.
A summary of various procedures tested is given in the 

following subsections on physical, chemical, and vegetative 
stabilization.

10.4.1 Physical Stabilization (after Dean, 1972)

Many materials have been tried for physical 
stabilization of fine tailings to prevent air pollution. 
Other than water for sprinkling, perhaps the most used 
material is rock and soil obtained from areas adjacent to 
the wastes to be covered. The use of soil often has a dual 
advantage in that effective cover is obtained and a habitat 
is provided for local vegetation to encroach.

Crushed or granulated smelter slag has been used by 
many companies to stabilize a variety of fine wastes, 
notably inactive tailings ponds. On active tailings ponds, 
however, the slag-covered portions are subject to burial 
from shifting sands. Slag has the drawback, unlike soils or 
country rock, of not providing a favorable habitat for 
vegetation. Furthermore, suitable slag, like soil and rock, 
must be locally available.

Other physical methods of stabilization include (1) the 
use of bark covering and (2) the harrowing of straw into the 
top few inches of tailings.

10.4.2 Chemical Stabilization (after Dean, 1972)

Chemical stabilization involves applying a material 
which reacts with mineral wastes to form an air and water- 
resistant crust or layer which will effectively stop dusts
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from blowing and inhibit water erosion. Chemicals have the 
drawback of not being as permanent a stabilizing means as 
soil covering or vegetation. They, however, can be used on 
sites unsuited to the growth of vegetation because of harsh 
climatic conditions or the presence of vegetable poisons in 
the tailings or in areas that lack access to a soil-covering 
material. Chemical stabilization is also applicable for 
erosion control on active tailings ponds. Chemicals can be 
effectively used on portions of these ponds to restrict air 
pollution while other portions continue to be active.

10.4.3 Vegetative Stabilization (after Dean, 1972)

The successful initiation and perpetuation of 
vegetation on fine wastes involves ameliorating a number of 
adverse factors. Mill wastes usually (1) are deficient in 
plant nutrients, (2) contain excessive salts and heavy metal
phytotoxicants, (3) consist of unconsolidated sands that,
when wind-blown, destroy young plants by sandblasting and/or 
burial, and (4) lack normal microbial populations. Other 
less easily defined problems also complicate vegetative 
procedures. The sloping sides of waste piles receive 
greatly varying amounts of solar radiation depending on 
direction of exposure. Studies have indicated that, 
contrary to popular belief, photosynthesis of plants is not 
continuous while the sun is shining; under high-temperature 
conditions, photosynthesis may almost stop. Furthermore, 
most accumulations of mill tailings are light in color and 
may reflect excessive radiation to plant surfaces, thus 
intensifying physiological stress. For these reasons, 
vegetation that may be effective on northern and eastern
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exposures may not be suitable for southern or western 
exposures.

Ideally, vegetative stabilization should produce a 
self-perpetuating plant cover directly, or foster entrapment 
and germination of native plant seeds which will form a 
self-regenerating community. In the latter case, an
ecological succession would be established leading to a
vegetative covering so completely in harmony with the
environment that irrigation or special care would be
unnecessary. If the area were not cropped or grazed, only 
an initial fertilization should be required because the 
essential nutrients would be largely cycled in place.
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CHAPTER 11 

RECLAMATION

In chapter eleven, sections 11.1 and 11.2 were 
extracted from an article titled How to Establish and 
Maintain Growth on Tailings in Canada--Cold Winters and 
Short Growing Seasons, written by Jean-Claude Leroy.
Sections 11.3 through the end of the chapter were extracted
from the Solid Minerals Reclamation Handbook, release 3-275 
from the United States Bureau of Land Management.

11.1 Introduction to Reclamation (after Leroy, 1972)

The basic guidelines for successful and acceptable 
reclamation of tailings are simple and need little 
elaboration:

Amenity: The overall amenity of the land
surrounding the tailings disposal area must be 
preserved by insuring the general neatness, 
compatibility and harmonious aspect of the
completed reclamation, the gradient of slopes and 
the essential architectonic elements of the whole.

Unity : There must be unity in the reclamation
scheme, piecemeal attempts being discouraged to 
avoid partial or total destruction of the
reclaimed parts by wind, water and heat acting on 
the barren unreclaimed portions.
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Ingredients : Lessons learned from experience and
the consideration of other factors will permit the 
selection of plants of specific qualities and 
proven usefulness. They will be compatible with 
the environment at large since there appears to be 
very few that will not grow on a prepared tailings 
surface. New species will be introduced where it 
is justified and profitable.

Economics : Study of the physical, economic, and
social framework will help determine the economic 
aspects of the reclamation scheme. The best use
will be made of the tailings with regard to the
creation and maintaining of secondary industries 
where applicable.

11.2 From Waste to Soil (after Leroy, 1972)

In nature, deleterious elements and substances as occur 
from the presence of a base metal deposit, for example, are 
not necessarily damaging to the, vegetation because their 
release into the environment generally takes place at a 
naturally controlled rate.

Conversely, the establishment of a vegetation cover on
tailings will result in the deleterious substances, if any,
being in fact sequestered or neutralized, precipitated by 
the developing humus layer and the various natural colloids 
present. Hence, the vegetation cover becomes a protective, 
neutralizing, pollution-controlling natural device of
unsurpassed effectiveness. A fully vegetated acre will 
transpire from 5,000 to 10,000 gallons of water daily, and
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eliminate all previous erosion brought about with every 
precipitation.

An area of tailings, unprotected and exposed to summer 
heat, will quickly lose all available moisture in its
topmost layer and will readily reach temperatures of 100-120 
F. Even a moderate wind, blowing unhindered, will cause 
sand storm conditions; and at over 15 mph a sand blasting 
effect will quickly take its toll of any freshly established 
seedlings if there is an exposed partially reclaimed area.

Tailing waste will remain sterile until properly
conditioned for plant growth. But since uncontaminated, 
clean and salt-free sand is the ideal medium for plant
growth, conditions very near to optimum will be achieved 
provided one has :

moisture, of which there is generally no lack in 
tailings;

fertilizing chemical elements, of which 16 are
necessary for plant growth, from N,P,K, down to 
the lesser and the micro-nutrients;

an adequate bacterial population to promote 
germination and continued growth.

Once the specific needs of the particular waste area to 
be reclaimed are determined, it will be a mere matter of 
weeks, with proper conditioning before vegetation blankets 
the prepared area.

The basic combination is one of fast growing grasses to 
act as nurse crop, and slower, nitrogen-fixing legumes to 
provide the long-range permanent and maintenance free
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vegetation cover.
A detail of considerable importance, is the homogeneity 

of the tailings throughout the mass. It means that it can 
be shaped to any desired form very easily, and the plants 
established in it will be able to develop a full, coherent 
root system, a factor of prime importance in the growth of 
healthy plants. Therefore, this material/waste, can be made 
more versatile than the common soil, particularly in poorer 
podzolic soils with their thin fertile horizon.

11.3 Tailings and Slime Ponds (after BLM, 1992)

Tailings and slime ponds consist of impounded mill 
wastes. Slime ponds are tailings ponds with high
percentages of silts and clays, which cause very slow 
sediment drying conditions. Slime ponds are commonly 
associated with phosphate and bauxite processing, and 
reclamation is complicated by the slow dewatering.

Tailings impoundments are typically placed behind dams. 
Dams and the impounded wastes may require sealing on a case- 
by-case basis to avoid seepage below the dam or 
contamination of the groundwater. This measure only may be 
done before emplacement of the wastes. Long-term stability 
of the structure must be assured in order to guarantee 
ultimate reclamation success.

11.3.1 Tailings Characterization (after BLM, 1992)

The nature of the tailings to be impounded should be 
determined as early as possible during the development of 

' any plan. Tailings exhibiting phytotoxic or other



ER-4609 294

undesirable physical or chemical properties will require a 
more complex reclamation plan. Analysis should include a 
thorough review of groundwater flow patterns in the area and 
a discussion of potential groundwater impacts. An
impermeable liner or clay layer may be required to avoid 
contamination of groundwater. Where tailings include 
cyanide, final reclamation may include either extensive
groundwater monitoring or pumpback wells and water treatment 
facilities to assure (ensure) groundwater quality is 
protected. The presence of cyanide in the tailings will not 
normally complicate reclamation of the surface.

11.3.2 Dewatering (after BLM, 1992)

The first phase of actual reclamation will normally be 
the dewatering or drying of the impoundment so that
equipment can gain access to the surface. This can range 
from simply letting the tailing material dry naturally to 
more complicated methods of trenching to allow water to 
escape from the tailings. This phase of reclamation is 
often complicated by surface crusting of the tailings. This 
phase of reclamation can take up to several years.

Reclamation of slimes will typically require some form 
of trenching using either balloon-tired vehicles or cable 
trenching tools. Slimes reclamation can be greatly
accelerated by creating surface drainage for initial
stabilization using peripheral and feeder trenches. Feeder 
trenches which drain into the peripheral trench are
typically 251 to 40 ' apart, and up to 2 ' deep. Once the 
surface of the tailings has dried, heavier equipment can be 
used. Farm equipment can usually operate when the solid
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content exceeds 60% in the top 6 feet.
Revegetation of the tailings after trenching can 

accelerate the drying process through evapo-transpiration. 
Dust abatement may be required at this stage in order to 
avoid airborne particulates which may constitute a 
substantial environmental problem.

11.3.3 Reshaping (after BLM, 1992)

Depending upon the nature of the tailings, it may be 
necessary to modify the overall shape of the top of the 
impoundment to avoid the concentration of water and to 
improve visual quality. This can involve the addition of 
material to develop a "crown” on the impoundment and the 
construction of artificial drainages.

11.3.4 Surface Treatment (after BLM, 1992)

Depending upon the nature of the tailings materials, it 
may be necessary to construct a cover system to isolate the 
waste. Where the tailing itself is a suitable growth 
medium, or can be amended to provide a suitable growth 
medium, this will not be needed. Cover systems typically 
include: water exclusion layer, capillary break, and growth
medium. In some cases, it may be impractical to revegetate 
the impoundment. Because dry tailings material is highly 
susceptible to wind erosion and subsequent dust problems, it 
is important to cap the tailings material with coarse 
durable rock.
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11.3.5 Revegetation (after BLM, 1992)

If the growth medium is to be the tailings, it should 
be analyzed and evaluated. It is likely the physical and 
chemical characteristics will require some modification to 
ensure that the ultimate reclamation goals will be met. 
Common amendments include fertilizer, organic material, 
limestone (for control of acidity), acidifying agents (for 
control of alkalinity), and, in some cases, bactericides to 
help control the oxidation of sulfides during the initial 
stages of revegetation.

Plant species selected for revegetation should be 
adapted to the site-specific conditions in order to fulfill 
the ultimate reclamation objectives. Factors to evaluate 
include : drought tolerance, rooting depth, hardiness,
metals accumulation, palatability, seed availability, 
stabilization ability, ease of propagation, and longevity. 
Field trials on test plots during the mine life are often 
required to evaluate which species will work best.

Seedbed preparation is the next important phase of 
reclamation. Typically, this is performed by standard 
agricultural equipment and follows normal practices. 
Roughening of the surface to be planted should result in a 
firm but friable surface. In many cases, mulching and, 
occasionally, irrigation may be used to aid in establishment 
of vegetation. It is important to realize that dust must be 
controlled during the early stages of revegetation or it 
will scour and kill emerging vegetation. Following
planting, the success of revegetation should be monitored to 
assure successful reclamation.
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11.4 Revegetation Plan (after BLM, 1992)

A primary goal of a revegetation program is to 
stabilize the surface against the long term effects of 
erosion. Another major objective is the return of the site 
to a productive post-operational use. The revegetation 
process begins after the disturbed area has been shaped, 
graded, and treated, and the topsoil or other suitable 
growth medium is spread and smoothed. The revegetation of 
the affected lands shall be accomplished in a timely manner 
and consistent with the reclamation plan. Lands which did 
not support vegetation prior to mining because of soil 
conditions may require no revegetation.

11.4.1 Soils Management (after BLM, 1992)

The use of topsoil or other selected replacement 
material as a growth medium to be spread over lands 
disturbed by mineral activities during reclamation must be 
considered during reclamation planning. The amount and 
quality of replacement soils used will have a effect on the 
future productivity of the reclaimed lands. Proper soils
management is critical to reclamation success. Some factors 
to consider early in the planning process include:

Amount of the topsoil to be saved.
Alternatives to spreading topsoil.
Storage location of salvaged soils.
Protection of stored and salvaged soils.
Direct replacement of the soils.
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Required thickness of replacement soil.
The volume of available soil.
Availability of additional growth media.

A site-specific soil survey should be conducted as a
part of the baseline studies. The soil survey should be 
conducted in accordance with the standards of the National 
Cooperative Soil Survey (See SCS US DA Handbooks 430 and
436). The purpose of the soil survey is to identify
suitable soils for use as growth media or for other special 
purposes. Soil resources within the zones of proposed
disturbance should be inventoried for volume and suitability 
prior to the disturbance (see Table 32) . Soils high in 
clay content may not be suitable to support plant growth but 
may be suitable for use as an impermeable barrier in waste 
management. The acceptability of soils is also dependent
upon moisture, organic matter, soluble salts, selenium and 
boron content, bulk density and other factors.

ILE 32 Soil 
BLM,

suitability for 
1992)

reclamation purposes (after

SOIL
PROPERTY SOIL QUALITY

Texture
GOOD 

sandy loam 
loam 

silt loam

FAIR 
sandy clay loam 
silty clay loam 

clay loam

POOR 
sandy clay 
loamy sand 
silty clay

UNSUITABLE 
clay >60%

Rock & Gravel 
(% by volume)

0-10 10-20 20-40 >40

PH 6-8 5-6
8-8.5*

4.5-5
8.5-9*

>4.5
>9

Na absorption 
ratio, (SAR) 4 4-8 8-16 >16

Electrical
Conductivity
(milliohms/cm)

3 3-7 7-15 >15
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All replacement soils and material suitable for 
reclamation should be salvaged wherever feasible and stored 
for later use in reclamation or if conditions permit, 
applied directly to recontoured areas ready for reclamation.

Salvaged materials should be properly stored and 
revegetated if necessary to protect the stockpiled soils 
from erosion. Concurrent topsoil replacement is preferable 
to long-term topsoil storage. Studies have indicated that 
long-term storage of topsoil may result in the loss of vital 
organisms in the soil. Stockpile sites should be located in 
areas which will not be affected by future operations and 
are easily accessible for removal at the time the soils are 
needed.

The appropriate replacement thickness of growth media 
is usually based on the amount of available topsoil or 
growth media and past experience with application depths. 
In general, the poorer the chemical and physical properties 
of the spoil or waste materials, the greater the required 
depth of the replacement soils. When the availability of 
good soil materials is limited, consider the qualities of 
the soils available. Generally, a thin layer of topsoil 
over unproductive subsoil will result in greater plant 
productivity than a thin layer of topsoil alone.

In those cases where the waste materials are finely 
textured and exhibit no phytotoxic properties (i.e. highly 
acid or saline), about 6-12 inches of replacement topsoil or 
other suitable growth medium, if available, should be 
sufficient. Coarse textured (rocky) waste or waste
exhibiting phytotoxic properties may require greater 
thicknesses and additional treatment. Disturbed areas 
containing highly phytotoxic materials may require some form 
of mechanical treatment, such as sealing the dump with
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clays, prior to application of the topsoil. Where the 
volume of replacement soils is limited variances to the 
above recommendations or uneven placement may be justified.

Certain fine grained substrata which exhibit favorable 
reclamation properties, may be used to advantage as a soil 
medium or as a mantle to cover rocky waste.

Reapplied topsoil or selected subsoils should be tested 
for nutrients, Ph, and toxicity factors prior to planting.

11.4.2 Seed Bed Preparation (after BLM, 1992)

The first revegetation step is to prepare the newly 
spread soil material for seeding and planting. The soil 
material must be permeable enough to absorb precipitation 
and to allow for root penetration. In arid zones, seedling 
establishment is difficult and highly variable; therefore, 
proper seedbed preparation is extremely critical.

Seedbed conditioning provides important benefits for 
plant germination, establishment, and long term vitality by 
loosening the compacted soil material, providing catchments 
to increase water available to plants, and creating 
microsites that shelter seeds and seedlings. The seedbed 
should be conditioned to collect, hold, and absorb as much 
moisture as possible.

Equipment for seedbed conditioning ranges from rippers 
and discs or chisel plows to spring tooth harrows and rakes.

After the topsoil is applied and graded, consider 
scarifying, shallow ripping, or disking the site to 
eliminate compaction and provide for increased infiltration 
rates. Ripping or disking will retain water in the seed bed 
which is essential to the success of the revegetation. Rip,
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disk or harrow on the contour of the slope to reduce the 
effects of surface erosion.

Some important considerations in seedbed preparation
are :

Final shape or landform should be compatible with 
the surrounding landforms where practicable. If 
possible, natural drainage should not be altered, 
except where necessary to protect unstable soils 
or tailings or toxic materials areas. The seedbed 
should be tested for growth potential prior to 
seeding. Capillary breaks may be necessary to 
isolate toxic subsoil materials.

Soils and subsoils that have been highly compacted 
should be ripped. Subsoils should be ripped prior 
to the placement of the topsoil or other growth 
media.Rip the mantle when it is relatively dry to 
permit shattering beneath the surface. Moisture 
content should not exceed field capacity.Ripping 
should generally be 2 to 3 feet deep on 2-to 3- 
foot centers. A "rule of thumb" is the distance 
between rippers should be equal to the depth 
ripped. Ripping depth is limited by the
characteristics of subsoil materials, which may 
inhibit germination.

11.4.3 Fertilization (after BLM, 1992)

Many disturbed areas and waste embankments may be 
nutrient deficient at the time the reclamation is performed
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and may require fertilization to ensure the seedlings 
establish themselves. Fertilization is the addition of a 
natural or man-made substance to the soil to supply plant 
nutrients. Its use can be justified when operations disrupt 
the soil balances that affect nutrient availability. 
Fertilization can be done before, during, or after seeding, 
however it is usually more advantageous to fertilize prior 
to seeding. After the initial fertilization and subsequent 
establishment of plants, the natural process of nutrient 
cycling is expected to maintain the plant community. 
Consider the following when fertilizing reclamation 
proj ects:

Soil materials should be tested for nutrient 
levels prior to fertilization. Only available 
nutrients are important. Macronutrient (e.g. 
nitrogen, phosphorus, potassium, calcium, 
magnesium, iron and sulfur) and micronutrient 
(e.g. zinc, boron, selenium) deficiencies will be 
determined by the soil sampling.

The nutrient content of bagged and bulk 
fertilizers is expressed as a percent of the 
content by weight. Example : A 100-pound bag
marked 10-10-10 means 10% nitrogen, 10% phosphorus 

( P 2 O 5 )  , and 10% potash ( K 2 O 5 )  .

Equipment to apply chemical fertilizers (common 
agricultural fertilizers) range from broadcast 
spreaders and drill seeders for dry or granular 
fertilizer, subsoil injectors for liquid 
fertilizer, and hydro-seeders for applying a
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slurry of fertilizer and water. The application 
of biologic fertilizers (manure, compost, etc.) 
will require special equipment.

For best results, fertilize before planting, and 
harrow or drill the fertilizer into the soil 
material to increase the effectiveness of the 
fertilizer. If it can be demonstrated that the 
seedlings can be established without fertilizer, 
consider the application of the fertilizer after 
the seedlings are established.

Usually fertilizer applied with a hydro-seeder 
will be done in conjunction with seeding. Not 
only are fertilizer slurries sometimes 
incompatible with organic mulches, but can be 
toxic to the seed, and should be applied in 
separate operations.

Nitrogen fertilizers should be those that will 
release at the time of germination. Losses of 
available nitrogen over the winter season may 
reach 30%, therefore, adjust application rates to 
account for these potential losses.

Adult plants which exhibit a yellowish-green color 
and drying of the lower parts of the plant usually 
are deficient in nitrogen or iron. Phosphorus 
deficiencies in plants often cause a purplish 
color in the leaves and the plants display poor 
root development, stooling, and spreading.
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Application of low nitrogen levels reduces weed 
growth. Higher levels of phosphorus improves root 
development with no appreciable increase in the 
growth of weedy species.

11.4.4 Soil Amendments (after BLM, 1992)

The use of soil amendments is often an important part 
of preparing disturbed areas for revegetation. Most 
disturbed sites exhibit soils that have received impacts to 
their chemical and/or physical characteristics (e.g. 
compaction). These impacts affect the ability of the soil 
to function effectively as a growth medium for vegetation 
and generally increase the likelihood of soil surface 
instability. Soil amendments are natural or man-made 
materials incorporated into the soil to improve the soil- 
water or soil-air relationships in the soil profile by 
altering the chemical and/or physical properties of the 
disturbed soils. Soil amendments help provide a suitable 
environment for vegetation establishment. Soil amendments 
include, but are not limited to: wood chips, calcium
chloride, various organic mulches, gypsum, and lime. When 
incorporated into the soil, these materials help mitigate 
compaction problems, improve water infiltration, neutralize 
acidic or alkaline conditions, modify soil structure, and 
enhance water holding capacity while improving drainage.
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11.4.5 Seed Selection and Handling (after BLM, 1992)

The following are some general guidelines for seeding:

Select species from a similar climatic zone and 
soil type. Minimum moisture requirements should 
determine selection.

Seed a mixture of species. Consider species for 
both warm and cool season growth. Use a good 
balance of types which provide for the planned 
post-reclamation use, such as grazing or wildlife 
habitat.

Do not over-seed. Too many seedlings will compete 
for available moisture and nutrients.

Protect seeded areas from use until the vegetative 
cover is established and self-sustaining.

11.4.5.1 Species Selection (after BLM, 1992)

Selection of adaptable plant species is essential for 
successful reclamation. In severe environments such as 
deserts, alpine zones, or windy ridgetop exposures, the 
number of adaptable species will be less than for sites in 
moderate climates. The proper selection of adaptable plant 
species will depend on the prevailing climatic and soil 
conditions in the project area (see appropriate seed 
selection handbook for your area). The seed selection 
should be consistent with the Resource Management Plan post
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mining objectives, (i.e. wildlife habitat and/or grazing).
Criteria for determining plan species adaptable for the 

project site should include:

ability to quickly establish and stabilize the 
specified surface

ability to withstand the extremes of climate at 
the site

ability to survive with little or no maintenance 

ability to establish itself on the soil 

availability of seed from seed suppliers 

form and growth characteristics 

forage preference and palatability

The selection of plant species (seed mixes) should be 
diverse, and when practical include grasses, and shrubs. 
Trees and shrubs should be re-established where the post
mining land use includes wildlife habitat. Species to be 
planted as permanent cover shall be self-renewing 
(perennial) to maintain the plant community. Naturalized or 
non-indigenous plant species may be included in the approved 
seed mixture if they support the approved post-operational 
land uses and do not conflict with long-term vegetation 
management goals.

Seed mixes should include certain species which provide 
for quick cover, embankment stabilization (i.e. deep rooted
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legumes), litter production, nitrogen fixing capabilities, 
etc. Observe native plant species growing in the project 
area on both the undisturbed lands and disturbed lands.

The purpose for seeding is to establish ground cover 
and protect the soil from erosion and to prevent invasion of 
undesirable species. Grass species are best suited to this 
because they have a fibrous root system. Sod forming 
species are best at reducing erosion.

Consult with BLM specialists, county agents, or other 
experts, and appropriate research reports regarding 
reclamation research and proper seed selection.

Some general considerations for species selection 
follow:

Recommendations for species selection can be 
obtained from the BLM, the Soil Conservation 
Service (SCS), or the Forest Service.

Elevations and slope aspect are also important 
factors that should be considered when selecting 
plant species.

The Soil Conservation Service (SCS) Plant Material 
Centers has information about seed and seed 
dealers. The Centers are an excellent source of 
information. Also consider botanical gardens and 
native plant organizations as possible sources.

All seed purchased should have species name, 
percent germination, percent pure live seed, 
percent weed seed and other contaminates, 
collection location (especially important for
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native species) and testing date specified on bag. 
States require that seed planted within the State 
contain no injurious or noxious weeds.

11.4.5.2 Seed Acquisition (after BLM, 1992)

Seed of adaptable plant species may be purchased or 
collected from native plants in the vicinity of the project 
site. Some guidelines to seed acquisition include :

Purchase seed from dealers with experience in the 
geographic area.

If collection of native seeds is viable, locate 
appropriate stands of adaptable seed species 
before the seed matures and collect the seed only 
after it matures. Collect seed in cloth or paper 
containers but never seal in plastic bags as this 
practice may retain moisture and cause molding of 
the seed.

Store the cleaned seed in a cool dry location in 
cloth bags. Be sure the germination percent, 
collection location, pure live seed, and percent 
weed contaminates are specified on the bag label.
BLM may inspect the labels prior to the 
application of the seed.

Legume seed and certain other types of seed (e.g. 
bitterbrush seed) should be inoculated for best 
results.
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11.4.6 Seeding and Planting (after BLM, 1992)

Seeding and planting should be done as soon as the 
seedbed preparation is completed, and if possible schedule 
the seeding just prior to the longest precipitation period 
or when available moisture is most favorable for seedling 
establishment. In many locations, seeding prior to snowfall 
enhances germination success in the spring. By beginning 
the revegetation immediately after the seedbed preparation 
is completed, competitive, less desirable species will not 
be given an advantage and the seedbed will not degrade 
physically or biologically. Quick establishment of
vegetative cover protects the soil from erosion. Seeding 
and planting patterns should be designed to best provide the 
desired post-mining use.

Seeding rates must be based on pure live seed (PLS) 
percentages and seeds per square foot or pounds of pure live 
seed per acre. Seeding rates which are too low may result 
in sparse stands which may fail to stabilize the site, while 
excessive rates waste seed and may result in stagnant, 
overly dense stands with reduced plant vigor. The seed 
mixtures and application rates should be described in the 
plan.

Two basic seeding techniques are drill seeding and 
broadcast seeding. The type of seeding to be used is 
dependent upon the terrain and species to be used, and both 
methods may be employed at the same site. Broadcast seeding 
can be divided into ground seeding, aerial seeding, and 
hydroseeding. Drill seeding is considered an effective 
method of seeding for most grass species, while other 
species must be broadcast. If the seedbed is smooth and 
free of large rocks, consider seeding the site with a
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cultipacker-type seeder to assure the seeds are evenly 
distributed and to control seeding depth. However, if the 
site is rough and rocky, a rangeland type drill may be more 
effective. Where broadcast seeding is the only alternative, 
do the seeding immediately after the site has been prepared 
and cover the seed by raking to provide for a good seed-soil 
contact.

Seeding depth is important for successful germination. 
Generally, small seed should be seeded closer to the soil 
surface than large seed. Most seeds should be planted from 
1/8 inch to 1/2 inch deep, depending upon seed size and 
type. Seeding too deeply delays emergence and reduces total 
emergence, while seeding too shallowly increases desiccation 
and causes faulty root systems. Covering most seed is 
important. Some seeds will not germinate when uncovered, 
birds and rodents will feed on the exposed seed and seed may 
wash away before it germinates.

Steep slopes and rocky soils may prohibit the use of 
most mechanical seeding equipment. Where equipment can be 
used, seed drills will usually ensure good seeding success. 
Special note should be given to the depth of planting. The 
appropriate depth of planting for the selected species 
should be used.

Broadcast seeding is often required on portions of the 
disturbed area. Some types of seed should always be covered 
with soil. Some suggested methods are a weighted chain link 
fence, light chain, culti-peater, or harrow. Broadcast 
seeding works best when done just after completion of the 
final earthwork, when the surface is soft.
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11.4.7 Trees and Other Transplanted Species
(after BLM, 1992)

Planting techniques range from hand planting to 
transplanting. Planting must be done so competition from 
other species on the site is minimized. It is preferable to 
establish shrubs and trees on critical revegetation sites 
through transplanting techniques using containerized or bare 
root stock. Where possible leave undisturbed buffers of 
trees between roads and pits to serve as a natural seed 
source.

Transplanting requires consideration of the following 
factors :

viable sources of adaptable stock. 

care and hardening of the plants. 

determination of the time to plant. 

methods of planting, etc. 

care and assessment following planting.

Shrubs and trees may often be planted in crucial big 
game areas to mitigate habitat loss. Well-placed shrubs and 
trees within the reclaimed area may provide a seed source 
for future establishment. Shrubs can be established from 
containerized stock or by selected excavations of shrubs 
just off site of the project area. The following should be 
considered when planting shrubs or trees:
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Adapted species should be selected for use with 
parent material from a similar climate zone.

Care and hardening of the plants should be 
considered prior to planting. This can be done by 
the supplier.

Adjust time of planting to local conditions.

Site conditions and preparation at the time of 
planting.

11.4.8 Mulching (after BLM, 1992)

Mulches can be used in reclamation to stabilize soils 
until permanent plant cover becomes established. Mulches 
not only reduce or prevent wind and water erosion, a good 
mulch cover will protect the seeded area from the severe 
effects of heat, cold and drought. Mulching materials can 
be organic or inorganic, natural or man-made, soil enriching 
or inert. When organic mulches are decomposing they can 
create a serious carbon/nitrogen imbalance in the soil and 
may require additional nitrogen fertilizer to compensate for 
the nitrogen tied up in decomposing the mulch. Annual or 
non-competitive perennial cover crops may also be used as 
mulch. Commonly used mulches include, straw, hay, jute, 
wood chips and other woody material, and synthetic 
biodegradable fibers.

Hay and straw mulches should be applied at the rate of 
2000 to 3000 pounds per acre. Fiber mulches are best 
applied as a hydromulch (in a slurry of water and
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tackifiers) at a rate of at least 2000 pounds per acre. If 
seed and fertilizer are added to the hydro-mulch, caution 
should be taken to ensure the addition of fertilizer to the 
slurry does not make the slurry toxic to the seed. Apply 
the hydromulch to a rough surface, such as an exposed road 
cut, using suitable tackifiers to keep the mulch in place. 
The use of hydro-mulching on cut-banks is effective for 
distances up to 150 feet.

Light-colored mulches will reduce summer soil 
temperatures while dark-colored mulches raise the soil 
temperatures (effective for raising spring soil 
temperatures).

The following are suggestions for using mulches :

Commonly used mulches include ; straw, crushed 
rock, hay, synthetic mulches, biodegradable fibers 
and blankets, wood chips and wood fiber, and jute.
Care should be taken to ensure that hay mulch 

does not include noxious weed seeds.

Dark-colored mulch will raise spring soil surface 
temperatures.

Light-colored mulches will reduce summer soil 
surface temperatures.

Mulching will reduce frost heaving of new 
seedlings.

Mulch reduces rain splash, surface wind, particle 
movement and other erosional effects.
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Mulch should be applied to a roughened surface. 
Do not grade smooth. Apply asphalt or other 
suitable tackifiers or crimp mulch into the 
surface to keep it in place.

Hay and straw mulches for seeding cover and 
erosion control should be applied at the rate of
1,000 to 3,000 pounds per acre. This amount will 
provide a 1-to 3-inch deep ground cover.

Mulch can be applied by and on 3:1 or less sloping 
sites up to 1 or 2 acres in size. Larger, steeper 
sites will require a power blower or mulcher. 
These power mulchers have a range of approximately 
150 feet from an access road.

Fiber mulches can be applied effectively in a 
slurry of water, seed, and fertilizer with a 
hydromulcher. In low-precipitation areas, seed 
should be applied prior to hydromulching.

Mulching that is crimped into the soil on dry 
sites may wick moisture out of the soil in some 
conditions.

The use of seeded blankets may be a viable 
alternative to separate seeding and mulching, 
especially on steep slopes.
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11.4.9 Revegetation of Acidic Mining Wastes
(after BLM, 1992)

Revegetation of acidic mine wastes can pose 
particularly difficult long-term reclamation problems. 
Acidic mine wastes are toxic to most vegetation. Virtually 
all mines which recover ore from sulfide minerals have some 
potential for acid mine waste, either as tailings piles, 
waste rock dumps, or low-grade ore stockpiles. Acidic 
wastes must either be amended chemically or isolated from 
the weathering environment in order for ultimate reclamation 
to be successful. The exact measures necessary to ensure 
reclamation success will depend on a variety of site- 
specific factors. Often, acidic mine wastes will require 
some form of engineered cover system to isolate wastes from 
plant rooting zones. Capillary breaks are effective means 
of isolating the waste materials. For a detailed discussion 
of this topic, refer to Volumes I and II, Draft Acid Rock 
Drainage Technical Guide, prepared for the British Columbia 
Acid Mine Drainage Task Force.

11.4.9.1 Lime Amendment (after BLM, 1992)

Inclusion of a lime amendment into the cover system may 
help prevent acidification and improve the potential for 
revegetation success. Lime amendments may also have other 
applications. A lime amendment is particularly effective 
when the cover system includes a capillary break from the 
acidic materials below. Inclusion of lime into a cover 
system is not likely to be effective in reducing acid mine 
drainage caused by water infiltration through the cover 
system. The waste material can usually release sufficient
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acid to overcome the effect of the amendment.
Where the net neutralization potential (NNP) of waste 

rock or one of the cover layers is negative (i.e. the 
material is acidic), it may be beneficial to incorporate 
lime into the cover system as a neutralizing agent. When 
considering lime application it is important to determine if 
it will be necessary to add lime above the amount indicated 
by the NNP. The NNP is a minimum number and it is often 
necessary to substantially increase the amount of lime added 
to account for other natural processes, such as 
precipitation of iron on the lime, which limit the 
availability of the lime for acid neutralization. The rate 
of lime incorporation is usually expressed in tons of CaCOg 
necessary to effectively neutralize 1000 tons of waste 
material.

Lime can be added in several different forms. Slaked 
lime (CaO) and hydrated lime (CaOH) are the most effective 
neutralization agents. However, the relative abundance and 
correspondingly lower cost of limestone (CaCOg) make it more 
common for this use. Lime amendments are usually disked or 
harrowed into the surface to prevent coating and subsequent 
reduction of moisture infiltration. Application of more 
than 30 tons of lime per acre may prove to be impractical. 
It is also possible to mix lime into waste material in 
batches to assure even distribution. It is best to have a 
range of sizes present in the lime amendment to ensure 
consistent reaction and acid consumption. Normally, an 
agricultural grind meets this requirement.
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11.4.9.2 Bactericides (after BLM, 1992)

The oxidation of sulfide minerals is catalyzed by the 
bacteria Thiobacillus ferrooxidans. This bacteria can speed 
the reaction by several orders of magnitude. The activity 
of the bacteria can be limited by the application of 
bactericides to pyritic waste minerals and cover systems. 
Bactericides should be considered short term remedies.

11.4.10 Test Plots (after BLM, 1992)

It is often appropriate for an operator to install test 
plots prior to revegetation of a large disturbed area. This 
process will enable the proper seed mixture, fertilization 
type and rate, and other soil amendment requirements 
identified in the reclamation plan to be evaluated on a 
site-specific basis. In addition, it allows for the use of 
new and innovative techniques which have not been widely 
proven. A major advantage in using test plots is that 
failures are much less costly to the operator and the 
environment than "real-life" failures. Requirements for 
test plots should be developed in conjunction with BLM 
renewable resource specialists, such as range 
conservationists, wildlife biologists, soil scientists, and 
surface protection specialists.
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CHAPTER 12 

REFERENCE DATABASE

12.1 Introduction

One objective of this research was to establish an
easily accessible PC-based information retrieval system for 
mill tailings references. A database and the accompanying 
computer code WASTE, written in dBase IV 1.1, was developed. 
A dBase IV compiler, Arago Quicksilver 2.5 was used to
create an executable file for free distribution. The code
was developed specifically to be user-friendly. To limit
data input by the user, pop-up menus are used for menu
selections.

The code enables a search among references in the
database using either keywords or the name of an author. 
Further, it facilitates browsing among the references 
between selected years. An add option within the program
enables one to update the database with new references. An
edit option enables the deletion of unwanted references, and 
corrections to references existing in the database. The 
database includes approximately 500 references on mill
tailings topics. The database is capable of storing up to
10,000 references.
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12.2 Getting Started

Before searching for literature references using WASTE, 
it is necessary to be familiar with certain hardware and 
software requirements. This program runs on any IBM 
compatible computer. The code was written in dBase IV 
version 1.1, and compiled using Arago Quicksilver version 
2.5. The program is formatted to be used in a single user 
environment. The program WASTE, because of the size of the 
executable file, is designed to be run from the computer's 
hard-drive.

12.2.1 Installation

Three disks contain the files needed to run WASTE. 
These disks are located in the thesis pocket. From the C:> 
prompt in DOS, create a directory using the MKDIR ^directory 
name> command. Enter this new directory by typing CD 
<directory name>. Copy the contents of all three disks into 
the new directory. From disk 1, copy the files WASTE. EXE, 
VALIDITY.MEM, LIBRARYT.DBF, and LIBRARYT.DBT into the new 
directory. LIBRARY3.MDX and LIBRARY3.DBF are contained on 
disk 2, while LIBRARY3. DBT is contained on disk 3. These 
three files should also be copied into the new directory. 
The Following files are needed to run the program:

WASTE.EXE The compiled executable file.

LIBRARY3.DBF The database file containing all
references.
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LIBRARY3.DBT The file containing the synopsis of all
references.

LIBRARY3.MDX Multiple index file for library3.dbf and
used to search for references.

LIBRARY3.DBF A temporary file used to store newly
added records.

LIBRARY3.DBT The temporary file used to store the 
synopsis of new records.

VALIDITY.MEM This file stores the password necessary 
to add, edit, or delete records.

It is important to always keep a floppy disk with 
backup copies of the files. When running the program for 
the first time, WASTE creates its own multiple index file 
(Library3.wdx) plus an index file for each index in 
Library3.wdx (Library3.wOO, Library3.W01, etc.). Therefore, 
always make a backup of these files as well.

12.3 Running the Program

To start the program, make sure your in the directory 
created for the WASTE files, and from the DOS C : > prompt 
type the command WASTE and press <enter>. Select the 
desired operation by highlighting one of the menu options by 
using the arrow keys on the keyboard: ADD; EDIT ; SEARCH;
and QUIT, at the top of the screen. Then press <enter>.

Menu selections are controlled through the use of pop
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up windows. Very few applications require the user to input 
any data.

Each pop-up menu has a return option that brings back 
the previous menu of the program. A brief explanation of 
what each menu item does is provided below.

ADD Allows new records to be added to
the database.

EDIT Allows editing or deleting existing records

SEARCH Allows searching for references in the
database. All records can be searched, or 
the search can be limited to articles, books, 
proceedings, or Government Documents.

QUIT Exits the Program.

Before the program is made available for searching, a 
password should be designated to protect the ADD and EDIT 
modes of the program. The ADD and EDIT modes modify the 
database files and the index files; and the data therein 
maybe corrupted if these operations are conducted by someone 
unfamiliar with how references are added and edited. The 
search for references with WASTE does not require a 
password.

12.4 Setting up a password

Highlight the menu option ADD or EDIT and press 
<enter>. The computer will ask for a password. Type



ER-4609 322

NWPSSWRD for a new password, and press <enter>. The 
computer then asks the user for the old password. Type 
WASTE <enter> (the program uses the password WASTE until a 
new password is entered) . The computer then asks for the 
new password. A minimum of three and a maximum of eight 
alphabetical characters will be accepted. A coded version 
of the password is saved in the file VALIDITY .MEM. Each 
time the EDIT or ADD modes of the program are used, the user 
will be required to enter the password.

12.5 The Add Mode

The ADD mode allows the database to be updated with new 
references. After the password is entered, the data entry 
screen is accessed. To save a new record in the database, 
the entry screen will require data in the following fields : 
(1) the date field, (2) the title field, and (3) the type 
field. If data is not included in any one of these fields, 
the entry will not be added to the database. WARNING! 
While in the data entry screen, do not press the escape key 
or reboot the computer. Doing so may corrupt the database. 
To exit the ADD mode, simply enter a blank record. The 
computer will ask if you want these records included in the 
database. Enter <Y> for yes and <N> for no.

The following rules should be applied for each data 
entry field:

ID NUMBER
Do Not Change the ID Number. This number is unique for 

each record and is assigned automatically by the program.
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First Author/Editor
This data is not required; however, in order to perform 

a name search it should be included. Enter the author's 
last name followed by given name and initials. A maximum 
length of 60 characters is accepted. Enter only one author 
for each field. Use only alphabetical characters, and do 
not include dots (.) or commas (,) after or between names.

Second Author/Editor
The same rules apply as for the first author field.

Third Author/Editor
The same rules apply as for the first author field.

TITLE
Data is required. Avoid using hyphens (-). If hyphens 

are used, the reference may not be found in a key word 
search. A maximum title length of 14 6 characters is 
allowed.

DATE (mm/dd/yy)
Data is required. Enter the publication date.

TYPE
Data is required. This entry field determines whether 

the reference should be included among articles, books, 
proceedings, or government documents. Enter "a" for 
article, "b" for book, "p" for proceeding, and "g" for 
government document (without the quotes).

INI
For an article, enter the journals name followed by:
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volume number; number; month; and year published; and page 
numbers. For example : Mine and Quarry, v 5 no 72 April 1982 
p 68-72. When browsing among the references, only the first 
60 characters are displayed under JOURNAL. For all other 
types (books, proceedings, and government documents) , the 
INI field is only displayed while viewing full records. INI 
should contain extra information about the publication; 
(e.g., additional authors (if more than three), publisher, 
ISBN/ISSN Number, Library of Congress Catalog Card Number, 
if bibliographical references are included or not, etc. A 
maximum length of 254 characters is allowed.

IN2
The IN2 field is only displayed when viewing the whole 

record. This field should contain additional publication 
information not able to fit into INI.

SUMMARY
The memo field contains the summary/synopsis of the 

publication. This can be the author abstract, author 
preface, introduction, or a summary written by the person 
entering the data.

To open the editing window, place the courser at the 
memo marker and press <Ctrl Home>. Type the summary of the 
record and save it. Exit by pressing <Ctrl End>.

KEYWORD#
Keywords are necessary for performing a word search. 

This program contains six keyword fields, each having a 
maximum of 60 characters. Each keyword field is independent 
of the others. The program searches for the keywords one 
field at a time.
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For example, assume there was a conference about mill 
tailings in California that, among other things, covered a 
topic on earthquake loading of tailings dams. Further 
assume that the first keyword field has the following 
keywords : mill tailings conferences California, and that the 
second keyword field has the following keywords: earthquake 
loading tailings dams. If a search is made using the 
keywords : mill tailings California, this record will be
found. However, if a search is made with the keywords: 
earthquake loading conference, or tailings dams California, 
the record will not be found. It is, therefore, very 
important to think through each keyword field. Note that 
the word search will also search the title field as an 
independent keyword field. Spaces should be used to 
separate keywords. Do not include dots (.) or commas (,) 
after or between the keywords.

12 .6 The Edit Mode

The EDIT mode of the program allows the database 
records to be changed or deleted. After the password has 
been entered, enter the 14 digit ID number of the record to 
be edited. This number can be seen when displaying the full 
record in the search mode of the program. The guidelines 
and rules explaining how data should be entered in EDIT mode 
are the same as described in section 12.5 for the ADD mode.

If the DELETE option is selected, the program will ask 
for the ID number and that record will be displayed. The 
program will ask "Delete this Record? (Y/N)". Enter <Y>, if 
the record is to be deleted, if not, enter <N>. A maximum 
of 20 records can be deleted each time. To discontinue the
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DELETE process, press the enter key when asked for the ID 
number. The program will then ask "Permanently remove the 
records marked for deletion? (Y/N)”. If the answer is <Y>, 
all records marked for deletion will be deleted from the 

database. If the answer is <N>, there will be an 
opportunity to recall the records one by one. The program 
will ask "Recall which record number:". Enter there record 
number of references to be recalled to the database.

12.7 The Search Mode

The user can search for references within all the 
records in the database, or limit the search to articles, 
books, proceedings, or government documents. Limiting the 
search will increase the speed of a name of word search.

After selecting the location to make the search (the 
whole database, articles, books, proceedings, or government 
documents) , it is necessary to select the type of search 
desired. Three types of searches are available : (1) a name
search, (2) a word search, and (3) browse. Each of the 
search alternatives are explained below:

12.7.1 Name Search

This option is used to search for an author/editor 
name. It is only possible to search for one author/editor 
at a time. Enter the name (last name and given names or 
initials) of one author or editor.

If the program finds, for example, five references by 
this author/editor, the following message will be displayed: 
"5 references with author :" <name> (where <name> is the
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name used in the search) . A menu pops up that enables the 
user to display the references found or return to the 
previous menu.

If the display option is selected, all the references 
found, up to a maximum of 1000, will be displayed, page-by- 
page. At the bottom of each page the user will be given the 
following options: to quit; to continue the display; to
display the previous page; or to display a specific full 
record. Enter: <Q> to quit; <P> to display the previous
page; <ENTER> to continue the display; and <record number> 
to display the full record. In most cases, the full record 
also contains a summary of the of the reference.

12.7.2 Word Search

This option enables the user to search keywords. After 
selecting this option, the user is asked to enter keywords 
for which to search. Enter the keywords in priority order, 
with the most important first. Spaces should be used to 
separate keywords. Do not include dots (.) or commas (,) 
after or between keywords.

If the program finds any references, the following will 
be displayed: "# of references with keywords:" <keywords>.
A menu pops up that allows the user to display the 
references found.

If the display option is selected, all the references 
found will be displayed page-by-page.

If the program does not find any references with the 
keywords entered, it will eliminate the last keyword and 
look for the others. For example, assume that the following 
keywords were entered: tailings dam design drains. If the
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program does not find any references with all four keywords, 
it will eliminate the last one and look for tailings dam 
design. If no references are found with this set of
keywords, it will look for tailings dam. Assume that five
references with this set of keywords is found. The 
following will be displayed: "No references with keywords :
tailings dam design drains. 5 references with keywords :
tailings dam. The user will once again have the option of
displaying the references found, or to return for a new 
search.

At the bottom of each page, the user is given the 
following options : to quit; to continue the display; to
display the previous page; or to display a specific full 
record. Enter: <Q> to quit; <P> to display the previous
page; <ENTER> to continue the display; and <record number> 
to display the full record.

12.7.3 Browse

This option allows the user to browse in the entire 
database between selected years. When this option is 
selected, the user is asked to enter the years between which 
to browse. Enter years between 1970 and 1999.

All the references found, up to a maximum of 1000, will 
be displayed, page-by-page. At the bottom of each page, the 
user is given the following options : to quit; to continue
the display; to display the previous page; or to display a 
specific full record. Enter : <Q> to quit; <P> to display
the previous page; <ENTER> to continue the display; and 
<record number> to display the full record.
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