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Long Term Stability and Deformation
of Tailings Piles and Dykes

by D.G. Fredlund and H. Mittal
INTRODUCTION

The mining of potash ore for fertilizer involves the removal of
many tonnes of ore each year with the associated generation of almost
an equal amount of waste. Underground mining commenced in the early
1960s in Saskatchewan. During the early stages of the mining
operation, detailed attention was not given by way of engineering
studies, into the long term handling of the waste products from the
mining operation. This is a common procedure for most mining
operations. Tailings were piled on the ground surface with an attempt
to collect and control the movement of brine from the pile.

The tailings piles are built using a spigotting technique. The
waste products are delivered to the pile in the form of a slurry. The
coarse fraction is deposited near the exit of the spigot while the
finer fraction settles out as the slurry proceeds down the gradual
slope (i.e., a few degrees) to the brine pond. The spigot can be
moved around the discharge area, and low tailings dykes are built with
a crawler and a dozer so as to confine the discharge to cells. Using
this technique or some variation thereof, the tailings piles can
readily be built to heights exceeding 50 m. Figure 1 shows the
cross-section of a typical tailings pile. The steep portion of the
pile is generally about 37 degrees to the horizontal. The entire
tailings area is generally contained within an earthfill dyke.

Figure 2 shows a typical areal layout of a waste containment

site, this one being the PCS site at Lanigan. Also shown are the
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Figure 1 Typical Cross-section of Tailings Pile
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locations of instrumentation installed to study the deformation and
stability of the tailings pile. About 20 million tonnes of tailings
have been deposited in this 270 hectare tailings containment facility
between commencement of operations in 1967 until 1983. Current annual
tailings production is about 2.5 million tonnes.

Figure 3 shows a typical stratigraphic sequence at the PCS site
at Lanigan. The surficial stratified drift is relatively thin, being
underlain by substantial thicknesses of till. The stratigraphy varies
significantly from one site to another in Saskatchewan and is vitally
important to the functioning of the waste containment area.

Figure 4 is a map showing the potash beds and mines in
Saskatchewan. Presently the potash industry in Saskatchewan produces
about 14 million tonnes of RCl product per year along with 28 million
tonnes of salt tailings per year and 11 million cubic metres of brine.
The tailings represent about 103 percent of the mined volume. The
tailings not only cover a substantial area but represent a significant
challenge, as long term operation and closure of the mines are
considered.

At present, the tailings piles are generally in the order of 50 m
in height but may someday exceed 100 m in height. The need for
careful design and analysis becomes critical as the piles exceed about
50 m in height. In addition, there is need to perceive problems in
advance of their occurrence and be able to analytically model
situations relevant to long term behavior and closure of the piles.
Obviously, an important aspect of such analyses includes an
understanding of the physical and mechanical behavior of the tailings.

The long term behavior of the containment dykes is also of



GUERNSEY

SURFICIAL STRATIFIED DRIFT
TILL
25 -
50 -
INTER-TILL AQUIFER
N
j
o
l_
L
=
P 75 -
T
l_
o
w
=)
TILL

100 -

125 -

150 - HATFIELD VALLEY AQUIFER

END OF TEST HOLE
175 - LEA PARK FORMATION

Figure 3 Typical Stratigraphic Sequence at Lanigan Mine Site:
Borehole log from near the PCS Lanigan Site (Stratigraphy
below end of test hole inferred from Christiansen, 1970)



no*

53}

>

.
YORKTON
3
V//;/ PCS
IMCC-KIi4¢ ROCANVILLE
IMCC-K2 %

7

VILLE -~

A\

N\

\

\ Y
D
[«]
o
>
-4

o ___ 1]

‘-\

MONTANA NORTH
| DAKOTA

SCALE

o 80 100 180 . 200 KILOMETERS

Figure 4 Map of Province showing Potash Bed and Mines. (After
Dunn, 1976 and Fuzesy, 1982)



concern since the brine may change the properties of the soil with
time, thus affecting the stability of the dykes. While the stability
of the dykes are of concern, the emphasis in this presentation will be
on the long term behavior of the tailings piles.

This presentation will outline some of the accomplishments
to-date in the study of the tailings piles. This will include a brief
outline of the history of investigations, a summary of relevant soil
properties which have been studied along with application to questions
that must be addressed relative to long term stability of the tailings
piles. Several scenarios will be presented which will make clear the
types of studies which should be conducted in the near future. Many
questions can still be asked regarding the long term and closure, and

these should be the focus of research studies.

HISTORY

Within approximately one decade of the commencement of potash
mining in Saskatchewan, there arose concern about the stability of the
tailings piles. The questions were not regarding the steepness of the
piles (which was always about 37 degrees) but rather about the height”
to which the piles could be built. Failure of a tailings pile may
result in the release of brine to the surface of the surrounding
agricultural land or more rapid movement of brine into the soils below
the tailings pile.

Little was known about the engineering behavior of the tailings
and this necessitated laboratory studies on their strength properties.
Early attempts at studying these properties revealed the difficulties

associated with obtaining representative, undisturbed field samples.



Secondly, the laboratory testing of tailings samples proved to be more
difficult than anticipated. To-date, there has been a gradual
accumulation of experience which has led to acceptable procedures for
performing field investigations, obtaining undisturbed samples and
performing laboratory tests. This has been accomplished both through
studies performed by consultants as well as research studies
supervised at the University of Saskatchewan.

Probably the earliest assignment directed at concerns of tailings
piles stability was undertaken by B.B. Torchinsky and Associates in
1968. The investigation was undertaken with respect to the tailings
pile at Kalium Chemicals at Belle Plaine, Saskatchewan. The study
involved a rudimentary bearing capacity analysis of a potential
failure through the foundation soils.

In 1977, Golder Associates undertook a study of the tailings pile
stability at the PCS mine site at Cory. BBT Geotechnical Consultants
investigated tailings pile stability at Rocanville in 1981. 1In the
same year, Golder Associates studied the tailings pile stability at
the Patience Lake mine site. The above studies revealed the
difficulties associated with retrieving undisturbed samples for
laboratory testing. 1In some cases it was not possible to retrieve any
samples of the tailings using conventional subsurface investigation
procedures. Generally, the analyses considered a bearing capacity
type analysis applied to the underlying soils, while attributing
little or no strength to the tailings. Recommendations generally
concluded the tailings piles up to about 42 m should have a factor of
safety in excess of about 1.2. |

In 1980, the Geotechnical Group at the University of Saskatchewan



became involved in the study of the engineering properties of
tailings. The studies were funded by PCS and conducted under the
supervision of Professor D.E. Pufahl. Most of the tailings tested
were reconstituted and the emphasis was on laboratory testing
procedures. The results showed typical ranges for deformation and
shear strength properties of tailings.

In 1982, a combined study conducted by Golder Associates and the
Geotechnical Group at the University of Saskatchewan, directed
attention to the insitu investigation of the tailings. Various
subsurface procedures, including geophysical techniques and drilling
with brine and diesel fuel, were studied. As well, undisturbed
specimens were cut from the walls of large diameter boreholes using a
chain saw. A summary of the findings was presented in 1983 (Goodall
et al, 1983).

In 1986, a study on analytical proéedures for analyzing tailings
pile stability was completed by the Geotechnical Group at the
University of Saskatchewan and funded by PCS (Chiu and Fredlund,
1986). The study showed the various modes of failure that should be
addressed in a stability study of a tailings pile. The report
illustrates how limit equilibrium methods of slices can be applied to
these situations.

The above summary may not list all the studies that have been
completed relevant to the stability of tailings piles. However, these
studies help show the great strides which have been made over a period
of only one decade. All aspects of these studies have proven to
require extensions to conventional subsurface exploration techniques,

laboratory testing procedures and soil mechanics analyses.



While great strides have been made, it is now necessary to
address the problems associated with, i) greatly increases heights of
tailings piles under long term operation of the mines and ii) long

term stability conditions associated with closure.

FUNDAMENTAL SOIL PROPERTIES OF RELEVANCE

Studies on the long term behavior of tailings piles primarily
involve an understanding of two properties; namely, the shear strength
parameters for the tailings and the deformation characteristics of the
tailings. The deformation characteristics involve both short term
deformation as well as long term creep behavior. The soils underlying
the tailings piles can, to a large extent, be studied using
conventional soils mechanics procedures. The one exception with
respect to the foundation soils relates to the physico-chemical
changes which may occur over periods of time. While this is of

importance it will not be addressed in this presentation.

General Soil Properties

Before discussing the strength and deformation properties, let us
consider some typical «classification, identification, and other
properties of the tailings. The specific gravity (relative density)
of the individual particles generally ranges from 2.10 to 2.19. The
insitu density near the surface of a pile is typically about
1.50 Mg/m3 and may increase to 1.95 Mg/’m3 near the base of a pile
(Pufahl, 1983).

Dry sieving of the salt particles shows the material to be

classified as a fine gravel to a coarse sand (Figure 5). The
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Figure 5 Gradation of Potash Tailings from the PCS Site at Lanigan
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insolubles contain silt and clay size particles which can be of medium
to high plasticity.

Insitu infiltration studies have been performed using brine as
the infiltration fluid (Wong and Barbour, 1985). The results indicate
saturated permeabilities in the range of 1.5 x 1073 m/s to 4.0 x
10_5 m/s. The range in permeability in this study was related to

anisotropy in the tailings pile.

Shear Strength Parameters

The strength characteristics under short term loading has been
evaluated using both direct shear and triaxial compression tests.
Figure 6 shows the results of direct shear tests on tailings from the
PCS site at Lanigan. The best-fit angle of friction is 56°. Figure 7
shows the results of triaxial tests on a similar material. The
friction angle is higher in the lower stress range and the best-fit
angle for the entire stress range is 49°. Both tests exhibit a large
angle of shearing resistance (i.e., greater than 45°). This infers a
shearing resistance greater than the normal stress applied to the
specimen. Such behavior is characteristic of extremely dense,
anqular, granular soils, where the component of strength caused by
interlocking and crushing is substantial.

The implications of angles of friction greater than 45° must be
carefully considered with respect to the stability of the tailings
piles. Angles greater than 45 degrees imply that the higher the pile,
the greater may be the stability of the tailings pile. The shear

strength of a granular material, T, can be written as,

12
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T = g, tan ¢’ (1]
where:
o, = normal stress
¢’ = effective angle of internal friction

Values of ¢’ greater than 45° give rise to a value of (tan ¢’)
greater than 1.0 and subsequently an increase in strength more
substantial than the increase in normal stress. From an engineering
standpoint it could be questioned whether friction angles greater than
45° can ever be justified in an analysis of stability. To-date,
friction angles used in practice have varied over a wide range.

Drained triaxial tests also give an indication of the deformation
modulus and Poisson’s ratio of the tailings. Figure 8 shows a typical
shear stress versus strain plot. The stiffness of the tailings have
been found to be strongly dependent upon their initial density and
their confining pressure. This is typical of granular type behavior.
In addition, significant cementation occurs between the salt particles
which further contributes to the rigidity of the material, especially
at low strains. The specimens also show a dilatant behavior when
being sheared.

Figure 9 shows a typical multi-stage direct shear test on
tailings. The results indicate that there is a peak strength under
low strains which is about 20% higher than the ultimate (or residual)
strength value.

Direct shear tests have also been performed on the insolubles
(silts and clays) and these reveal shear strength parameters

substantially lower than those of the tailings. Figure 10 shows test
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results on the insolubles from the Cory mine site. The peak friction
angle is 30° and the ultimate friction angle is 23°. Zones high in
segregation insolubles can thus result in reduced shear strengths and

an effect on the stability of a tailings pile.

Deformation Characteristics

In determining the stress versus deformation characteristics of
tailings, it is important to be aware that the tailings undergo
substantial creep under sustained loads. Therefore, the rate of
loading has important implications in establishing the deformation
modulus. Much of the research at the University of Saskatchewan has
involved specimens being brought to failure over a period of 6 to

8 hours representing a strain rate of approximately 1.3 x 10_2

% per
minute. Values of typical deformation moduli and Poisson’s ratio are
tabulated in Table 1. The low values for Poisson’s ratio are typical

for short term elastic loading conditions.

Table 1

Tailings Properties from Laboratory Triaxial Tests

. Deformation

Sample Den51§y Modulus Poisson’s
Number Mg/m MPa Ratio
R-3 1.50 115 0.46
R-13 1.60 635 0.33
R-14 1.54 575 0.25
R-15 1.57 705 0.26
R-16 1.55 588 0.39
Average 1.55 524 0.34
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Insitu measurements of deformation were made on the tailings pile
at the Lanigan site in 1982 (See Figure 2). The measurements were
made using slope inclinometers installed near the edge of the pile
extending well below the base of the pile. Figure 11 shows the
profile of the deflectors perpendicular to the strike of the slope.
These deflections occurred over a period of about one year (Pufahl and
Fredlund, 1988). The contours of maximum deflection occur at a depth
of approximately 3 m to 8 m, decreasing to the lesser value with
increasing time. The maximum deformation measured over the first year
was about 130 mm.

The numerical analysis (i.e., two-dimensional linear elastic,
plane strain finite element analysis) was used to model the lateral
deformations measured by the slope inclinometers. It is recognized
that the tailings creep under sustained stress. Figure 12 shows a
typical plot of creep under a constant deviator stress. The input to
the numerical analysis (i.e., density, deformation modulus, and
Poisson’s ratio) was varied to produce a best-fit analysis
(Figure 13). The required parameters were a deformation modulus
ranging from 3 MPa to 6 MPa and a Poisson’s ratio of 0.4. 1In other
words, the insitu deformation modulus was about two orders of
magnitude less than the laboratory measured values. This infers that
field deformations could be substantially higher than those predicted
from laboratory tests. The main difference is due to creep. The
creep was a maximum near the surface of the pile. The studies also

showed the movements to be a function of temperature.
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CLOSURE SCENARIOS AND RELEVANT QUESTIONS REQUIRING STUDY

There are many questions which arise when giving consideration to
the long term behavior and closure of the tailings piles. Only a few
scenarios will be described here in order to provide an indication of

the type of questions which should be addressed.

1. Deformation Situations

Our understanding of the creep and deformation properties of
tailings are of interest with respect to long term behavior and
closure on the tailings piles. The surface of the pile may be subject
to movement over substantial periods of time and be a function of the
climatic environment.

whether or not there is damage (such as cracking) to a cover
place over a tailings pile will depend on the creep deformations and
the rigidity of the materials used in the cover.

Various materials could be studied as potential covers, and in
each case, the analysis becomes a soil-structure interaction type of
analysis. It would appear that full-scale field studies would be
necessary in order to substantiate laboratory and analytical studies.

This is mainly due to the complex creep behavior of the tailings.

2. Long Term Stability of the Tailings Pile with no Change in

Properties or Geometry

The long term stability analysis of high piles (e.g., 100 m)
still requires further study. Many questions have been answered
regarding how to perform the stability analyses but other questions

still remain unanswered.
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For example, there is no assurance regarding the mode of failure
which is most likely to occur. The studies by Chiu and Fredlund
(1986) indicated several potential modes of failure (Figure 14). The
first three modes primarily involve failure through the tailings.
However, Mode 2 could either involve tailings or foundation soil along
the composite portion of the slip surface. Mode 3 reflects one type
of solutioning; namely, the dissolving of tailings from under the edge
of the pile.

A range of soil and tailings shear strength parameters were
assumed in the above study for calculating the factor of safety.

Mode 1: Figure 15 shows a plot of factor of safety versus the
height of pile for the case where the failure surface is circular,
through the tailings. The results would indicate that this type of
failure is essentially impossible due to the strength of the tailings.

Mode 2: Figure 16 shows the effect of the failure surfaces being
composite, through the tailings. Once again, it is essentially
impossible to fail the tailings pile. Failure surfaces with the
composite portion in the foundation soils could be reduced
considerably depending upon the shear strength of the foundation
soils.

Mode 3: The effect of solutioning is presented later.

Mode 4: Figure 17 shows the variation in factor of safety with
respect to a failure surface through the foundation soils. Two
situations are studied; which are, the case of no pore-water pressures
in the soil and the case of pore-water pressures at the surrounding
ground surface. Once again, the factors of safety appear to be well

in excess of 1.0.
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Figure 18 further considers a failure surface through the
foundation soils but with increased pore-water pressures. The results
indicate that pore-water pressure has a dramatic effect upon the
factor of safety. For a tailings pile of 40 m, a pore-water pressure
equivalent to one-half the height of the pile could precipitate
instability. These results isolate pore-water pressure as a
significant variable in assessing stability of tailings piles.

The effect of seismic activity was also studied by Chiu and
Fredlund (1986) and shown to be a significant variable affecting
overall stability. In other words, a small seismic activity
substantially reduced the overall factor of safety.

Comparison of Modes of Failure Figure 19 shows a comparison of

the modes of failure for a pile 100 m in height with the pore-water
pressures decreasing to zero at the toe of the pile. First, the
height of the pile does not appear to be significant since the failure
surfaces appears to congregate at the toe of the pile. The same
analysis was repeated using slightly higher pore-water pressures at
the toe of the pile (Figure 20). The factor of safety results changes
significantly. The effect of pore-water pressures at the toe of the
slope are very significant. This is a real possibility in practice
and is a condition worthy of further study, both analytically and in
the field.

3. Effect of Solutioning on Tailings Pile Stability

There is the possibility of solutioning of the tailings, both
within the pile and around the edge of the pile. The former case

(i.e., solutioning within the pile) has not been studied to-date but
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should be given consideration with respect to long term stability and
closure. Let us assume that over a period of time the pile becomes
honey-combed or karst in nature as shown in Figure 21. Many questions
of relevance could be asked. For example, "How can the solutioning be
taken into account analytically?" Or, "How can the solutioning be
mapped and quantified insitu?" Or, "what type of subsurface
exploration program can be carried out?” Even the possibility of
solutioning of the pile with time is not a process which is
understood. Much research could still be done on this subject.

The effect of solutioning around the edge of a tailings pile was
studied by Chiu and Fredlund, 1986 (Figure 22). The factor of safety
of the slope was shown to tend towards a vertical section of the pile
breaking off at the end of the crack. Access of fresh water around
the tailings has shown that this mode to be a distinct possibility.
Figure 23 shows the reduction in factor of safety caused by edge
cracks on the pile. The reduction in factor of safety is significant;
however, such failures may produce more of a maintenance problem than

a catastrophic type of failure.

4. Long Term Stability of the Dykes

Dykes around the waste containment area are generally subjected
to high concentration of brine solutions. The brine is high in the
sodium cation, Na+, while the parent soil generally contains the
calcium ion, ca**. As the transfer of ions occurs, the properties of
the soil change. For example, the shear strength properties of the
sodium soil will generally be lower than those of the calcium soil.

The permeability properties of the two soils also will differ.
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