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ABSTRACT 

Less water and steeper beach slopes in tailings impoundments are two major advantages behind 
the decision of applying paste and thickened tailings technologies. The potential need for 
embankments with less height supporting the tailings impoundment is an example for using 
thickening systems. The use of this technology in cold regions with its benefits and shortcomings is 
not yet fully investigated. Here the impacts on the surrounding embankments are of major interests 
due to its dam safety aspect. Repeated cycles of freeze/thaw are likely to change some key 
geotechnical properties of tailings and may result in instability upon thawing due to the 
development of high pore water pressures. Freezing and thawing can have significant effect on the 
stability of slopes in general. If the maximum slope angle that can prevail after thaw is smaller than 
that at deposition of tailings there is a risk of sliding and mass movements in the impoundment. 
Volumes of tailings can thus flow towards the perimeter embankments and thus endanger the 
overall dam safety.  

This paper presents a case study where thickened tailings technology has been adopted at a facility 
in Sweden, north of the Arctic Circle, where major seasonal freezing and thawing is present (close 
to permafrost conditions). By taking climatic conditions into consideration, frost and thaw depths 
were calculated for the tailings. Thaw-consolidation theories were applied for the estimation of 
generated excess pore water pressure during thaw. 

A stability analysis for an infinite slope was performed, having the generated excess pore water 
pressure and thaw depth included. The maximum theoretical slope angles that can prevail during 
thaw were calculated. It was shown that the coefficient of consolidation has the highest impact on 
the stability (assuming constant values of strength parameters). Low values of consolidation 
coefficient result in low maximum slope angles.  
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INTRODUCTION 

There is a growing interest for paste and thickened tailings in the mining industry. In general, 
thickened tailings deposition leads to a dryer and less segregated material compared to 
conventional (unthickened) tailings deposition. This implies steeper slopes and tailings with lower 
water contents. Such benefits can lead to low perimeter embankments that economically speaks for 
adopting thickening technologies. 

Even though a thickened tailings system may have many advantages compared to conventional 
systems, its merits should be compared and evaluated before choosing one or another technology 
(Blight, 2003). One issue that is not yet fully investigated is tailings behaviour in cold climatic 
conditions. To some extent this has been highlighted in studies by Caldwell & Van Zyl (2011) and 
Alakangas, Dagli & Knutsson (2013). 

Many different studies have been performed regarding freezing and thawing of (unthickened) 
tailings and fine grained soils. Dewatering (Stahl & Sego, 1995), permeability change (Viklander, 
1998), improved consolidation (Proskin, Sego, & Alostaz, 2010) and increased strength (Beier & 
Sego, 2009; Qi, Ma, & Song, 2008) are examples of what freeze-thaw cycles can result in. In order to 
get these improvements, all frozen material needs to be thawed and corresponding excess water 
that might be generated should be drained away.  

For frozen soil, stability problem is generally not an issue due to the high strength of ice. During 
thaw, excess water might be generated with corresponding decrease of effective stresses and the 
strength in the soil. For flat ground surfaces with no applied load, the generation of excess pore 
water pressure does not imply stability issues. If the ground surface is inclined, the risk of planar 
sliding in the thawed part along the frozen interface is increased. Examples of studies where 
stability due to thawing (active layers in permafrost) is considered are presented by McRoberts & 
Morgenstern (1974), Vallejo (1980) and Harriz & Lewkowicz (2000).  

Steeper slopes obviously result in lower safety against failure. Failure of this type would imply a 
major risk of sliding volumes in the impoundment. These volumes of tailings might flow to the 
perimeter embankments and reducing both overall slope and dam safety (by decreased freeboard 
or overtopping). 

This paper presents a case study where thickened tailings technology has been adopted at a facility 
in northern Sweden. A stability analysis due to thawing of an infinite slope in the impoundment is 
presented and discussed.  

SVAPPAVAARA TAILINGS FACILITY 

Svappavaara mine, managed by LKAB, is an open pit iron mine located in northern Sweden 
(approx. 120 km north of the Arctic Circle), see Figure 1 (LKAB, 2016). To the extraction plant in 
Svappavaara, ore is brought from both the open pit and from the LKAB Kiruna mine. Tailings from 
the extraction plant are deposited and managed in the Svappavaara tailings facility. The tailings 
impoundment covers an area of approx. 1.7 km2, where about 0.7 Mtonnes of tailings per year is 
discharged (Wennberg, Sellgren & Goldkuhl, 2008). 

In 2012 LKAB adopted a thickening technology for the tailings management in Svappavaara. Before 
the installation, tailings were deposited as conventional unthickened slurry in the impoundment 
confined by embankment dams. The project is now entering a phase where the perimeter 
embankments are to be raised. New crest levels for these embankments should be set in order to 
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manage tailings deposition for a number of years ahead, taking expected tailings production, beach 
slopes, densities, storm events etc. into consideration. Due to climatic conditions, one aspect that 
needs to be considered is impoundment stability due to thaw.  

The tailings in Svappavaara are classified as clayey silt to silty sand. The different grain sizes is due 
to former sorting (in the impoundment) from previous tailings deposition. The thickened material 
has bulk- and dry densities of 2.21 and 1.80 t/m3 respectively. The void ratio was in the range of 0.6-
0.7. For the unthickened material the corresponding densities were 1.96 and 1.50 t/m3 respectively, 
with void ratio in the range of 0.99-1.12. The average particle density was 3.05 t/m3.  

 

 
Figure 1. Scandinavian Peninsula with location of Svappavaara tailings facility 

Frost and thaw depth calculations 

In this study, daily mean temperatures from a nearly located weather station have been used. The 
data cover air temperatures for the time 1961-2015 (SMHI, 2015). The data was used to determine 
freezing and thawing indexes over the years. A high freezing index represents a cold winter and a 
high thawing index represents a warm summer, see Andersland & Ladanyi (2003).   

Since air temperatures and ground surface temperatures differ due to factors as net radiation, wind, 
vegetation, snow cover etc., an empirical n-factor has been used to convert air indexes into ground 
surface indexes. The tailings surface was assumed to be represented by sand, with n-factors 0.9 for 
freezing and 2.0 for thawing (Andersland & Ladanyi, 2003). By extreme value statistics, here 
represented by Gumbel distributions, freezing and thawing indexes were calculated for certain 
return periods (probability of occurrence). Results are presented in Figure 2, where the blue line 
represents ground surface freezing index and the red line represents ground surface thawing index. 
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Figure 2. Cumulative distribution curve (Gumbel) for ground surface indexes 

For frost and thaw depth calculations, the Neumann solution was used (Lunardini, 1980). This is an 
analytic solution for heat conduction problems taking phase change into consideration. The 
solution is valid for homogeneous medium with a step change in surface temperature starting from 
an initial temperature. The method neglects the impact of added water on the frost depth. 

The key thermal properties needed for the Neumann solution are thermal conductivity, heat 
capacity and latent heat in the soil. These properties for Svappavaara tailings have been calculated 
by using empirical equations available in literature (Andersland & Ladanyi, 2003) based upon bulk 
density, water content and grain density. 

Frost depth and thaw depth calculations were performed for return periods of 1, 10, 100 and 1000 
years. Results for a “normal”-winter and “normal”-summer (return period of two years) are 
presented in Figure 3. In the beginning of the winter and summer respectively, the frost and thaw 
penetration rate is high, but slow down with time as it is a function of square root of time. In Figure 
3, results are presented for different water contents in the tailings. It is shown that low water 
contents result in larger frost and thaw depths than high water contents. The water content, 
corresponding to the water content in the soil before freezing, has a large impact on the thermal 
properties. Therefore the frost and thaw penetration will be deeper in dewatered, or thickened 
tailings compared to that in unthickened tailings.  

Maximum frost and maximum thaw depths that prevail at the end of winter and summer 
respectively are presented in Figure 4.  High-value return periods obviously result in deeper frost 
and thaw depths, and less water implies deeper frost and thaw depths. It is also clear from Figure 4 
that the water content, under these circumstances, have higher impact on the thaw depth than on 
the frost depth (slope of the lines). Thaw depths for w=5% are approximately 30% deeper than for 
w=25%, but for frost depths the difference is (approx.) 4%. 
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Figure 3. Calculated frost and thaw depths for a “normal” winter and summer respectively 

 
Figure 4. Maximum frost (blue) and thaw (red) depths 

Excess pore water pressure due to thawing 

During the freezing process (downward penetration of the frost front) in fine grained soil, bands of 
soil and segregated ice are generally formed (Andersland & Ladanyi, 2003). At the frost line, water 
from the unfrozen zone is transported upwards and generating ice lenses. The transport of water is 
driven by suction in the so called “frozen fringe” just below the ice lens. Here both ice and unfrozen 
water exist in the soil pores. The amount of unfrozen water is a function of the sub-zero 
temperatures. The suction depends mainly on temperature gradient in the fringe, capillarity and 
hydraulic conductivity. With high penetration rate of the frost front, the ice lenses created are thin. 
On the other hand for slow freezing, more water can be drawn to the frost front by suction and 
thicker ice lenses are created.  
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During the process of ice segregation, the suction in the frozen fringe leads to local soil 
consolidation. This is one of the reasons behind improved consolidation in soils after (complete) 
freeze-thaw cycles described in literature, e.g. (Chamberlain & Gow, 1979; Proskin, Sego & Alostaz 
2010). As the consolidation is not a reversible process, water being formed from melting ice cannot 
always be absorbed by the soil skeleton. The excess water that is generated at thaw needs to be 
drained. If not it will lead to generation of excess pore water pressure. If thaw rate is low, the 
generated water can be drained away at the same rate as water is formed by melting ice and thus 
no excess pore water pressure is generated. If thaw rate is high, the drainage capacity might be too 
low (more excess water is generated than can be drained) and excess pore water pressure is 
generated. With time, the excess pore water pressure dissipates and the degree of consolidation 
increases. 

For this study, the generation of excess pore water pressure is of interest since this has an impact on 
soil strength and correspondingly the impoundment stability. Since frozen soil does not transmit 
pore pressures or has any significant deformation, the thaw line forms the lower boundary of the 
consolidation problem (Morgenstern & Nixon, 1971). As the thaw line penetrates the soil mass with 
time (Figure 3), the consolidation in the thawed soil is governed by a moving boundary condition 
with maximum excess pore water pressure at the thaw line. Morgenstern & Nixon (1971) presented 
an analytical solution to the consolidation problem. This solution has been adopted here for 
calculation of generated excess pore water pressures. The results from the thaw depth calculations 
are important, as well as the coefficient of consolidation in the thawed material. This will give the 
generation and expulsion of excess pore water pressure during thaw.  

Excess pore water pressures due to thawing were calculated for different combinations of water 
contents, summer return periods (thaw index) and coefficient of consolidation. In Figure 5 results 
are presented where the blue curves represent water content of 5% and red curves represent water 
content of 25%. The different curves in each color represent different return periods. The horizontal 
axis (coefficient of consolidation) is here presented in log-scale and in reversed order, with the 
highest values to the left (cv=10-4 m2/s) and the lowest to the right (cv=10-9 m2/s). 

In Figure 5 it is clear that high values of coefficient of consolidation imply no excess pore water 
pressure. With decreased values of coefficient of consolidation, the calculated excess pore water 
pressure is increased. From the figure it is also clear that low water contents imply higher excess 
pore water pressures than for high water contents. Another interesting aspect in Figure 5 is the fact 
that the water content has a higher impact on the pore pressures than the return periods have. In 
other words, there is a larger difference between the two “normal”-curves (5% and 25% 
respectively), than between the lines representing a normal-summer and a return period of 1000 
years (for the same water content). 
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Figure 5. Calculated excess pore water pressure at the thaw front 

Impoundment stability during thaw 

The excess pore water pressure generated due to thawing reduces the effective stresses in the 
thawed soil. Stability issues on low angle slopes due to such pore water generation were studied by 
McRoberts & Morgenstern (1974) and are highly interesting for thickened tailings and their 
corresponding slopes. During thawing of the tailings, the frozen soil acts as a slope plane where 
mass-movement is driven by gravity. Along the plane, forces of resistance are acting which can be 
calculated with the Mohr-Coulomb failure criterion. 

By considering an infinite slope and applying a static balance of forces, the factor of safety was 
calculated. A schematic figure for the tailings impoundment and an assumed infinite slope is 
presented in Figure 6. 

Results from stability calculations are presented in Figure 7. The vertical axis represents maximum 
beach slope angles at failure (FS=1.0). The horizontal axis represents water content. The different 
curves represent values of coefficient of consolidation of 10-6, 10-7 and 10-8 m2/s respectively. 
Continuous lines correspond to a “normal”-summer and dashed lines correspond to a summer with 
return period of 1000 years.  

The coefficient of consolidation used here and giving results presented in Figure 7 were chosen 
based on experience from in the fine grained Svappavaara tailings, ranging between 10-6 and 10-8 
m2/s. Smaller values (10-9 m2/s) are considered unrealistic and higher values (10-5 m2/s) would result 
in almost zero excess pore water pressures (see Figure 5). 

In Figure 7 it is clear that the maximum slope angle is decreasing with decreased coefficient of 
consolidation. A small decrease can also be seen in maximum slope angle due to decreased water 
content (slope of the line). The return period of the summer plays a role, but not as much as the 
coefficient of consolidation. 
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Figure 6. Schematic slope used for thaw stability analyses 

 
Figure 7. Maximum slope angle that the slope can stand (factor of safety equal to one) 

 

Table 1 presents the relationship between slope angle and vertical to horizontal (V:H) and % of 
inclination for easier interpretation of Figure 7. 

Table 1. Table for converting between angles, V:H and % 

Angle [°] 0,57 0,76 1 1,15 1,72 2 2,29 2,86 5 5,71 10 11,9 

[V:H] 1:100 1:75 1:57,3 1:50 1:33 1:28,7 1:25 1:20 1:11,4 1:10 1:5,67 1:4,7 

[%] 1,0 1,3 1,7 2 3 3,4 4 5 8,7 10 17,6 21,1 
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DISCUSSION 

From the results presented in this study it is clear that both water content in the soil, and the return 
period of winter/summer play a crucial role in the frost and thaw depth penetration. Less water in 
the soil implies deeper frost- and thaw depths compared to that at high water contents. This might 
be of great importance when comparing relative merits between thickened and conventional 
(unthickened) tailings in regions with substantial winter conditions.  

The generation of excess pore water pressure at the thaw line is highly dependent on the coefficient 
of consolidation. For Svappavaara tailings the coefficient of consolidation is expected to be between 
10-6 and 10-8 m2/s. According to the results presented here the generation of excess pore water 
pressure is highly dependent of the coefficient of consolidation. For higher values there is almost no 
excess pore water pressure, and for low values the curve flattens out and indicates less sensitivity to 
changes in the coefficient of consolidation.  

The maximum slope angle not leading to instability during thaw was found to be highly dependent 
on the coefficient of consolidation. For a value of 10-6 m2/s, the maximum slope angle was calculated 
to be in a range of 8.8-10.4°. Such steep slopes are considered as rare in tailings impoundments, 
unless for local areas close to deposition points. If the coefficient of consolidation is as low as 10-7 
m2/s, the maximum slope angle is in the range of 2.6-4.8°. These are values that very well can be 
expected for thickened tailings beach slopes. During thaw, such slopes can therefore be subject to 
stability problems.  

With even smaller values of the coefficient of consolidation (10-8 m2/s) the maximum slope angle 
was calculated to be in a range of 0.32-0.74°. These are values that are expected even for 
unthickened tailings beach slopes, and would most probably lead to stability issues in thickened 
tailings beach slopes during thaw. 

The presented methodology, where climatic conditions are used for calculating frost and thaw 
depths, the generation of excess pore water pressure, and finally used for stability analyses is an 
approach that has shown many advantages and is recommended to be used in tailings projects in 
cold climate areas. In initial design phases of such projects, the methodology presented in this 
paper is recommended in order to get an idea of the maximum beach slope angles that can prevail 
due to thaw stability. 

If the thickened tailings deposition results in steeper slopes than what is calculated by the thaw 
stability analysis, slope failures in these steep slopes during thaw need to be considered. The 
volume of tailings that might slide in the impoundment should be estimated and this should be 
smaller than the volume available due to free-board at the dam. The perimeter embankments 
(dams) should correspondingly be designed in order to form the free-board and storage capacity, 
large enough to maintain the possible sliding masses (and preferably with a certain degree of 
safety). Obviously the dams in cold climate needs to be built higher than what is needed in a warm 
climate. But as stated by Blight (2003), all relative merits should be compared when applying a 
thickened tailings system. Here thaw stability considerations, as presented here, should be 
included. 
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