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ABSTRACT 
Embankment dams, both water Retention Dams 
(WRD) and tailings dams, are constructed of granular 
material. Natural seepage flow through porous media, 
i.e. soil, rock, and tailings, occurs in all types of dams. 
During this process, particles in the porous media are 
exposed to hydraulic gradients. Under certain 
circumstances seepage can initiate internal erosion 
which can seriously damage the construction, 
eventually resulting in serious accidents or failure. The 
process starts when a critical hydraulic gradient is 
reached, which may vary with the way of construction, 
materials used and its properties and compaction. This 
is of special importance for dams constructed of mine 
waste, i.e. tailings dams, where the stability and 
function has to be guaranteed over very long time 
periods (>1000 years). Here, seepage, internal erosion 
and the corresponding critical gradient are fundamental 
parameters. It is not clear under which circumstances 
the process of internal erosion begins, i.e. when one 
particle in the system starts to move, thus creating a 
further process of particle transportation in the system. 
To common way to control seepage, filter layers are 
included in the construction. However, erosion, piping 
or sinkholes are still observed.  
Different models on the hydraulic conductivity and 
hydraulic gradient are presented and discussed.  
Properties of tailings in comparison with natural 
geological materials are identified. Observations from 
several natural geological formations in Sweden, 
which have fulfilled the function of a dam since the 
last glaciation, are presented and the critical hydraulic 
gradients with respect to vary long time periods are 
compared.  
 

INTRODUCTION 
Dams are designed and constructed to retain water for 
different purposes, such as the production of 
hydropower, irrigation, and flood control, or in special 
cases for the storage of mining waste. Natural seepage 
flow through porous media, i.e. soil, rock, and tailings, 
occurs in all kinds of dams, either through the dam 
body itself, through the foundation of the dam or close 
to the abutments. Seepage through dams is generally 
not considered being a problem, as long as the amount 
of seeping water through the structure can be 
controlled and no particle migration is involved. 
However, if particle transport occurs and seepage is 
exceeding, internal erosion may result, with serious 
consequences of damage or breach of the dam.  
The phenomenon of internal erosion is commonly 
discussed in reference to two groups of dams: 
embankment dams, i.e. water retention dams (WRD) 
and tailings dams, where water flow through the dam 
body occurs. In Scandinavia, WRD are often made of 
natural materials such as soil and rock and known as 
earth- and rockfill dams. They can be homogeneous or 
zoned; the latter referring to a structure with some 
impervious core, filter, and rockfill, shown in Figure 1. 

 
Figure 1: Example of zoned embankment dam(Fell et 

al. 2005): (1) Core, (2) Filter zones, (3) rock fill, (4) rip 
rap 

 
Tailings dams are constructed with by-products from 
mining activities. Their purpose is often to store both 
mining waste and process water. Tailings are a result 
from the process of crushing rock and extracting ore. 
This refining process leaves material in a typical grain 
size corresponding to silt and sand, and the particles 
may be toxic if released to the environment.  
A main difference between WRD and tailings dams 
besides the maximum hydraulic gradient is their life 



time, and with that surveillance and maintenance. 
WRD can theoretically be removed when they are not 
longer needed, i.e. their design life is finite. In 
addition, they are subject to regular monitoring and 
surveillance. On the contrary, tailings dams need to be 
stable over long time spans, even after the closure of 
mining activities. Tailings storage facilities are 
designed to fulfil their purpose under an ‘infinite’ 
period; they have to be free of maintenance to 
guarantee the safe storage over a time period of 
‘thousands of years’, i.e. to the next glaciations.  
In order to control seepage, homogeneous embankment 
dams as well as tailings dams are normally exposed to 
low hydraulic gradients. Zoned earth and rock dams 
are designed and built to withstand higher hydraulic 
gradients. Each zone has a particular purpose giving a 
structure with a material combination of acceptable 
permeability and stability. Filter zones between the 
core and rockfill comprise intermediate grain size 
distributions. Filters are designed to fulfil two basic 
functions: the proper drainage for the reduction of pore 
pressure, and the prevention of particle transport.  
It is not clear under which circumstances the process of 
internal erosion begins and when a particle starts to 
move. The study of internal erosion has included filter 
criteria, filtering and internal stability characteristics, 
critical hydraulic gradients, and even statistical 
approaches. However, even though filters have been 
provided and materials have been tested, erosion and 
sinkholes are still observed.  
Because of the increasing demand of metals and 
minerals the mining industry is prospering. It has 
become economic to mine low-grade deposits, which 
in turn leads to the production of large quantities of 
fine grained waste material that has to be stored. 
Former small mines producing a relatively small 
amount of tailings have to meet challenging 
requirements on tailings treatment. Their tailings 
storage facilities have been constructed in stages and 
developed in stages, sometimes not according to recent 
knowledge and design standards. Nevertheless, the 
stability has to be guaranteed. Considerations of the 
critical hydraulic gradient therefore become vital for 
such structures.  
In Sweden, it has been observed that several natural 
geological formations in Sweden have fulfilled the 
function of a dam since the last glaciations, i.e. 
approximately 10000 years, although they do not 
comprise any filtering or stabilizing layer. These 
evidently successful structures lead to the assumption 
that we can learn from nature. An analysis of material 
properties and critical hydraulic gradient is carried out 
and compared with conventional information and 
models. The study is limited to non-cohesive materials 
to meet the conditions of coarse grained structures in 
WRD and tailings dams.  
 
 
 

NOMENCLATURE 
 
WRD = Water retention dam 
v = Flow velocity 
k = Hydraulic conductivity 
i = Hydraulic gradient 
Dα = Grain size of filter material with  
  α% mass of smaller particles 
dα = Grain size of base material 
  α% mass of smaller particles 
De = Characteristic grain size 
Cu = Coefficient of uniformity 
kh = hydraulic conductivity in  
  horizontal direction 
kv = hydraulic conductivity in  
  vertical direction  
τf  = shear strength in failure plane 
φ’ = friction angle of material 
β = slope angle 
γ’ = buoyant unit weight  
 
 
1 Seepage and internal erosion 
Natural seepage occurs in all kinds of dams, either 
through the foundation of the dam, the abutments or 
through the dam body itself. This is basically not a 
problem, as long as the hydraulic gradient is 
sufficiently low, so all particles stay in place and the 
construction remains stable. When hydraulic forces 
exceed and particles start to move, a zone develops 
where further migration of grains is possible, which 
may result in internal erosion or piping.  
The problem with internal erosion is that it is a 
complex, non-visible process, which makes it difficult 
to describe and understand. Most often internal erosion 
is observed when the process already has progressed so 
far that it is detected by measurements, or visible on 
the sides of the dam. At this point, it is too late to 
determine the initial action.  
Some generally accepted basic principles have, 
however, been explained by Fell et al. (2005). Four 
conditions have been recognized being essential for 
internal erosion or piping to occur: (1) the existence of 
a water flow, (2) erodible material in this path which is 
carried away by the seepage flow, (3) an open exit for 
the eroded material, (4) material which is capable to 
create and support a pipe. Two different modes of 
erosion in a dam have been distinguished: backward 
erosion and concentrated piping. The difference 
between these two is the initiation of the process:  
backward erosion (Figure 2a) refers to a leakage on the 
downstream part of the dam progressing backwards to 
the upstream side. Concentrated piping (Figure 2b) 
develops in the dam by cracking or leakage directly 
from the water source to an exit point, where the pipe 
grows and the erosion increases. 
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Figure 2: Principles of erosion (Fell et al. 2005) 

 
 
 
Other terms used in this context are ‘suffosion’ and 
‘hydraulic fracturing’. Suffosion is the washing out of 
fine particles in a soil and implies internal instability, 
i.e. filtering incapability (Fell et al. 2005). Hydraulic 
fracturing has been discussed by Sherard, who states 
that differential settlements in a dam can cause stress 
redistribution and zones with zero or tensile stress, 
where water can penetrate and result in leakage 
(Sherard 1986). Whether or not the stress condition in 
the dam body may enhance the development of 
hydraulic fracturing could be questioned, as the total 
stress condition does not seem likely to be equal to the 
hydraulic pressure, thus reducing the effective stress to 
zero regarding non-cohesive soils. However, 
differential settlements and movement of material from 
different zones relatively to each other may cause 
zones with increased porosity. Circumstances during 
construction, such as poor compaction and separation 
of the material during placement may contribute to the 
development of such weak zones. 
Extensive statistic studies recognized internal erosion 
as being one of the major incidents and failure causes, 
both regarding WRD and tailings dams. Foster et al. 
published a study on the statistics of dam failures and 
accidents where it was stated that almost half of all 
known failures were related to piping (Foster et al. 
2000).  
Bjelkevik analyzed Swedish tailings dams and found 
that more than 30% of incidents reported from Swedish 
tailings dams were related to internal erosion. Failures 
and incidents were mainly associated with earth- and 
rock fill material (Bjelkevik 2005b).  
 
2 Theory 
The interaction between soil and seeping water is a 
compound process involving the soils characteristics 
and stability when exposed to a hydraulic gradient. 
Successful filtration depends on the composition of the 
coarse grained materials, the hydraulic gradient and 
flow velocity. When no grains are washed out the 
material is regarded being stable. Instability and 
particle transport, i.e. internal erosion, implicates 
increased hydraulic conductivity and deformation. The 
multiple natures of such an event and the lacking 
possibility to observation make explanations difficult.  
 

.1 Hydraulic conductivity 
k is a basic property 

tween the 

 
2
The hydraulic conductivity 
dependent on the structure of the soil, i.e. particle size 
distribution, fabric and mineralogical composition, 
void ratio and degree of saturation. Besides that, the 
type of flow, the nature of the fluid and temperature 
has influence. In geotechnical engineering, the 
hydraulic conductivity is often simply referred to as 
coefficient of permeability. Using the term 
permeability may, however, be confusing, as it does 
not take the viscosity of the fluid into account. The 
hydraulic conductivity of a soil may exhibit a large 
variety of values as a function of void ratio.  
Darcy’s law is the empirical relationship be
flow velocity v, the hydraulic gradient i and the 
hydraulic conductivity k of a soil:  
 

ikv = ⋅      (1) 
 

o measure the hydraulic conductivity of a soil, 

Figure 3: Standard laboratory test to measure the 

 
nfortunately, such laboratory testing depends on the 

T
laboratory tests are performed; the principle is shown 
in Figure 3. Special attention has to be given to the 
preparation of the soil sample, as the saturation and 
presence of air bubbles may become sources of error.  

 

hydraulic conductivity of a soil 

U
reliability of the sample. It is difficult to obtain a 
representative, i.e. more or less undisturbed sample 
under laboratory conditions. Testing clay samples 
almost always involves some kind of erosion processes 
in the testing device, where the walls of the test mould 
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serve as part of a ‘pipe’. Such dense material often 
needs to be tested under large hydraulic gradients to 
obtain results.  
The value of the hydraulic conductivity of a soil tested 

.2 Filters and filter criteria 
for a base soil – filter 

of base soil 

s have been modified, refined, and 

ity and the internal 

, not come to an 

 was described by Kenney and Lau 

in laboratory conditions is, besides that, a value for the 
vertical conductivity kv. However, the horizontal 
conductivity kh and the relation between horizontal and 
vertical conductivity is an important factor for 
embankment dam engineering and may vary 
significantly from the test result. In-situ testing of 
undisturbed soil may therefore regarded being more 
reliable. Such in-situ tests are well-pumping or 
borehole tests. These methods may give results taking 
the horizontal hydraulic conductivity into account. The 
water flow measured comprises both a vertical and 
horizontal component. Yet, also field testing implies 
factors of disturbance and unknown sources of error, 
so that additional laboratory tests are usually needed. 
To calculate the hydraulic conductivity of a soil, 
different equations have been introduced by Kozeny 
and Carman, Hazen, and recently by Chapuis. In 
general, laminar flow is assumed. The relationship 
proposed by Kozeny and improved by Carman takes 
the void ratio, the specific surface area and specific 
weight of the soil into account. In addition, the 
viscosity and a factor for pore shape and ratio for 
actual flow length path are considered. Hazen, on the 
other hand, suggested a simple formula from his works 
with sand, where the hydraulic conductivity was 
directly related to the ‘effective grain size’ D10. The 
deficiency in both these relationships is that only 
particle size and void ration are regarded. Hazen’s 
formula only refers to the particle size. The 
composition, soil fabric and saturation are not included 
(Lambe and Whitman 1969). Chapuis presented a 
method for estimation of the hydraulic conductivity as 
recent as in 2004, regarding both the effective diameter 
and void ratio of the soil. The method may be applied 
to clean sand and gravel and is an extension of Hazen’s 
formula, which did not take the actual porosity into 
account (Chapuis 2004). 
 
2
The concept of filter criteria 
system is related to the idea of internal stability or self-
filtering of a material. Filtering or stability implies that 
the structure of the material prevents the transport and 
loss of particles through voids. A filter that has the task 
of protecting a base soil is commonly designed in 
respect to the gradation of the base soil, which usually 
has a larger content of fines than the filter. Thus, the 
grain size distribution of the filter has to be adjusted so 
that the voids are sufficiently small. The same applies 
basically in case of only one material; the soil would 
be considered self filtering or internally stable if its 
gradation is such that no particles are lost.  
Traditionally, the ratio between grain sizes 
and filter has been applied to prevent erosion. The 
geometrical criteria present relatively easy applicable 
design and construction rules, since they are 
independent from the hydraulic condition. Terzagi 
introduced a basic concept for designing filters in the 
early 1920’s by establishing two rules (Terzaghi, 

1996): To control erosion the relation between filter 
(D) and base (d) material D15/d85 ≤ 4 should be met, to 
guarantee permeability and drainage D15/d15 ≥ 4. The 
index indicates the grain size for which 15% or 85% is 
finer, respectively.  
These two basic rule
adapted to different countries’ materials and practices 
by a number of researchers. Extensive test programs 
have been carried out by Sherard et al. (1984), Lafleur 
(1984), Lafleur et al. (1989), and Kenney and Lau 
(1985), with the aim to account for filtration and  filter 
criteria. Despite all studies and testing, the concept of 
ensuring drainage and retaining particles by using filter 
criteria is still in use. Sherard et al. (1984) considered 
that they ‘employ the appropriate characteristics of the 
filter and the base’, so that the ratio ‘should be 
continued as the main criterion for judging filter 
acceptability’. Åberg (1993) stated that the criteria 
were logical because of the defining grain size D15 for 
pore size and permeability. Moreover, Terzaghis rules 
were approved by Fannin and Moffat through 
laboratory testing in 2006. 
Both the hydraulic conductiv
stability of a soil are related to the size of the grains. 
The inherent stability against particle loss has been 
ascribed to the shape of the gradation curve, i.e. the 
coefficient of uniformity, which will be explained in 
the next section. The hydraulic conductivity of a soil is 
influenced by the size of the pore channels in the soil 
matrix. Kenney et al. noted that the size of the pores 
primarily depends on a representative grain size, 
whereas the shape of the complete gradation curve was 
noted to have a minor effect on the pore size channels 
in the soil structure (Kenney 1984).  
Researchers have, on the other hand
agreement on the actual grain size that governs this 
property. Hazen found in 1892 that the relationship 
between pore size and hydraulic conductivity was 
proportional, and that an increase in hydraulic 
conductivity is related to the square of a ‘characteristic 
grain size’ De (Terzaghi 1996). The characteristic grain 
size that governed the hydraulic conductivity was set to 
D10, i.e. a 10% limit of the particles of the soil. Kenney 
et al. (1984) stated that the permeability was primarily 
dependent on the finer particles with the grain size D5. 
Sherard et al. (1984) found this grain size to be D15, 
whereas Fell et al. (205) agree with Hazen on D10 
being the defining factor. This discussion shows the 
variety of views; a consensus seems to be difficult to 
reach. Nevertheless, it is generally agreed on that it is 
the fine particles and roughly 5 to 15 % of the soil 
which affect the hydraulic conductivity considerably.  
The reason for transport and washout of particles is the 
inability of the porous material to filtrate and provide 
internal stability. The grading stability of a soil is 
primarily based on its grain size distribution. Again, 
the size of the pores and loose grains inside the pores 
play a major role.  
 The soils structure
(1985) being consistent of two units, a primary fabric 
which transfers load and stress, and loose particles in 
the voids of the primary fabric. The loose particles 
have the ability to move through the skeleton of 



coarser particles. Skempton and Brogan (1994) found 
that internally unstable sand experienced fine grain 
migration. This was explained by Kenneys theory of a 
load carrying skeleton where the smaller particles do 
not transfer effective stress, see Figure 4. 
 

Figure 4: Example of stable and unstable soils 
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W
being strongly dependent on the amount and size of 
soil particles between D5 and D15, the filtering ability 
of a soil has been related to the shape of the total grain 
size distribution. For instance, filter criteria concerning 
the ratio between base and filter have sometimes been 
extended with recommendations such as that in the 
USBR method: The curves of the base soil and the 
filter should be parallel (Fell et al. 2005). On the 
contrary, Sherard (1984) found that such a similar 
shape of gradation curves is not necessary. However, 
broadly graded or gap graded soils may display a lack 
of certain grain sizes that are needed for an optimum in 
structure, pore sizes and successful filtration.  
Suggestions on the shape of the grading c
means of the coefficient of uniformity Cu, i.e. the ratio 
D60/D10, have not been clearly expressed. Yet, most 
filter tests have been carried out using uniformly 
graded material with a coefficient of uniformity lower 
than 6. Materials for which the ratio is less than 10 are 
regarded as being stable, while a ratio above 20 is 
considered being unstable (Skempton 1994). Practical 
problems can be connected to wide graded materials 
because of their susceptibility for segregation during 
placement. Milligan stated that the instability of 
material tested by Kenney and Lau was closely related 
to material which was typically susceptible to 
segregation during construction works (Milligan 2003). 
 
3
Tailings are one res
process of mining ore and extracting metals includes 
the crushing and milling of the excavated rock into 
small particles. The valuable metal, the smaller portion 
of about 0,4 - 30%, is removed, and the by far larger 
portion of left over waste material, i.e. tailings, have to 
be stored. Tailings could be regarded as natural 
material as they are basically crushed rock. However, 
the fine waste material contains chemicals and metals, 
which may be harmful to the environment when 
released in combination with water and air.  
Tailings are commonly discharged as 
impoundments, together with the process water from 
the extraction of metals. The slurry is pumped directly 
from the plant to the impoundment, where 

sedimentation of the tailings takes place. An 
impoundment may be created by natural heights and/or 
tailings. The tailings settle, and clarified water is either 
re-circulated to processing, released into a river or 
stream, or is left for evaporation in arid climate.  
When the mining activities come to an end an
facility is closed down, mining structures and office 
buildings are subject to decommission. The tailings 
storage facility, i.e. the tailings dam and the 
impoundment, however, will be left. These facilities 
have to be taken care of in order to provide security 
against containment. The safety and stability has to be 
guaranteed over a long time period, which has been 
defined covering > 1000 years (Bjelkevik 2005b). 
Two methods can be applied for the remediatio
tailings dams: the dry method or the wet method. The 
dry method implies the complete drainage of the 
material and coverage against weathering and 
oxidation. Enclosure of tailings by an artificial lake is 
referred to as wet method, and this technique is subject 
to this report.  
The disposal of t
coverage with water is the most cost effective and 
practical way of handling mine waste. Using tailings in 
the embankment construction reduces the amount of 
natural material, which makes this solution relatively 
inexpensive. Yet, it is difficult to ensure the safety and 
stability of the pond and the surrounding embankment. 
The water balance has to be maintained even during 
extreme events, such as drought or flood. Focus for the 
long term stability lies on the embankment dams, with 
the hydraulic gradient and pore pressure as critical 
properties in question.  
 
3
Various fundamental methods for t
tailings dams are described by Bjelkevik (2005a): the 
upstream method, the downstream method, the 
centreline method, and others. The tailings disposal is 
in that way used as a part of the embankment 
construction. Especially for long term stability a low 
hydraulic gradient is essential for the structure. The 
location of the seepage surface differs in particular 
when considering the upstream and the downstream 
method, as the structure in the downstream method is 
supplied with filter layers that control the hydraulic 
gradient. Therefore, these two methods are explained 
more detailed.  
Applying the 
constructed and the tailings slurry is then discharged to 
the downstream side from the crest of this dike, 
forming a tailings beach, see Figure 5 (a). As the 
tailings reach the height of the dike, the construction is 
raised by a next perimeter dike (b), located somewhat 
more on the downstream side of the first dike. The 
raise of the embankment will then follow these 
sequences (c). 
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Figure 5: Principle of upstream method 

 
The downstream method also is set up with a starter 
dike and raised along with the tailings level. However, 
in this case the dam is increased on the downstream 
side, which makes it possible to include filter zones in 
the construction, see Figure 6. Both ways of 
construction include the utilization of tailings as a main 
part of the structure.  
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Figure 6: Principle of downstream method 
 
Tailings leave the production plant together with 
process water. The slurry is pumped through pipelines 
to the deposition place. The actual deposition at site is 
completed by single point discharge, i.e. from an open 
end of a pipeline, by spigotting, or cycloning. 
Spigotting refers to a technique where smaller pipes 
derive from a main pipeline. Several discharge points 
are supposed to provide better control over the 
deposition to create a more uniform beach. Due to the 
variation in grain sizes, the coarser particles will settle 
closer to the discharge point than the smaller particles. 
Reduction of pore pressures and lowering the hydraulic 
gradient makes it necessary to control the fines’ 
settlement. To obtain a uniform structure where the 
fines are considerably far from the actual dam 
construction, the points of discharge have to be moved. 
Cycloning is an alternative to separate the coarse from 
the fine fraction, so that the coarse fraction can be 
utilized for the construction of the dam. The tailings 
are sorted by centrifugal action, the sand fraction is 
used for embankment construction, and the fines are 
discharged in the impoundment.  
A significant feature of tailings dams is that they are 
raised along with the mines’ production, so that the 
construction is an ongoing process. This implies that 
tailings dams face problems such as changing design 
and construction, as well as the change of staff on site 

and development in knowledge. The design of both the 
impoundment and the tailings disposal may be subject 
to more or less unpredictable adjustments during the 
mines’ production period. The difficulty is to create an 
adaptable, safe and stable construction under any 
circumstance, which is of utmost importance. 
Environmental awareness and concern about dam 
safety has increased, leading to the mining industry 
facing problems arising from their past handling and 
deposition of tailings. Design and construction of the 
first tailings dams were based on knowledge from 
water retention dams, as well as trial and error. 
Knowledge and experience to construct and maintain 
safe tailings dams is available today. Yet, the problem 
is that original structures are still a part of today’s 
tailings dams, which can not be removed. A major 
question for stability and safety is the pore pressure 
and the hydraulic gradient; both closely related to the 
deposition of tailings. The following sections will 
therefore explain these main principles.  
 
3.2 Material properties of tailings 
Tailings are particles of crushed rock at a size of 
0,01mm to 0,1 mm. This corresponds to a natural 
material classified as fine sand or silty sand. Tailings 
can be described in soil mechanics terms; the 
geotechnical properties can partly be compared to 
natural materials. Yet, tailings characteristics can 
diverge in their characteristics due to the variations in 
origin and processing of the ore, and deposition 
methods. The origin affects the size and the gradation 
of the grains, the internal friction angle and the density; 
whereas the deposition method is responsible for bulk 
density, void ratio and porosity, and the hydraulic 
conductivity. Tailings generally have high water 
content and porosity, a low to moderate hydraulic 
conductivity, and a low plasticity when compared to 
soil. The shear strength was rated low to moderate by 
ICOLD, but found to be moderate to high in relation to 
the grain size compared to natural material (Bjelkevik 
2005a). 
The grinding creates particles that are much more 
angular than natural grains. The angularity of the 
tailings involves some difficulties for description of 
material parameters. While natural material has been 
tested and described extensively (see 2.2 Filters and 
filter criteria), tailings properties rise new questions. 
Porosity, shear strength, and hydraulic conductivity are 
usually well described properties for natural round and 
well graded material. In contrast, representative 
laboratory testing on tailings is difficult. Figure 7 
shows the principle structure of both tailings and 
natural material. While geological material is often 
more round and has a smoother surface, tailings are 
angular, which may be an explanation for varying 
results in shear tests, where stress concentration at 
edges of tailings can lead to further crushing of the 
particles and higher resistance to shearing. The friction 
angle of tailings is relatively high with values up to 
45º. The structure of tailings may also raise the 
question whether the flow pattern is the same as in 
geological materials. The porosity maybe the same in 



both materials; yet, the shape of the grains may affect 
the seepage.  

 
Figure 7: Comparison between a) tailings and b) 

natural material 
 
Tailings generally have a relatively low uniformity 
coefficient; Bjelkevik and Knutsson (2005b) noted a 
Cu between 3 and 8. The value is not constant, as it 
varies with the distance to the discharge point because 
of the sorting effect of sedimentation. The hydraulic 
deposition does affect the properties of tailings; 
dependent on the distance from the outlet the 
parameters change. In addition, flow, velocity, and 
solid content in the slurry affect the sedimentation. For 
instance, the hydraulic conductivity of tailings in place 
varies by a factor of more than 10 when comparing the 
horizontal conductivity kh and vertical conductivity kv. 
The horizontal layering leads to a much higher value 
for kh. A calculation of an actual value by empirical 
relationships is therefore not accurate. Both the bulk 
and grain density are also controlled by the distance of 
the outlet, both decreasing with increasing distance. 
This results in varying void ratio, porosity and dry 
density. The dry density also decreases at larger 
distance, whereas both the void ratio and porosity are 
relatively smaller closer to the discharge point. In the 
study conducted by Bjelkevik and Knutsson the 
observed values for void ratio and hydraulic 
conductivity do not correspond to each other; a higher 
void ratio would imply that the hydraulic conductivity 
also becomes larger. This may also be due to the nature 
of the hydraulic deposition.  
 
3.3 Pore pressures and hydraulic gradient 
Understanding the principles of water flow through 
tailings embankments is basic for stability 
considerations. Important for the tailings dams’ 
stability is the pore pressure inside the construction. 
The pore water pressure affects the effective stress 
condition; increased pore water pressure reduces the 
effective stress, leading to decreased stability and 
resistance to sliding. The hydraulic gradient emerges 
from different water levels and induces seepage flow. 
This seepage flow may induce a stress condition on 
particles and force them to move, resulting in erosion 
processes. A basic rule is to increase the hydraulic 
conductivity in the direction of the flow to achieve an 
as low phreatic surface as possible near the 
embankment face.  
Comparing the hydraulic gradient in the upstream and 
downstream construction, it can be noted that the 
gradient is higher in the downstream structure (b), 
where a sealing element of moraine reduces the 
permeability, see Figure 8. The upstream method may 

therefore be considered more stable in long-term 
thinking with regard to the lower seepage line (a).  
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Figure 8: Comparison of the hydraulic gradient 

 
The hydraulic gradient in the tailings dam is 
determined by the water level in the pond, the relative 
proportion of the foundations hydraulic conductivity to 
that of the tailings, and variations of the tailings’ 
hydraulic conductivity due to grain size segregation, 
see Figure 9. 
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Figure 9: Factors influencing the location of the 

phreatic surface 
 
A lower water level in the pond (a) and a permeable 
foundation (b) will draw down the seepage line in the 
tailings dam construction.  Segregation of grains will 
take place because of the difference in size; the smaller 
the grains, the longer they will be transported and 
sediment from the outlet. High beach segregation, i.e. 
separation of large and small particles, will lead to a 
major part of large particles with a higher permeability 
and a lower location of the phreatic surface (c). 
Especially the deposition and segregation of particles 
has been a source of problems; fine particles in the 
tailings dam construction raise the pore pressure and 
hydraulic gradient. The stability of the dam 
construction is directly related to the friction angle, 
density, and cohesion of the tailings (Bjelkevik 2005a). 
 



3.4 Hydraulic conductivity of tailings 
To be able to understand seepage and pore pressure 
conditions in tailings dams we need to understand the 
flow conditions and, with that, the hydraulic 
conductivity of the material. As mentioned before, the 
grains themselves vary in shape, composition, and 
density regarding their origin. In addition, the 
composition of tailings, the method of discharge and 
segregation is a factor which makes it difficult to 
assess the hydraulic conductivity of the material and 
the seepage conditions in the structure.  
The hydraulic conductivity as explained in section 2.1 
has so far been described for natural geological 
materials. Tailings, however, are angular, have a 
different chemical composition and vary in their 
structure and porosity because of the deposition 
method. The horizontal layering results in an increased 
horizontal hydraulic conductivity. Thus, flow through 
tailings may vary considerably compared to flow 
through natural materials.  
A study on material properties carried out by Bjelkevik 
and Knutsson (Bjelkevik 2005b) showed that the 
hydraulic conductivity differed to a large extend when 
compared to conventional materials. It was found that 
the hydraulic conductivity decreased with increasing 
distance from the discharge point, whereas the porosity 
increased. Since the porosity is directly related to the 
value of k, it would be expected that the porosity also 
decreased. Laboratory testing on samples was 
compared with field measurements, and again, the 
results did not coincide. Values for the horizontal and 
vertical conductivity differ up to one order of 
magnitude. Finally, attempts on calculating the 
hydraulic conductivity on basis of the models named 

above showed that measured and calculated values did 
not correspond. The variety in results is shown in 
Table 1. It can be noted that the ratio between 
measured and calculated values vary to a large extend, 
not only for different calculation models, but also for 
samples from the same site. The measured values 
range from 1,01 to 18,7 x 10-6 m/s. Calculations with 
Hazen’s and Kozeny-Carman’s formula result in a 
variation between 0,36 to 56,25 x 10-6 m/s and 0,47 to 
51,56 x 10-6 m/s, respectively. Results from 
calculations on basis of Chapius method are even more 
extreme and lie between 5,73 to 263,99 x 10-6 m/s. 
This shows that the properties of tailings have so far 
not been studied sufficiently to provide a basis for 
seepage estimations and stability analysis. 
Nevertheless, design criteria for tailings dams exist, 
and embankment stability has been discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table 1: Measured and calculated values of the hydraulic conductivity at different tailings dams in Sweden 
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4 Design and stability of tailings dams 
Geometrical criteria for filtering are related to soil 
geometry where constrictions are too small for 
particles to migrate. The hydraulic criteria, on the other 
hand, refer to the retaining and driving forces that 
result from seeping water. Seepage through the 
embankments is commonly considered by applying a 
flow net with stream lines and equipotentials to 
approximate the flow situation. The top flow line, i.e. 
the phreatic surface, has to be located inside the 
embankment at each point, so that the discharge point 
always lies within the structure. This method of 
controlling the pore pressure and hydraulic gradient is 
essential for both the slope stability and internal 
erosion. The hydraulic gradient and flow velocity has 
to be kept sufficiently low to avoid displacement of 
particles (Bjelkevik 2005a).  
 
4.1 Design criteria for tailings dams 
The slope stability for an embankment exposed to 
seepage flow is generally simplified as shown in 
Figure 10, where an infinite slope of constant 
inclination with a parallel water table and seepage flow 
is considered.  

 
Figure 10: Basic slope stability consideration 

 
The shear strength τf along a potential failure plane can 
be calculated taking the effective stress σ’ and the 
internal angle of friction φ’ of the material into 
account:  
 

'tan' φστ ⋅=f     (2) 
 
Relating the retaining and driving forces, i.e. the 
mobilized shear strength and the actual shear strength 
in the sloping mass to each other, the safety factor F 
for such a theoretic plane becomes  
 

τ

τ fF =       (3) 

 
This equation is origin for the determination of long 
term stability of slopes of tailings dams applied in 
Sweden. The factor of safety for tailings dam slopes is 
currently assessed by means of the friction angle of the 
material φ’, the angle of the slope β, and the buoyant 
unit weight γ’:  
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This design method may be questionable, since a real 
embankment slope is not infinite, and both the water 
table and the slope surface are not parallel to the failure 
plane. However, a more correct practical solution to 
the problem is currently not available, so that this 
principle is commonly used (Bjelkevik 2005b). 
 
4.2 Other models on stability and erosion analysis 
To develop a model on critical hydraulic head, the 
hydraulic shear stress has been subject for discussion. 
Wan and Fell made an attempt to investigate the rate of 
erosion of soils in embankment dams on basis of a 
hydraulic shear stress (Wan 2004). The soils erosion 
characteristics were related to its behaviour regarding 
the rate of erosion under a certain hydraulic shear 
stress. It was found that this critical shear stress was 
lower for coarse grained soils, which implies that they 
erode more rapidly than fine grained soils. By using 
two test methods, the hole erosion test and the slot 
erosion test, a critical shear stress was determined. 
However, this value varied to a large degree and could 
not be related to other soil properties. A calculation of 
the hydraulic shear stress in an open crack in the 
embankment was presented, but to be able to analyse 
this value, the geometry of the crack has to be known. 
Again, the problem of non-visibility of such cracks and 
erosion processes inside the embankment set a limit for 
application. Nevertheless, useful practical information 
of the study was that the erosion rate is strongly 
influenced by the degree of compaction and the water 
content of the soil. Compaction to a high dry density 
on the wet side of optimum water content was found to 
show a higher resistance against erosion. Arulanandan 
and Perry examined piping failures in dams by means 
of the critical shear stress (1983). Yet, this study was 
mainly related to cohesive soils. 
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Sellmeijer and Weijers published a study on piping 
mechanism which presented a model used as basis for 
the design of dikes in the Netherlands. A mathematical 
description was presented by means geometry of the 
structure. The difference in water head H and length of 
the seepage path L, as well as a certain seepage 
thickness layer under the dike D were related to each 
other. The study presented a solution for calculation of 
a critical water head and verified by large scale tests. 
Yet, it was limited to geometry and material properties 
of the sand used in the Netherlands, and application of 
the results for variant material is uncertain (Weijers 
1993). 
Skempton stated that the critical gradient at which 
particles start to move differs from the theoretical 
critical hydraulic gradient that had been applied in 
filter studies. Skempton and Brogan showed in tests 
that instable material experiences particle migration at 
much lower hydraulic gradients than stable material 
(Skempton 1994). The critical gradient mentioned in 
this context was set to… x%.  
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5 Observations of natural formations 
Little knowledge or experience is available regarding 
the long term stability of man-made embankments. 
Therefore, valuable information may possibly be found 
in geological formations which have fulfilled a similar 
function. It is obvious that a natural barrier of soil can 
withstand ageing or deterioration, and retain water over 
long time periods without experiencing erosion 
processes. A study by the Geological Survey of 
Sweden (SGU) covered several landforms, giving 
information about the geological structure as well as 
the hydraulic gradient the formation was, or still is, 
exposed to. These structures are dated back to the last 
glacial period, i.e. 15000 to 8000 years ago (Agrell 
2002). 
A well-known Swedish example of a natural dam is 
Ragundasjön, which was located at the Indalälvens 
valley the middle of the country. The lake was 25 km 
long, 6 - 10 m deep and had a medium water level of 
139 masl. The southern part of the lake formed two 
narrow bays: one where the lakes mean water level 
was regulated by the waterfall Storforsen, and 
Sandviken, with a border formed as natural dam. The 
lakes’ history is comprehensively documented because 
it was accidentally emptied in 1796: It was impossible 
to drive timber past the waterfall since it broke when 
passing the waterfall. A man called “Vildhussen” 
burrowed a ditch at Sandviken. He planned that the 
water would create a channel by erosion, which was 
then supposed to be used to drive the timber. This plan 
ended up in a disaster, and the barrier at Sandviken 
broke completely and the lake was drained. Sandvikens 
bay was about 600 m long and 200 m wide. Its 
southern barrier dammed the lake that was formed 
about 6500 B.C. until the accident in 1796. It is 
presumed that it would still exist if not a human being 
had destroyed it. Sandvikens eastern and western 
border consisted of rock, while the southern barrier 
was formed by layers of clay. Parts of this clay ridge 
are left, the western plateau at a height of 155 masl, 
and the eastern plateau at 160 masl. The ridge 
consisted of 60 m glacial clay in layered deposits with 
alluvium with a low hydraulic conductivity. Agrell 
stated in his report that the difference in height 
between the lakes highest water level and the water 
level downstream was 40 m over a distance of about 
1000 m, which corresponds to a hydraulic gradient of  
4 %. 
Another example is the lake Hennan, in the county of 
Gävleborg in central Sweden, south of Ragundasjön. 
At this site, two lakes are located right beside each 
other. The lake Hennan upstream of the lake Storsjön 
has a water level of about 206,9 to 208,8 masl, while 
the lake Storsjön has a water level of 186,8 masl, i.e. a 
difference of 22 m. The headland between these two 
lakes is about one kilometre wide, which results in a 
hydraulic gradient of 2 %. The ridge between the two 
lakes has an elevation of 240 masl. It is strongly 
believed that the delta consists of a barrier of moraine 
and well compacted material from an earlier glaciation. 
Drilling showed that bedrock was located at a depth of 
47 m, with an overlying layer of sediment from a 
glacial stream which is at least 32 m thick. The upper 

layer of moraine has a thickness of 8 m. The lake is 
therefore considered to be dammed by a core of stream 
deposit surrounded by moraine, which is similar to an 
earthfill dam with a core and filter layer. 
Another formation is located close to the mining area 
Aitik in northern Sweden, which will be interesting for 
further examination in connection with ongoing work 
on tailings dams’ construction. Here, two lakes at a 
distance of 250m show a difference of 19m in water 
level, which results in a hydraulic gradient of about 
7,5%. 
Such examples from nature show that it is obviously 
possible to retain water over long time periods. 
Unfortunately, we meet the same problem here as we 
did when considering the hydraulic gradient. Tailings 
differ from natural materials to a large extend, and our 
engineering models to deal with the material may not 
be sufficient in case of tailings. Hence, we need to 
learn more about tailings and their properties. 
Nevertheless, regarding the life time a tailings dam has 
to be stable, geological formations are the only 
structures we are able to refer to. Even though there are 
limitations in the application of geotechnical models 
on tailings, we need to learn from nature.  
 
 
CONCLUSIONS 
Tailings dams differ significantly from embankment 
dams in their structure, the material they are 
constructed of, the hydraulic gradient they are exposed 
to, and their design life. Because of the mineral 
composition of tailings as a rest product of mining 
activity, tailings have to be stored so that chemicals 
and metals are not released to the environment. This is 
often done by wet cover, i.e. by creating an artificial 
lake where tailings are used for construction of the 
surrounding embankments. A major problem is to 
guarantee the stability of a tailings dam over a time 
period of more than 1000 years. Many man-made 
embankments have, however, no comparable life time 
and have suffered from accidents and failures because 
of seepage and internal erosion. To be able to design a 
tailings dam, information about the materials friction 
angle and shear strength is taken into account. 
Nevertheless, the maximum hydraulic gradient for 
such a structure is not defined. Yet, this maximum 
gradient is crucial for the stability of the dam. 
Geological formations that act as natural analogies of 
dams have been identified. Such geological formations 
are the only structures that can be related to the subject 
when regarding the design life of a tailings dam. It has 
been shown that the gradients natural dams are 
exposed to range from 2 % to 7,5 %. A further study 
and comparison of material properties of both the 
geological material and tailings will give additional 
information on the critical hydraulic gradient for the 
design of tailings dams.  
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