
INOM EXAMENSARBETE ENERGI OCH MILJÖ,
AVANCERAD NIVÅ, 30 HP

,  STOCKHOLM SVERIGE 2017

Closure of Lilla Bredsjön 
Tailings Dam
an Evaluation of the Long-Term Dam Safety 
Measures

JENNY BRAMSÄTER

KTH
SKOLAN FÖR ARKITEKTUR OCH SAMHÄLLSBYGGNAD





 
 

ABSTRACT

The mining industry contributes to enormous amounts of waste all over the world, which places

high demands on tailings dams. In Sweden, there are strict regulations regarding the management

and treatment of tailings dams, but some dams that were built before these regulations existed

still pose a threat to the environment. Lilla Bredsjön in Dalarna, Sweden, is an example of an old

tailings dam that has not been treated properly. Boliden, which is the owner of the dam, and

the county board of Dalarna are currently in meetings regarding the responsibilities of old polluted

sites in Garpenberg, where Lilla Bredsjön is included. This study aims to investigate possible

remediation measures of the dams at Lilla Bredsjön in order to achieve long- term stability upon

closure of the facility.

Lilla Bredsjön is 350 000 m2 large and contains three impoundments; dam 1 to the east, dam 2 to

the south and dam 3 to the north. Dam 1 is seven meters at its highest point whereas dam 2 and 3

both are three meters high. All of the dams are classified to a consequence level of 3, meaning

that the consequences in case of a failure would be negligible. They are built using the centerline

method with impermeable cores of moraine. The tailings are partly covered with sludge mixed

with biomass ash, but no proper closure method have been implemented.

A geotechnical investigation was conducted to obtain more information about the geometry,

construction and foundation of each dam. It could be observed that dam 1 consisted of a moraine

core and support fill, both constructed using the Christmas tree principle. Dam 2 consisted of a

coarse and fine filter in the upstream part of the dam, whereas the rest of the dam consisted of a

moraine core. Dam 3 consisted of tailings and a moraine core, and was like dam 1 also constructed

using the Christmas tree principle. The downstream slopes of all dams are moreover very steep

with slope angles of approximately 34ᵒ. Seepage and stability calculations were therefore

performed in the software GeoStudio.

In GeoStudio, two different analysis tools were used; SEEP/W to calculate seepage and SLOPE/W

to calculate slope stability. Four hydraulic load cases were analyzed in the calculations: present

conditions, flooded conditions, potential maximum seepage and present conditions with lower

permeability of the tailings. The result shows that all of the dams are unstable in their present con-

ditions, both with original and lower permeability of the tailings, as well as at flooded conditions. 

The required safety factor is however fulfilled at potential maximum seepage.

The stability highly depends on the pore pressure inside the dams, which in turn depends on the

choice of closure method. Based on the result from the stability calculations it can be concluded

that if a dry cover is chosen as the closure method, it will probably be enough to reinforce the

existing dams to achieve long-term stability. If, on the other hand, a raised groundwater level is

chosen, more extensive solutions in terms of for example completely new impoundments directly

downstream of the existing ones are most likely needed. Before a decision regarding the closure

method is taken, it is hence very difficult to come to a conclusion regarding suitable remediation

measures of the dams.

Keywords: tailings dams, seepage, pore pressure, slope stability, slip surfaces, long-term stability
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SAMMANFATTNING

Gruvindustrin bidrar med enorma mängder avfall över hela världen, vilket ställer höga krav på

gruvdammar. I Sverige finns det strikta förordningar gällande hanteringen och efterbehandlingen

av gruvdammar, men en del dammar som byggdes innan dessa förordningar existerade utgör

fortfarande ett hot mot miljön. Lilla Bredsjön i Dalarna är ett exempel på en gammal gruvdamm

som inte blivit efterbehandlad tillräckligt. Boliden, som äger dammen, har möten med

Länsstyelssen Dalarna angående ansvarsförhållanden gällande gamla förorenade områden i

Garpenberg där även Lilla Bredsjön ingår. Denna studie syftar till att undersöka möjliga

efterbehandlingsmetoder av dammarna vid Lilla Bredsjön för att uppnå långtidsstabilitet i samband

med nedläggning av anläggningen.

Lilla Bredsjön är 350 000 m2 stor och består av tre uppdämningar; damm 1 i öst, damm 2 i söder

och damm 3 i norr. Damm 1 är sju meter som högst medan damm 2 och 3 båda är tre meter höga.

Samtliga dammar är klassificerade till konsekvensklass 3, vilket betyder att konsekvenserna i

händelse av ett dammbrott är försumbara. Dammarna är byggda med uppåtmetoden och har

tätkärnor av morän. Magasinet är delvis täckt med slam utblandat med biobränsleaska, men ingen

riktig efterbehandling har utförts.

En geoteknisk undersökning genomfördes för att erhålla mer information om geometrin,

konstruktionen och grundläggningen av varje damm. Det observerades att damm 1 består av en

tätkärna av morän samt stödfyllning som båda konstruerades med julgransprincipen. Damm 2

består av ett grov- och finfilter i uppströmsdelen av dammen medan resten av dammen består av

en tätkärna av morän. Damm 3 består av anrikningssand och en tätkärna av morän, och var liksom

damm 1 konstruerad med julgransprincipen. Nedströmsslänterna på alla dammar är väldigt branta

med en vinkel på ungefär 34ᵒ. Genomströmnings- och stabilitetsberäkningar genomfördes därför i

programmet GeoStudio.

I GeoStudio användes två olika verktyg; SEEP/W för att beräkna genomströmning och SLOPE/W för

att beräkna släntstabilitet. Fyra olika hydrauliska belastningsfall analyserades i beräkningarna:

normalfallet, överdämning, dimensionerat läckage och normalfallet med lägre permeabilitet på

anrikningssanden. Resultatet visar på att samtliga dammar är instabila i deras nuvarande skick,

beräknat på normalfallet med både ursprunglig och lägre permeabilitet på anrikningssanden, samt

vid överdämning. Den erforderliga säkerhetsfaktorn är däremot uppfylld vid dimensionerat

läckage.

Stabiliteten är starkt beroende av portrycket inuti dammarna, vilket i sin tur är beroende av vilken

efterbehandlingsmetod som väljs för magasinet. Baserat på resultatet från

stabilitetsberäkningarna kan det konstateras att om torrtäckning väljs som efterbehandlingsmetod

så räcker det förmodligen med att förstärka nuvarande dammar för att uppnå långtidsstabilitet.

Om, å andra sidan, en förhöjd grundvattennivå väljs behövs med största sannolikhet en mer

omfattande lösning, till exempel helt nya dammar direkt nedströms de nuvarande. Innan ett

beslut gällande efterbehandlingsmetod av magasinet har tagits är det alltså väldigt svårt att dra en

slutsats gällande den mest lämpliga efterbehandlingsmetoden av dammarna.
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1 INTRODUCTION 

The global production of coal, iron and metal content of copper, lead and zinc was in 1984 

approximated at 4 545 000 000, 916 000 0000 and 18 500 000 tons respectively. This makes the 

mining industry the leading industry in the world when it comes to waste management (ICOLD, 

1996b, p. 33). In Sweden, there are today 18 mines still in use; 16 of which are metal mines (SGU, 

2017b). 

One of the most important environmental problems related to mines is the waste, which can be 

divided into gangue and tailings. The gangue consists of large rocks that are excavated in order to 

reach the ore and then stored in large piles close to the mine. The tailings, on the other hand, is a 

fine-grained rest product obtained after the extraction of minerals from the ore. An illustration of 

the mining process is presented in figure 1.1. 

Depending on the characteristics of the ore, it may contain a high amount of hazardous material. 

The most environmentally problematic type of ore is sulphide ore, which results in a waste 

containing iron sulphides that in turn result in a metal-rich leachate called Acid Mine Drainage 

(AMD) when exposed to weathering. It is therefore important to prevent the tailings from being 

released into nature and there are today regulations regarding the management of it. In Sweden, 

tailings are normally mixed with water into a slurry and then deposited in proximity to the mine in 

so called tailings ponds. Here, the slurry is allowed to sediment in order to separate the solids from 

the water. The water is later treated and released into nature or pumped back to the mine, 

whereas the tailings are impounded with dams and stored there for thousands of years. When no 

more tailings are pumped to the pond, it should be treated in order to prevent leakage or 

problems related to for example stability from a long time perspective (SGU, 2017c).  
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Figure 1.1. Schematic illustration of the mining process (SGU, 2017a, p. 11) 

In Sweden, there are around 20 tailings dams with significant flow dimensions still in use today 

(Bartsch & Meyer, 2011). It is however the tailings dams which have not been used for the last 

decades that pose the largest threats to the environment, as these were built before any 

regulations existed and are therefore in many cases not treated (SGU, 2017c). An example of a 

tailings dam which is no longer in use is Lilla Bredsjön, located in Garpenberg, Dalarna in Sweden 

as seen in figure 1.2.  
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Figure 1.2. Location of Garpenberg, Dalarna marked with a red square (Eniro, 2017).

1.1 STUDY SITE

A more detailed location of Lilla Bredsjön in Garpenberg can be seen in figure 1.3. The tailings in

this dam were deposited between 1950 and 1965 and come from the mine in Garpenberg, which

has been active since the early 1200s. Up until the 20th century copper was the main mineral

extracted in this mine, but was eventually replaced with lead and zinc.

The tailings pond is 34.8 hectares big, contains 1.7 Mm³ sulphide-rich tailings and is impounded

with dams towards south, east and north. None of the dams have been properly treated, and as a

result of this in combination with decades of weathering, polluted water is leaching through all the

dams. A satellite photo of the dam seen in figure 1.4 is showing large parts of it covered by

vegetation, which may contribute to further damage of the dams and thus releasing more

pollutants. Lilla Bredsjön is located inside the catchment area of lake Gruvsjön, which in turn is

part of the catchment area of Dalälven river. Since almost all of the water from Lilla Bredsjön runs

off to Gruvsjön, it is of high importance that the water quality fulfills the existing environmental

requirements provided by the Swedish Agency for Water Management (Vattenmyndigheterna).

This is however not the case and Boliden, which is the owner of the dam, and the county board of 

Dalarna are currently in meetings regarding the responsibilities of old polluted sites in 

Garpenberg, where Lilla Bredsjön is included to prevent further pollution and ensure the long term 

stability of the impoundments (Eriksson, 2015).
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Figure 1.3. Location of Lilla Bredsjön in  

Garpenberg (Eniro, 2017). 

 

 

 

1.2 AIM AND OBJECTIVE OF STUDY 
The aim of this master thesis is to investigate possible remediation measures of the dams at Lilla 

Bredsjön in Garpenberg to achieve long-term stability upon closure of the facility. This will be done 

by performing a literature study in order to get an idea of the hydrogeological situation and 

present condition of the dams at Lilla Bredsjön. Based on the extent of information obtained in the 

literature study, complementary geotechnical investigations will be carried out to gain sufficient 

knowledge needed to come to a conclusion regarding suitable remediation methods of the dams. 

To achieve this, a number of sub-objectives can be identified:  

 To create a principle model of the geometry and construction of each dam 

 To calculate a two-dimensional pore pressure distribution through each dam in the 

software GeoStudio SEEP/W using four different hydraulic load cases  

 To calculate the slope stability of each hydraulic load case and dam in the software 

GeoStudio SLOPE/W, using the pore pressure distribution calculated by SEEP/W 

 

Figure 1.4. Satellite photo of Lilla Bredsjön (Eniro, 2017). 
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1.3 LIMITATIONS 
As this master thesis study is limited to 20 weeks, a number of aspects and factors that may be of 

importance in the study have been forced to be left out.  

The most important limitation concerns the long-term stability of the dams. The present study 

only focuses on the mechanical stability of the dams, and does hence not cover the geochemical 

part concerning for example prevention of contaminations. The aspect of seepage does however 

affect both spreading of contaminants as well as the stability of the dams, and is thus included in 

the study.  

Climate is another limitation, where the present study is based on Swedish climate. This means 

that it is assumed that the precipitation and evapotranspiration are in line with average values in 

Sweden, and there is thus no distinct rain and dry season. Another aspect of climate is the change 

over time, which is not considered either. Climate change could for example result in heavier 

rainfalls or longer winters in Sweden, but as these potential changes are extremely hard to predict 

they have not been included in the present study.   
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2 THEORETICAL BACKGROUND ABOUT TAILINGS DAMS 

Tailings dams are essentially a kind of embankment dam where the tailings from the mine are 

deposited as a slurry and allowed to sediment before being used to impound the solids and water. 

The sedimentation process normally results in a separation of different particle sizes in the 

tailings; coarser particles sediment close to the point of disposal and are called the coarse fraction 

of the tailings whereas finer particles sediment below the water surface and are called the fine 

fraction (SveMin, 2010, p. 3). This chapter will cover common designs and construction methods, 

important aspects when working with dam safety as well as Swedish legislation affecting tailings 

dams.  

2.1 DESIGN 
Before building a tailings dam, there a several decisions that need to be made regarding for 

example the shape of the tailings storage impoundments and the design of the dams. In this 

section, some common impoundment types as well as embankment dam designs are described.  

2.1.1 Impoundment type 

The purpose of the impoundments is, as earlier said, to retain the tailings and waste fluid in order 

to prevent contamination of the environment. The type of impoundment is highly dependent on 

the topography at site of disposal. Three common forms include cross valley impoundments, ring 

dyke impoundments and side hill impoundments, presented and illustrated below. These forms 

are the basic forms and there may be various variations of them to best suit a particular location 

(Blight, 2010, p. 17).  

2.1.1.1 Cross valley impoundment 

When the terrain is hilly, the mountain walls can act as impoundments to retain deposited tailings 

inside a valley. A third, constructed impoundment, is then built across the valley as seen in figure 

2.1. The advantage of this type of impoundment is that only one dam needs to be constructed, 

resulting in less engineering effort and lower costs. Consequently, more resources can be invested 

in guaranteeing the stability of that one dam. On the other hand, due to the shape of valleys, the 

initial disposal area is rather small which results in a fast rate of rise. This in turn leads to the need 

of a high dam, increasing the cost (Robinson, 2012, pp. 18, 21).  
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Figure 2.1. Cross valley tailings impoundment (Robinson, 2012, p. 19) 

2.1.1.2 Ring dyke impoundment 

Unlike cross valley impoundments, ring dyke impoundments are used where the topography is 

more or less flat. The name of this impoundment type comes from its shape of a complete ring as 

seen in figure 2.2.  Due to the fact that the topography generally is quite flat, the disposal depth is 

often relatively uniform resulting in an effective use of the volume. However, the flat terrain also 

implies aesthetic problems since the height of the ring dyke usually exceeds the surrounding 

landscape. The stability risk as well as construction costs are moreover high because of the long 

impoundment perimeter. On the other hand, another advantage is the possibility to construct this 

type of impoundment almost anywhere and in any shape, making it easy to adjust to specific sites 

(Robinson, 2012, pp. 18, 21).  

 

Figure 2.2. Ring dyke tailings impoundment (Robinson, 2012, p. 20) 
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2.1.1.3 Side hill impoundment 

As seen in figure 2.3, side hill impoundments are a combination of both valley impoundments and 

ring dyke impoundments. At sites where a hill can be used as one dam wall, man-made 

constructions are needed in the remaining three directions. This results in higher infrastructural 

costs compared to a cross valley impoundment, but not as high as for a ring dyke impoundment. 

Like with cross valley impoundments, the disposal area is also limited at first and increases with 

elevation. Additionally, due to the sloping ground caused by the hill, the use of air space is not as 

effective as with ring dyke impoundments (Robinson, 2012, pp. 18, 21).  

 

Figure 2.3. Side hill tailings impoundment (Robinson, 2012, p. 20) 

2.1.2 Dam design 

Embankment dams can either be homogeneous or zoned. Homogeneous dams consists of one 

material with a fairly small hydraulic conductivity to limit the discharge of water whereas zoned 

dams are built up of several materials serving different functions in the dam (Bergh, 2016, pp. 4-5).  

2.1.2.1 Homogeneous dams 

When talking about tailings dams, the homogeneous material in the dams is normally the tailings. 

There is however usually also a coverage of filter material and support fill to stabilize the dam, 

consisting of for example the coarse fraction of the tailings. If the homogeneous material 

constitutes of tailings, there is no impermeable zone present which means that these types of 

dams are draining. If it on the other hand constitutes of for example moraine, which is a relatively 

impermeable material, there will be no drainage through the dams (SveMin, 2010, p. 2). An 

example of a homogeneous dam is presented in figure 2.4.  
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Figure 2.4. Homogeneous dam with a drainage layer in the downstream part. 1:  Material with a small hydraulic 
conductivity, 2: Sand, 3: Gravel, 4: Coarse gravel – rock fill, 5: Drain (Bergh, 2016, p. 4)  

Draining dams need to be controlled in order to minimize the risk of failure, which can occur as a 

result of for example internal erosion or increased pore pressure due to the water flow inside the 

dams (SveMin, 2010, pp. 11-12). 

2.1.2.2 Zoned dams 

Like homogeneous dams, zoned dams can also be both draining and non-draining depending on 

the characteristics of the construction material. The most common type of zoned dam is however 

one with an impervious core, filter materials and support fill as shown in figure 2.5.  

The main function of the impervious core is to reduce the seepage through the dam and is often 

made of glacial till or clay, depending on the availability of different materials in the proximity of 

the dam. In Sweden, the most common core material is glacial till. The purpose of the filter 

materials is to prevent fine material from being transported from the core to the support fill. Since 

the grain size difference between the core and support fill material is so big, the filter serves as a 

transition layer. In order to prevent material transport, the pore size of the filter material closest 

to the core needs to be smaller than the grain size of the core, making sand suitable. A second 

filter material is often gravel. As for the support fill, its function is to stabilize the entire dam and 

reduce the risk for high pore water pressure. To achieve this, the material needs to be porous and 

easily drained (Bergh, 2016, pp. 5-12). 

 

Figure 2.5. Zoned dam on a rock foundation. 1: Impervious core, 2-4: Filter, 5: Support fill, 6: Grouting, 7: Concrete slab,           
8: Drainage well, 9: Erosion protection, 10: Dam crest protection (Bergh, 2016, p. 5) 

Other zones may include, as shown in figure 5, erosion protection and dam crest protection. The 

purpose of both the erosion protection and dam crest protection is to protect the support fill 

against rain, ice and wave erosion among other things (Bergh, 2016, p. 5). 
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2.1.3 Material 

The characteristics of the material is crucial when constructing a tailings dam. When choosing the 

material, several aspects such as foundation material, seismic activity at the site and the type of 

dam need to be taken into consideration (ICOLD, 1996b, pp. 99-103). The following sections will 

cover the basic characteristics of materials used for different functions in a dam.  

2.1.3.1 Tailings 

Important parameters related to the tailings are density, shear strength and permeability. 

Concerning density, it is vital to differ between true density, bulk density (natural water content), 

saturated density and dry density. Other parameters related to density are the void ratio and the 

natural water ratio, which are needed to calculate the bulk density (SveMin, 2010, p. 4). Example 

values of some of these parameters depending on the tailings characteristics are presented in 

table 2.1. 

Table 2.1. Example values of true density, void ratio and dry density for tailings obtained from mining of copper, lead and 
zinc (SveMin, 2010, p. 4). 

Tailings from  
mining of 

True density, ρs 
[t/m³] 

Void ratio, e0 
Dry density, ρd 

[t/m³] 

Copper 
(coarse fraction) 

2.6 – 2.8 0.6 – 0.8 1.49 – 1.76 

Copper 
(fine fraction) 

2.6 – 2.8 0.9 – 1.4 1.12 – 1.44 

Lead-Zinc 
(fine grained) 

2.6 – 2.9 0.8 – 1.1 1.5 – 1.8 

 

Shear strength is expressed in terms of the angle of friction for different materials. It is especially 

important when calculating the stability of dams and is highly dependent on whether the 

conditions are draining or saturated. The angle of friction is however constant regardless of 

condition, but the increasing pore pressure in saturated material has an impact corresponding to a 

lower equivalent angle of friction (SveMin, 2010, p. 5). Example values of the friction of angle for 

both conditions are presented in table 2.2.  

Table 2.2. Example values of the friction of angle at draining and saturated conditions for tailings obtained from mining 
of copper, lead and zinc (SveMin, 2010, p. 5). 

Tailings from  
mining of 

Angle of friction (draining), φ 
[degrees] 

Equivalent angle of friction 
(saturated), φT 

[degrees] 

Copper 
(coarse fraction) 

34 19-20 

Copper 
(fine fraction) 

33-37 14-24 

Lead-Zinc 
(fine grained) 

30-36 21 

 

Permeability of tailings is harder to estimate since it varies as a function of grain size, which in turn 

changes with the distance from the point of disposal as described in the beginning of this chapter. 
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Experiments have therefore been made for different tailings types to see how the permeability 

changes with the distance from the disposal source (SveMin, 2010, p. 6). Values obtained from 

Swedish experiments are presented in table 2.3. 

Table 2.3. Experience values of the permeability as a function of distance from the point of disposal for tailings obtained 
from mining of copper, lead and zinc (SveMin, 2010, p. 7). 

Tailings from  
mining of 

Distance from point of disposal 
[m]  

Permeability 
[10-6 m/s] 

Copper 

0 
300 

1500 
3000 

2-3 
2-3 
1-2 
1.0 

Lead-Zinc 
0 

200 
18 
6 

 

2.1.3.2 Impervious core 

As mentioned earlier, the impervious core can be made of for example glacial till or clay. This 

section will however only cover impervious cores made of glacial till, also known as moraine, since 

this is the most common material used in Sweden (Bergh, 2016, p. 6).  

Two of the most important parameters when it comes to the core are permeability and plasticity. 

In order to prevent seepage through the dam, the hydraulic conductivity of the moraine needs to 

be relatively low. A too low hydraulic conductivity will on the other hand cause difficulties related 

to compaction, and an interval between 3 ∙ 10-9 m/s and 3 ∙ 10-7 m/s is therefore recommended 

(Bergh, 2016, pp. 6-7). To obtain this hydraulic conductivity and still keep a high plasticity, the fine 

fraction (<0.06 mm) of the moraine should be between 15% and 40% of material smaller than 20 

mm (SveMin, 2013, p. 10).  

Moreover, the dimension and design of the core can vary from quite thin to thick as well as 

vertical or sloping. A thick core is naturally more stable, but due to limitations in terms of for 

example accessibility of material or a short building season, thinner cores may be motivated.  

Concerning the incline, sloping cores are generally safer because of the reduced risk of cracking, 

arching and failure surfaces in the downstream support fill (Bergh, 2016, p. 8). 

2.1.3.3 Filter 

Since the purpose of the filter is to prevent fine material from being transported from the core to 

the support fill and at the same time allow any seepage to flow freely, the material needs to fulfill 

four criteria.   

The first criterion concerns permeability and states that “the hydraulic conductivity of the filter 

shall be significantly higher than the hydraulic conductivity of the base material” (Bergh, 2016, p. 

12). This criteria is considered achieved when the grain size of the 15% finest particles of the filter 

material (diameter = D) is at least five times larger than the grain size of the 15% finest particles of 

the core material (diameter = d). This relation can also be written as follows (Bergh, 2016, p. 12): 

D15 / d15 > 5 
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The second criterion, piping, deals with the material transport. In tailings dams with cores made of 

moraine, as in Sweden, material transport through the filter is prevented if the core particles 

larger than fine sand get stuck in the filter. This criterion is fulfilled if the following relation is 

obtained (Bergh, 2016, pp. 12-13): 

D15 < 0.7 mm 

The third criterion concerns internal stability of the filter material. To achieve an internally stable 

filter, it is important that the grain size distribution is relatively linear, and not gap graded.  If the 

grain size distribution is gap graded, there is an increased risk of transportation of the filter 

material itself. This can be avoided if the following relations are fulfilled (Bergh, 2016, pp. 13-14):  

D60 / D10 < 30 

D50 < 25 ∙ d50 

Finally, the fourth criterion deals with the risk of separation of large stones when dumping the 

filter material at the dam site. This is simply avoided by removing all stones larger than 60 mm and 

can be expressed as (Bergh, 2016, p. 14): 

Dmax < 60 mm 

2.1.3.4 Support fill 

The requirements for the support fill are less complex than the previous zones. As described 

earlier, its function is to stabilize the dam and reduce high pore water pressures, which means that 

the material should be porous (Bergh, 2016, p. 10). Furthermore, the slope of the support fill must 

not be too steep in order to fulfill the necessary safety factor.  

The support fill also serves a crucial part in terms of long time stability and should preferably be 

dimensioned for this purpose as early as possible during the construction phase (SveMin, 2013, p. 

22).  

2.1.3.5 Erosion protection 

The need for erosion protection on tailings dams varies from case to case, and sometimes it is 

enough to use the tailings themselves as an erosion buffer. The most common material to use in 

Sweden is however boulders. Regardless of material, the protection should cover the part of the 

dam that is exposed to wind and water erosion as well as frozen ground (SveMin, 2013, p. 32).  

In order to withstand weathering and frost, the boulders need to comprise of bedrock of good 

quality. Suitable rock types for this purpose include for example granite, gneiss and gabbro. 

Furthermore, the boulders need to be of appropriate size to fulfill proper permeability and 

stability (SveMin, 2013, p. 33).  

2.2 CONSTRUCTION 
The construction process is one of the largest differences between regular embankment dams and 

tailings dams. This is because tailings dams are sequentially raised in pace with the continuous 

disposal of the tailings whereas regular embankment dams are built in one step and then left 

alone. The initial embankment is generally called a starter dam, on top of which a new 
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embankment is built when the existing storage volume has reached its maximum level (Dagli, 

2013, pp. 3-4).  

When it comes to construction methods for raising a tailings dam and thus increasing the storage 

capacity, there are currently three major methods being used: the upstream method, the 

centerline method and the downstream method (ICOLD, 1982, pp. 87-97). The choice of method 

depends on a number of factors including for example geology, hydrology, climate as well as the 

properties of the tailings (ICOLD, 1994, p. 17). 

2.2.1 Upstream method 

The upstream construction method is the most common type thanks to the small amount of 

material needed, leading to low construction costs and fast operation. As the name implies, the 

new embankments are built in the upstream direction of the dam as illustrated in figure 2.6. This 

way of building results in a reduced storage volume every time the dam is raised, which is one of 

the disadvantages with the method. As described in the introduction of this chapter, the coarse 

particles of the tailings are deposited close to the point of disposal, i.e. the embankment, whereas 

finer particles are deposited further out in the pond. This means that as the dam grows higher, 

more and more new embankments will be built on top of the finer particles, which consolidates 

slowly due to their low shear strength. This in turn means that the upstream method is suitable in 

areas with low seismicity risk and that the height of the dam will be limited (ICOLD, 1982, pp. 87-

91) (Dagli, 2013, p. 4).  

 

Figure 2.6. Continuous construction of a tailings dam using the upstream method (ICOLD, 1982, p. 88) 

 

2.2.2 Downstream method 

Another construction technique is the downstream method, which unlike the upstream method is 

built in the downstream direction of the dam. This type of construction is the most stable one, and 

it is therefore suitable in areas with high seismicity risks. As seen in figure 2.7, a very large amount 

of material is needed every time the dam is raised, making it rather costly and limits the height of 

the dam. Apart from this, another factor affecting the cost is the equipment required to flatten the 

downstream slope (ICOLD, 1982, pp. 93-97). 
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Figure 2.7. Continuous construction of a tailings dam using inclined downstream method (ICOLD, 1982, p. 95) 

2.2.3 Centerline method 

When building according to the centerline method, the dam is raised upwards along its centerline 

as seen in figure 2.8. This method is a comprise between the upstream- and downstream methods 

since it less seismically sensitive than the upstream method and the requirements related to the 

material are not as strict, but additional supporting may be needed to achieve satisfying stability 

(ICOLD, 1982, p. 93). 

 

Figure 2.8. Continuous construction of a tailings dam using leaning centerline method (ICOLD, 1982, p. 94) 

2.3 DAM SAFETY 
The main aspect of dam safety concerns dam failure caused by uncontrollable discharge from the 

tailings pond. A large part of the dam safety work is thus focused on minimizing the probability of 

dam failures as well as reducing the consequences if an accident despite preventive actions occurs. 

Depending on the extent of possible consequences caused by a dam failure, each dam gets a 

consequence classification (SveMin, 2012, pp. 14-15).  

When classifying the consequences of a dam failure, the probability of three main outcomes is 

evaluated. These outcomes include 1) severe impact on society, 2) loss of human life or serious 

injury as well as 3) other damages to the environment, public facilities and economic values. The 

classification system consists of four levels: 1+, 1, 2 and 3, where 1+ corresponds to the most 

severe consequences (SveMin, 2012, pp. 20-21). The degree of probability of these three 

outcomes is presented for each consequence level in table 2.4.  
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Table 2.4. Probability of outcomes as a result of dam failure for each of the four consequence levels (SveMin, 2012, p. 21) 

Consequence level Probability of outcomes as a result of dam failure 

1+ High probability of severe impact on society: 

 Loss and/or destruction of human lives and homes, cultural 
environment and work places caused by flooding of water/tailings 

 Serious disturbance in the electricity supply 

 Destruction or major damages of social facilities  

 Destruction of important environmental values 

 Severe financial damage  

1 Non negligible probability of loss of human lives or serious injuries 
or 
Considerable probability of severe damage on: 

 Important public facilities 

 Significant environmental values 
or 
High probability of large financial damage 

2 Non negligible probability of: 

 Considerable damage on public facilities 

 Considerable damage on environmental values 

 Financial damage 

3 Negligible probability of damage according to above 

 

The reasons behind a dam failure may be several, but the general causes include overtopping, 

slope instability as well as internal and external erosion. These causes are presented further in the 

following sections. Another problem related to dam safety is contamination of groundwater which 

is also described in more detail below (ICOLD, 1996b, p. 145).  

2.3.1 Overtopping 

Overtopping is the phenomena when the fluid waste inside the tailings pond rises above the dam 

crest level and thus starts to flow downstream the dam. The most common causes behind this 

problem are insufficient hydrological design and decreased freeboard because of crest settlement. 

Depending on where the dam is located, the amount of fluid waste flowing over the crest as well 

as how easily erodible the dam materials are, this phenomena may have minor to catastrophic 

consequences (ICOLD, 1996b, pp. 143-147). It may however be avoided by regular inspection by an 

educated geotechnical engineer (Blight, 2010, p. 466). 

2.3.2 Slope instability 

Instability in the downstream slope of a tailings dam may occur due to several different reasons.  

One possible reason is that the pressure on the construction material in the dam or on the 

foundation soil is too high, resulting in shear failure. This type of failure can generally be detected 

in the shape of for example tension cracks in the dam crest or movements in the ground 

downstream the dam, making it possible to prevent accidents by performing regular inspections 

and using instruments such as movement gauges. Another reason for slope instability is related to 

an increased pore water pressure inside the dam due to for example inadequate drainage, 

creating unstable conditions in the downstream support fill. This can also be prevented by, for 

instance, installing piezometers to keep track of pore pressures (ICOLD, 1996b, pp. 145-147).  
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Furthermore, the design of the dam is also of great relevance when it comes to the stability of 

tailings dams. A parameter of special importance is the downstream slope angle, which through 

experience has shown to be acceptable in the range of 15 – 20ᵒ (Blight, 2010, p. 567). Slope 

stability can nowadays be calculated using different computer software such as SLOPE/W and 

PLAXIS, though knowledge about the basis of the analysis methods as well as some essential 

parameters is still needed (Blight, 2010, pp. 507-508). 

2.3.3 Internal erosion 

Internal erosion occurs, as the name implies, inside the dam body. The reason behind this is 

seepage caused by leachate, which in turn may result from for example compaction problems in 

the fill or insufficient drainage. Since the erosion takes place within the dam it is hard to discover, 

both visually and with instruments. Information obtained from piezometers can however provide 

knowledge about the draining system and thus help prevent accidents. Furthermore might regular 

inspections lead to the detection of dirty seepage, which may suggest internal erosion of fine 

material (ICOLD, 1996b, pp. 147-149). 

2.3.4 External erosion 

When it comes to external erosion, the origins can be many. However, the most common reasons 

for external erosion originates from water or wind activities. Regardless of the cause, external 

erosion may alter the shape of the dam and by doing so jeopardize the stability of it. Failure may 

also occur if erosion takes place at the dam toe due to for example flooding, which in turn can lead 

to undercutting, or if insufficient drainage causes the phreatic surface to reach the downstream 

slope. Another problem related with water is gullying in the downstream slope as a result of for 

example precipitation or overtopping. Problems associated with wind erosion include among 

other things blocking of the drains, which in turn may result in increased phreatic surface, as well 

as contamination of the surrounding environment due to the spreading of hazardous tailings 

(ICOLD, 1996b, p. 149).  

To avoid external erosion from taking place, slope and toe protection is needed. As presented in 

section 2.1.3.5 above, this protection normally consists of non-erodible boulders of good quality 

bedrock in Sweden. Regular inspections are also required in order to evaluate the sufficiency of 

the erosion protection (ICOLD, 1996b, p. 145).   

2.3.5 Contamination 

This part of the dam safety aspect does not cover a potential cause of failure, but rather the 

possible environmental consequences resulting from the operation of a tailings dam or if a failure 

occurs due to any of the above mentioned reasons. In any case is contamination of the 

surrounding environment a serious problem and should be prevented at all costs. Pollutions from 

tailings dams may enter the environment through leachates into the groundwater and then 

continue to spread with the water (ICOLD, 1996b, p. 151). Other pathways of pollution into the 

surroundings is through the air, as mentioned in the previous section. Dust from the dam site may 

not only contaminate the soil and water in proximity to the tailings dam, but also affect the air 

quality in the area (ICOLD, 1996a, p. 21).  

Dusting problems may be prevented by keeping the tailings damp through sprinkling of water 

using a water cannon (Hudson Bay Mining and Smelting Co., Limited, 2007, p. 8). As for 

groundwater pollution, it can be detected by analyzing the water quality in observation wells 

downstream of the tailings dam (ICOLD, 1996b, p. 151). 
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2.4 REHABILITATION AND CLOSURE 
Dam safety is not only about the operation phase and short-term perspective, but should instead 

be considered for a long period of time. Since the impoundment will remain in its location for a 

very long time, it should be designed and constructed in a way that ensures the long-term stability 

of it. This might however not always be the case, for example if an unpredicted accident occurs or 

if the dam was built before legislation about long-term dam safety existed. Therefore, when a 

tailings dam no longer is in use, it should undergo the necessary rehabilitation measures in order 

to resist the above mentioned risks of dam failure for at least 1000 years without attendance. It is 

however very difficult to predict how the climate change will affect the facility over time (SveMin, 

2010, p. 19). Examples of remedial measures to achieve long term stable dams are presented in 

section 2.4.1. 

After the implementation of required rehabilitation measures, the tailings dam should be closed 

and protected against weathering. The reason behind the closure is to prevent spreading of metal-

rich leachate, which is produced when tailings are exposed to oxygen. There are different methods 

of doing this, but the most common closure types are dry covers, wet covers and raised 

groundwater level. These methods are presented further in sections 2.4.2 – 2.4.4. After the 

closure of the facility, monitoring is required until the entire facility reaches stable conditions. 

During this stage, complementary actions may be needed in order for the closure method to fulfill 

its purpose (SGU, 2017a, pp. 14, 18) 

2.4.1 Long term stability 

As just mentioned, stability from a long term perspective should be considered already during the 

design and construction phases of a tailings facility since it may reduce the need of remedial 

measures at closure. If, however, rehabilitation of the dams is needed to make them long term 

stable, there are different approaches to this.  

The most cost-effective and practical approach is to restore and improve the present dam 

construction. This can be done in several different ways, for example through improving the 

downstream slope, densifying weak zones or refining the impoundment, and investigations should 

be carried out for each specific case in order to determine the most suitable option (ICOLD, 1995, 

pp. 45-49).  

A more expensive solution is to construct completely new impoundments directly downstream of 

the present impoundment. This approach may be necessary if, for instance, a potential failure 

would cost society more than the cost of building a new dam (ICOLD, 1995, p. 45). A third 

approach is to accept potential failure and instead protect the area downstream of the 

impoundments. This method is not recommended and is normally only applied in cases with very 

limited budget (ICOLD, 1995, p. 49).  

2.4.2 Dry covers 

As the name implies, this closure method uses a dry cover to prevent weathering of the tailings. 

The cover material needs to be dense in order for oxygen to be unable to reach the tailings, and a 

common material in Sweden is thus moraine. In cases where sulphide-rich ore is mined a so called 

qualified dry cover is required, which means that the material should be saturated and hence act 

as a barrier against the acid. 
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This method could either be really expensive or oppositely rather economical depending on the 

availability of cover material in proximity to the facility (SGU, 2017a, pp. 14-15).   

2.4.3 Wet covers 

In this method a layer of water is applied on top of the tailings, creating a man-made lake. This 

method may still result in weathering of the tailings if water is added directly on top of the tailings, 

since the oxygen in the water can react with the metals in the tailings and thus decrease the 

quality of the water. In order to prevent this from happening, a diffusion barrier consisting of for 

example organic matter or sand can be placed directly on the tailings before adding any water 

(Robins, 2004, p. 42).  

Another problem with this method is the risk of eroding bottoms due to wind or mixing of water 

due to seasonal changes, which may lead to oxidation despite diffusion barriers. Waves caused by 

wind can however be prevented through the construction of wave breakers or establishing 

vegetation. Furthermore, this method places high demands on the long term stability of the dams 

due to the high pressure the water generates (SGU, 2017a, p. 17).  

2.4.4 Raised groundwater level 

This method is a combination of dry and wet covers as it is achieved by, to begin with, placing a 

layer of moraine on top of the tailings. Water is then added until the groundwater level is raised 

enough to keep the tailings permanently saturated. This closure method also allows for wetlands 

to be constructed above the mining waste (SGU, 2017a, p. 17).  

2.5 SWEDISH LEGISLATION 
When talking about dam safety in Sweden, the term includes all sorts of dams: concrete, 

embankment, hydropower and tailings dams etc. Therefore, a lot of the ordinance is general and 

applies to more or less all of the different dam types. There is however no specific law concerning 

dam safety in Sweden. Instead, different authorities and constitutions are responsible for different 

aspects of the dam safety work (SOU 2012:46, 2012, p. 93).  

The Swedish government appointed Svenska Kraftnät to work with dam safety related issues as a 

central authority in January 1998. During the same time, more and more people within the power 

industry started to be aware of and worry about dam safety, resulting in the decision to produce 

national guidelines concerning safe dam construction and operation. A year earlier, in 1997, 

Svensk Energi implemented the manual RIDAS to support companies and dam owners in their 

work towards higher dam safety. However, this manual only covered power dams and it would 

take another ten years before a new manual with focus on tailings dams, GruvRIDAS, was 

developed by SveMin (SOU 2012:46, pp. 88-89).  

Regulations about activities that may result in environmental consequences, in this case caused by 

inadequate dam safety, are covered in the Environmental Code which was established in January 

1999 (SFS 1998:808).  

2.5.1 Svenska Kraftnät 

Svenska Kraftnät’s role as an authority is to support and guide the county administrative boards of 

Sweden in their dam safety work, engage in the development of preparedness in case of dam 

failure and encourage research to improve the dam safety. Other responsibilities include analyzing 
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how the climate change affect dam safety as well as continuously reporting about their work to

the Swedish government (Svenska Kraftnät, 2016a).

In 2014, Svenska Kraftnät was part of the implementation of a new dam safety regulation. This

regulation means an addition of a few new responsibilities, including for example the development

of supervision and self-control, which means that a large part of the focus in the coming years will

be related to this new regulation (Svenska Kraftnät, 2016b, p. 11).

2.5.2 GruvRIDAS

Due to the potential consequences an accident related to tailings facilities may result in, it is

important that there are national guidelines and recommendations for dam owners to follow in

order to attain satisfactory dam safety. Such guidelines along with other useful information are

presented in GruvRIDAS (SveMin, 2012, p. 3)

GruvRIDAS is based on RIDAS (the power companies’ guidelines for dam safety), but has been

adjusted and revised to be applicable to tailings facilities. The author of GruvRIDAS is Svemin, the

industry organization for mines, mineral- and metal producers in Sweden. Svemin is moreover a

part of the Confederation of Swedish Enterprise, which is the representative of all companies and

businesses in Sweden (SveMin, 2017).

2.5.3 Environmental Code

The Environmental Code is a legislation that replaced 16 different laws concerning the

environment when it came into force in 1999. It applies to all activities affecting the environment

in any way, including tailings dams. It contains general regulations regarding how tailings facilities

should be managed (SOU 2012:46, pp. 93-94).

According to 11 ch. 17 § in the Environmental Code, it is the responsibility of each and every dam

owner to maintain sufficient inspection and necessary reparations in order to prevent any damage

on society. This responsibility also includes rehabilitation and closure of the facility, as stated in 2

ch. 8 § and 10 ch. 2 §.

In case of a failure, it is according to 11 ch. 18 § the dam owner’s responsibility to compensate any

damage caused by it, even if the owner was not answerable for any destruction resulting in the

failure.

As of June 1 2014, a collected adjustment of questions regarding dam safety was included in the 
Environmental Code according to law (2014:114). The adjustment affects dams where a dam 
failure would result in significant consequences. 
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3 METHODOLOGY 

As mentioned in the aim of this study, the methodology is divided into three parts in order to 

obtain all information necessary. These parts include a literature study on previous research that 

has been done in this field, a geotechnical investigation at the site of study as well as seepage and 

stability calculations performed in the software GeoStudio 2012.  

3.1 LITERATURE STUDY: PREVIOUS RESEARCH 
The first part of the methodology, the literature study, was carried out to gain knowledge about 

the hydrogeological situation in the study area and as much information as possible about the 

dams at Lilla Bredsjön. The procedure has included both internet search as well as correspondence 

with Boliden and Sweco to get ahold of any reports or documentations that might be of interest. 

All material attained has been studied thoroughly and the parts that are relevant to this study 

have been summarized in the following chapter.  

3.2 GEOTECHNICAL INVESTIGATION 
Concerning the design and construction of the three dams, the information obtained in the 

literature study was regarded inadequate to achieve the defined aim of the study. This resulted in 

the need of a geotechnical investigation in all three of the dams. The investigation was conducted 

during two separate occasions; the first one on March 30 and the second one on May 10. During 

both occasions personnel from Sweco was present along with a machine operator from the 

company Maserfrakt.  

Beforehand, a brief report containing the purpose and implementation of the investigation was 

written, found in Appendix A. As written in that report, the geotechnical investigation consisted of 

the digging of 4 test pits. An additional pit was however dug in the natural soil downstream of dam 

3 with the purpose of confirming which material was the natural soil. This was done in order to see 

where the dam material ended and where the natural soil began in the dam toe, making it possible 

to analyze how the dams were founded.  

Three test pits were dug perpendicular across the dam crests in order to get an idea of the cross 

sections of each dam and one test pit was dug in the dam toe to see the foundation. During the 

first occasion, two test pits were dug. The first pit was dug far to the left across dam 2 and the 

second pit slightly to the right across dam 1. During the second occasion, another two pits were 

dug; one in the middle across dam 3 and one slightly to the left in the dam toe of dam 3. The 

additional pit was dug close to the pit in the dam toe. A more precise location of each test pit is 

also presented in the report found in Appendix. Every pit was well documented with camera, pen 

and paper.  

Based on the information obtained during the investigations, principle designs of the cross section 

of each dam as well as the dam toe in dam 3 were created in MicroStation V8i.  
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3.3 SEEPAGE AND STABILITY CALCULATIONS 
To perform seepage and stability calculations in GeoStudio, the geometry of each dam is first of all 

required. For this, simplified versions of the principle sections created in conjunction with the 

geotechnical investigations were used to set up the dam geometry. Reference points at the top 

and bottom corners of the dams were then used to match the scale in GeoStudio in order for the 

dams to be correctly dimensioned and consequently for the software to produce reliable results. 

3.3.1 Seepage calculation 

To calculate seepage through the dams, the GeoStudio analysis tool SEEP/W was used. This tool 

performs calculations based on a two-dimensional water flow through the dams, resulting in a line 

that corresponds to the pore pressure distribution through the cross section of each dam. 

Calculated pore pressure distributions are then used in the stability calculations.  

The used analysis type is steady-state and the required parameter in the seepage calculation 

include the hydraulic conductivity value for each dam material, based on approximate values from 

SGI (Larsson, 2008). These values are presented in table 3.1. Apart from this, two boundary 

conditions are set for each dam: the groundwater level upstream of the dam as well as the 

potential seepage face downstream of the dam. 

Table 3.1. Input data in SEEP/W 

Material Hydraulic conductivity [m/s] 

Tailings 5 ∙ 10-6  

Moraine core 1 ∙ 10-8 

Fine filter 1 ∙ 10-4 

Coarse filter 1 ∙ 10-3 

Support fill 1 ∙ 10-4 

Road material 1 ∙ 10-2 

Natural soil 5 ∙ 10-9 

Ground above tailings 1 ∙ 10-5 

 

3.3.2 Stability calculation 

The slope stability calculations were performed in GeoStudio using the SLOPE/W analysis tool. The 
analysis type is Morgenstern-Price calculation method, using a half-sine function. This method is 
described by GeoStudio to work as follows: “The Morgenstern-Price method satisfies both force 
and moment equilibrium and uses a selected interslice force function. SLOPE/W uses a search 
method to find the lambda value that results in the same factor of safety for both moment and 
force equilibrium. In the cases when no common factor of safety can be found, the solution is 
considered as unconverged”.  

To perform the calculations, parameters including friction angle and unit weight of every material 

inside and under the impoundments are required. The material model used is Mohr-Coulomb, 

where the unit weight correspond to constant unsaturated conditions. Used parameter values for 

each material are based on values of similar materials from the same mine and area as Lilla 

Bredsjön as well as empirical values from SGI (Larsson, 2008, p. 47). The input data in SLOPE/W is 

presented in table 3.2.  
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Table 3.2. Input data in SLOPE/W 

Material 
Unit weight (unsaturated) 

through the dams 
1.5 

Flooding 
A raised groundwater level in the tailings 
pond that exceeds the maximum retention 
level 

1.3 

permeability as the tailings 
1.1 

Denser tailings 
The tailings are assumed to have the same 
permeability as the core 

1.5 

Potential max seepage      
The core is assumed to have the same

Table 3.3. Load cases analyzed in stability calculations with required safety factors provided by GruvRIDAS

Hydraulic load case Description Required safety factor

Present conditions 
Present conditions with stationary flow

[kN/m3] 
Friction angle

Tailings 20 34 ᵒ

Moraine core 22 35 ᵒ

Fine filter 20 37 ᵒ

Coarse filter 20 40 ᵒ

Support fill 22 35 ᵒ

Road material 21 40 ᵒ

Natural soil 20 35 ᵒ

Ground above
tailings 

19 22 ᵒ

3.3.3 Hydraulic load cases

Four different hydraulic load cases, presented in table 3.3, are analyzed in the stability

calculations. According to RIDAS 2012, dams with a consequence level of two should undergo

stability calculations based on both present hydraulic conditions as well as hydraulic conditions in

a potential flooding situation, as a result of for example an extreme rainfall event. In the flooding

load case, the water level meets or exceeds the maximum retention level, which is a worst case

scenario (pore pressure at the same level as ground surface) from a stability point of view for a

tailings dam. If the water level raises above that, it becomes an issue of overtopping instead. This

load case would furthermore correspond to the same conditions as obtained by using a raised

groundwater level as closure method, and since this is a possible method upon closure it is

important to study how well the dams would handle the increased pore pressure.

A third load case representing a potential future scenario when a large part of the fine material in

the core have been washed out, here called potential maximum seepage, is calculated. The per-

meability of the core then corresponds to that of the tailings. This case is interesting since it shows

what most likely will happen to the dams when they are left to their fate, which is

important in the long-term perspective. This load case does, in other words, not represent a worst
case scenario from a hydraulic point of view, but rather the maximum seepage that potentially
can occur in the dams as a result of the washout of fine particles in the core. Moreover, the 
magnitude of the seepage will not directly affect the stability of the dams, but it will affect the 
pore pressure distribution inside the dams which in turn affects the slope stability.
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Finally, a fourth load case representing present conditions, but where the tailings have a lower

permeability, is also calculated. The fourth case is part of a small sensitivity analysis, since the

permeability of the tailings is unknown. The permeability value for tailings in present conditions is,

as already mentioned, only based on approximate values from SGI, and it is therefore of interest

to analyze the stability if the tailings were to have a lower permeability. If this load case shows to

result in much more stable conditions of the dams compared to the load case representing

present conditions, it would be worth investigating the true permeability of the tailings. If the

tailings in fact have a lower permeability, it could mean that less remediation work needs to be

done in order to achieve long-term stability, which would save both time and money. 

The upstream groundwater level used in the load cases representing present conditions, potential 

maximum seepage and denser tailings are based on measurements in groundwater pipes 

obtained during the literature study, whereas the upstream groundwater level in the load case 

representing flooding conditions is assumed to lie at a level where all of the tailings are saturated. 

In dam 1, these levels corresponds to 228.5 m and 230.5 m. In dam 2, these levels correspond to 

229.0 m and 229.5 m and finally, in dam 3 these levels correspond to 229.8 m and 231.3 m. 
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4 RESULT: CHARACTERISTICS OF LILLA BREDSJÖN 

4.1 LITERATURE STUDY 
As previously mentioned, Lilla Bredsjön consists of three separate impoundments: one towards 

the east (dam 1), one to the south (dam 2) and one to the north (dam 3). Some information about 

the dams is available in the dam data book issued by Patrik Lundin at Boliden and is summarized in 

section 4.1.1.  

In September 2012, eight test pits were dug under the management of Mårten Jakobsson at 

Ramböll with the purpose of investigating the construction and foundation of the dams. A 

summary of this investigation is presented in section 4.1.2.  

Furthermore, the literature study included an area description based on a report by Nils Eriksson. 

The relevant findings of this are presented in section 4.1.3. Another report written by Nils Eriksson 

together with Maria Lindvall has been used to study the surface and groundwater situation in Lilla 

Bredsjön. This material is presented in section 4.1.4.   

4.1.1 Dam Data Book  

Both dam 1 and dam 3 are built using the centerline method, whereas this information is missing 

for dam 2. The last stage of all three dams was constructed in 1958 and they all have an up- and 

downstream slope gradient corresponding to 1:2 and 1:1.5 respectively (Lundin, 2010, pp. 27-29). 

Moreover, all of the dams at Lilla Bredsjön are classified to consequence level 3, i.e. the lowest 

level (Eriksson, 2015, p. 14). More thorough information about the design and construction of 

each dam is presented in the following sections. 

4.1.1.1 Dam 1 

Dam 1 is approximately 400 meters long and seven meters high at its highest point. The dam crest 

is three meters wide and has a level of +229.5 (using the RH00 system). The dam is built on tailings 

and the final construction has an impermeable core consisting of moraine and slopes covered with 

gravel. A principle section of dam 1 is presented in figure 4.1. Moreover, there is no free board to 

the tailings in the magazine and the tailings have thus blown over the crest and are now covering a 

large part of the downstream slope. There are a few observation wells in the tailings, but no 

measurements are made nowadays (Lundin, 2010, pp. 27-28). 
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Figure 4.1. Principle section of Lilla Bredsjön dam 1 (Lundin, 2010, p. 28) 

4.1.1.2 Dam 2 

Dam 2 is approximately 380 meters long and three meters high. The dam crest is three meters 

wide and has a level of +229.5 (using the RH00 system). There are furthermore two larger and one 

smaller spillway with stop lops in the right corner of dam 2. The dam is built on tailings and the 

free board between the tailings and the dam crest is approximately 0.5 – 1.7 meters. Information 

about the construction and foundation of this dam is lacking and there is hence no principle 

section available (Lundin, 2010, p. 28).  

4.1.1.3 Dam 3 

Dam 3 is approximately 200 meters long and three meters high. The dam crest is three meters 

wide and has a level of +228.5 (using the RH00 system). The dam is built on tailings and the final 

stage consists entirely of moraine. A principle section of dam 3 is presented in figure 4.2. Apart 

from this, there is no information about the construction of the dam (Lundin, 2010, p. 28).  

 

Figure 4.2. Principle section of Lilla Bredsjön dam 3 (Lundin, 2010, p. 29) 

4.1.2 Geotechnical investigation 2012 

The investigation was conducted from afternoon to evening of September 3 and consisted of the 

digging of ten test pits in total; 4 points on dam 1, 2 points on dam 2 and 4 points in dam 3. It 

moreover included visual inspection of each dam as well as the measurement of a number of 

sections. The main basis of the investigation included the Dam Data Book, a previous investigation 

report from 1998 and aerial photos of the area from 1953, 1958, 1963 and 1968 (Jakobsson, 2013, 

p. 1) 
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All findings from the investigation are presented for each dam in sections 4.1.2.1 – 4.1.2.3 and are 

directly translated from the Swedish report by Jakobsson. The images referred to in this summary 

can be find in Appendix C. Apart from this, images from the some selected test pits can be found in 

Appendix D. All material from the investigation has been approved by Mårten Jakobsson to be 

presented in this report.  

4.1.2.1 Dam 1 

 Dam 1 had a negative freeboard, though the tailings pond was finished and no free water 

existed against the dam crest, see image 2.1. 

 The dam had steep downstream slopes with gradients 1:2 and steeper. Does dam 1 have 

satisfactory stability? According to measurement in pipes, the groundwater level in the 

pond was approximately 1.5 meter under the surface of the pond, see image 2.1. 

 Vegetation of thicket and trees were growing on the dam body, see image 2.1 and 2.2. 

 Free water and wetland downstream the dam suggest a leakage through the dam and/or 

the foundation. If the leakage is “normally” stable or increasing is there no possibility to 

track, see image 2.3 and 2.5.  

 Tailings on the pond surface have blown over the dam crest and was lying on the 

downstream slope, see image 2.5.  

 According to the test pit digging there is a vegetation layer left under the support fill in the 

dam toe in parts of the dam. Where the dam was as highest, a water bearing sand layer in 

natural moraine was observed.  

4.1.2.2 Dam 2 

 Vegetation of thicket and bent trees are growing on the dam body which is not treated, 

see image 2.6. 

 The dam had steep downstream slopes with gradients 1:2 and steeper. Does the dam have 

satisfactory stability? See image 2.6 

 The dam crest had wheel-tracks on it and was partly damaged from driving, see image 2.6. 

 The spillway was in general in bad shape. Discharging water did not flow through the 

gauging weir, see image 2.7.  

 Planks in the left “sheeting box” were broken, see image 2.8. 

 A lot of vegetation was growing close to the spillway construction, the roots of plants can 

cause concentrated leakage paths, see image 2.9. 

4.1.2.3 Dam 3 

 The dam had steep downstream slopes with gradients steeper than 1:2. Uncertain if the 

dam has satisfactory stability with current conditions, see image 2.10. 

 According to the test pit digging there is a vegetation layer left under the support fill in the 

dam toe.  

 Forest area downstream the dam was suspected to be affected by leakage from the dam, 

see image 2.10.  

4.1.3 Area description 

The report by Nils Eriksson in which this area description is presented also contains the description 

of aspects such as Hunting and outdoor life and Cultural history which have not been included in 
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this literature study. The focus has instead been on the hydrogeological and meteorological 

aspects which are presented in the following sections (Eriksson, 2015, pp. 20-28). 

4.1.3.1 Temperature and wind conditions 

The average temperature in Garpenberg varies from coldest -4.8 ᵒC in January to warmest 15.5 ᵒC 

in July, based on average temperatures between 1961 and 1990 in the nearby cities Avesta and 

Folkärna (Eriksson, 2015, p. 23). The average temperature for each month is presented in table 

4.1. 

Table 4.1. Average temperature for each month in Garpenberg (Eriksson, 2015, p. 23) 

Garpenberg Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Average 
temp. [ᵒC] 

-4.5 -4.3 -1.5 3.5 10 14.2 15.5 14.1 9.4 4.9 -0.6 -2.9 4.8 

 

Wind data is collected 65 km west of Garpenberg, in Stora Spånsberget between 2000 and 2004. A 

wind rose presented in figure 4.3 shows that the most dominating wind direction for lower wind 

speeds is westward-southwestward and for higher wind speeds is usually northward or 

northwestward.  

 

Figure 4.3. Wind rose showing the dominating wind directions for lower wind speeds  
(light purple) as well as higher wind speeds (dark purple) (Eriksson, 2015, p. 24) 

4.1.3.2 Water balance 

Required parameters in a water balance include for example precipitation (P) and 

evapotranspiration (ET).  The precipitation data analyzed is from the period 1968 to 2005, aiming 

to estimate the average yearly and monthly precipitation rate for a normal year, a dry year (1:100 

years) and an extremely dry year (1:1000 years). In this case, precipitation data has been obtained 

for Hedemora, close to Garpenberg, and then corrected based on orographic deviations and 

confirmed with smaller precipitation data available for Garpenberg. Regarding the 

evapotranspiration, data has been obtained from Folkärna. Based on this data, the potential 

evapotranspiration was initially calculated before the real evapotranspiration was calculated. The 

calculated value for a dry year was also used for an extremely dry year (Eriksson, 2015, p. 24). 
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In the water balance presented in table 4.2 it is assumed that a dry year is preceded by a normal 

year, resulting in a full groundwater storage at the beginning of the dry year.  

Table 4.2. General water balance and specific runoff for a normal year, dry year and extremely dry year in Garpenberg 
(Eriksson, 2015, p. 25) 

Garpenberg Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Normal year mm mm mm mm mm mm mm mm mm mm mm mm mm 

P 49.2 32.4 37.3 45.6 47.9 78.5 84.5 83.6 76.1 60.6 66.7 49.5 711.9 

ET -0.8 1.6 8.2 28.8 67.5 92.2 92.2 65.9 33.8 9.1 -0.8 -1.6 393.1 

P-ET 50 30.8 29.1 16.8 -19.6 -13.7 -7.7 17.7 42.3 51.5 67.5 51.1 315.8 

S 36.9 16.2 9.3 -99.7 -33.2 0 0 0 0 0 33.3 37.1 0 

G 0 0 0 0 0 13.7 21.4 3.7 0 0 0 0 0 

R 13.1 14.6 19.8 116.5 13.6 0 0 0 38.6 51.5 34.1 14 315.8 

Specific runoff: 10.01 l/s km² 

Dry year 
1:100 

mm mm mm mm mm mm mm mm mm mm mm mm mm 

R 5.5 0 0 45.7 0 0 0 0 0 0 0 0 51.3 

Specific runoff: 1.63 l/s km² 

Extremely 
dry year 
1:1000 

mm mm mm mm mm mm mm mm mm mm mm mm mm 

R 4.3 0 0 33.2 0 0 0 0 0 0 0 0 37.5 

Specific runoff: 1.19 l/s km² 

 

4.1.3.3 Geology 

Concerning the geology in Garpenberg, the dominating soil type is by far moraine as seen in figure 

4.4, showing the catchment area of Gruvsjön. In large parts of this area, the thickness of the 

moraine is up 3 to 4 meters. At some places, however, the thickness is more significant. Another 

common soil type is peat and there is also a stretch consisting of glacial sediment, forming an 

esker, going under the tailings pond (Eriksson, 2015, p. 26).   
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Figure 4.4. Soil type map of Gruvsjön catchment area; brown – peat, yellow – sediment, green – glacial sediment (esker), 
pink – silt, purple – moraine, red – bedrock, white – water (Eriksson, 2015, p. 26) 

4.1.4 Surface water and groundwater 

The central point of the surface water system in Garpenberg is lake Gruvsjön as earlier mentioned. 

Water is transported to this lake from the west and north, and then continues towards the south 

through Gruvsjön as seen in figure 4.5. This figure also shows that the runoff from Lilla Bredsjön is 

transported in a southward direction to Ryllshyttemagasinet before reaching Gruvsjön through 

Ryllshyttebäcken (Lindvall & Eriksson, 2014a, p. 8). 
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Figure 4.5. Schematic illustration of the surface water system in Gruvsjön catchment area  

Regarding the groundwater at Lilla Bredsjön there is limited information. A few investigations have 

been made and some pipes measuring the groundwater level are installed. One extensive study 

conducted by Golder Associates in 1993 produced, among other results, a hydrogeological model 

showing the groundwater level inside the tailings pond. Based on this result, an illustration of the 

unsaturated thickness of the tailings was created, shown in figure 4.6. This illustration shows a 

stretch of lower groundwater level due to higher permeability in the east part of the pond, 

indicating the previously mentioned esker running under Lilla Bredsjön (Lindvall & Eriksson, 

2014b).  
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Figure 4.6. Illustration of unsaturated thickness of tailings in Lilla Bredsjön (Lindvall & Eriksson, 2014b, p. 4) 

Another study was performed by Eriksson and Lindvall between 2013 and 2016. It included the 

measurement of the groundwater level once a month (12 times/year) between 2014 and 2016 in 

40 different pipes (Lindvall & Eriksson, 2016, pp. 8-9). The groundwater level was analyzed as 

profiles; one stretching from the north to south and another stretching from west to east. The 

location of the different pipes along with their names can be seen in figure 4.7 and the two 

groundwater level profiles are shown in figures 4.8 and 4.9.  
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Figure 4.7. Groundwater pipes installed inside and around Lilla Bredsjön (Lindvall & Eriksson, 2016, p. 23) 

Two of the pipes (LBGVAS1 and LBGVAS2) in figure 4.7 are located in the esker and are not 

included in the north-south or west-east profiles.  
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Figure 4.8. Groundwater measurements in pipes in Lilla Bredsjön; blue line represents groundwater level and red line 
represents ground level. The levels are expressed in meter above sea level (Lindvall & Eriksson, 2016, p. 24) 

 

Figure 4.9. Groundwater measurements in pipes in Lilla Bredsjön; blue line represents groundwater level and red line 
represents ground level. The levels are expressed in meter above sea level (Lindvall & Eriksson, 2016, p. 25) 
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As seen in figure 4.8, both the ground level as well as the groundwater level has an overall 

gradient from north to south. From west to east, however, the ground and water level seem more 

or less even inside the tailings pond. There is a higher ground level before the start of the tailings, 

indicating a natural impoundment, and a lower ground level downstream dam 1. Furthermore, as 

seen in figure 4.9, there is no sign of a lowered groundwater level due to the esker as observed by 

Golder 1993.  

4.2 GEOTECHNICAL INVESTIGATION 
This geotechnical investigation was conducted in conjunction with the present study. The 

investigation was carried out March 30 and May 10, 2017 and consisted of the digging of 5 test 

pits. Images from each test pit as well as the result from the investigation is presented in this 

chapter. All coordinates for the test pits are expressed in the RT90 2.5 GON V 0-15 system and are 

summarized in table 4.3 along with the length and depth of each pit. The levels of the dam crests 

and toe are expressed according to the RH00 system and are also included in table 4.3. In 

conjunction with the test pit digging, nine soil samples were collected. Information about where 

each soil sample was extracted along with their names as well as grain size distribution curves for 

each sample are found in Appendix B.  

4.2.1 Dam 1 

One pit was dug across the dam crest in the middle of dam 1 at coordinates S = 1520243, N = 

6688564. The level of the dam crest was measured to +231.5. The length of the pit was 

approximately four meters and the maximum depth up to three meters.  

The filling in the crest was at the top made up of a 0.8 meter thick layer of road material consisting 

of moraine and blasted rock. Under that was 0.2 meter thick layer of tailings, which had probably 

blown from the tailings pond and landed on the crest and downstream slope before the road 

material was added. A third 0.5 thick layer of support fill consisting of gravely moraine was 

covering the moraine core. Both the core and support fill seemed to be constructed using the 

Christmas tree method. The moraine core was not considered impermeable. No water was found 

in the pit and the dam materials were seemingly dry. An image showing parts of these layers is 

shown in figure 4.10 and a principle drawing of the cross section is shown in figure 4.11.  
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Figure 4.10. Dam materials in the test pit dug in the dam crest of dam 1.  

 

Figure 4.11. Principle section of dam 1 
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4.2.2 Dam 2 

One pit was dug across the dam crest in the left part of dam 2 at coordinates S = 1519794, N = 

6688213. The level of the dam crest was measured to +230.0. The length of the pit was 

approximately eight meters and the maximum depth up to two meters.  

The filling in the crest consisted, under a 0.4 thick layer of road material of moraine and blasted 

rock, of two upstream filters; one coarse filter and one fine filter. Downstream of these filters was 

a moraine core, which was considered permeable, observed. The fine filter had a horizontal width 

of approximately one meter comparing to almost two meters for the coarse filter. The 

groundwater level was found at a depth of 1.0 meter in the filter materials. To avoid creating a 

leakage through the dam, a wall of moraine was kept between the fine filter and the core. The 

groundwater level was observed at a depth of 1.4 meters in the core. An image showing the filters 

and part of the core as well as the groundwater level in the filters is shown in figure 4.12. 

Moreover, a principle drawing of the cross section is shown in figure 4.13.  

 

Figure 4.12. Dam materials in the test pit dug in the dam crest of dam 2. 
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Figure 4.13. Principle section of dam 2 

4.2.3 Dam 3 

Three pits were dug on dam three. The first one was dug across the dam crest slightly to the left 

on dam 3 at coordinates S = 1519646, N = 6688857. The level of the dam crest was measured to 

+232.0. The length of the first pit was approximately nine meters and the maximum depth up to 

three meters. The second pit was dug in the dam toe a bit further to the left in dam 3 at 

coordinates S = 1519581, N = 6688861 and at a level of +224.5. The length of the second pit was 

approximately three meters and the maximum depth up to two meters. The third and last pit was 

dug just downstream of the second pit at coordinates S = 1519579, N = 6688867 and level +223.5. 

The length of the third pit was approximately two meters and the maximum depth up to one 

meter.  

The filling in the crest was at the top made up of a 0.5 meter thick layer of road material consisting 

of moraine and blasted rock. Under that layer were tailings observed towards the upstream part of 

the dam and a moraine core in the middle and downstream part of the dam. The core seemed to 

be constructed using the Christmas tree method and was not considered impermeable. The 

downstream slope was covered with a 0.3 meter thick layer of support fill. The groundwater level 

was observed at a depth of 2.5 meters in the moraine core. Two images showing these layers are 

shown in figure 4.14 and 4.15 and a principle drawing of the cross section is shown in figure 4.16. 

The filling in the dam toe consisted of the support fill covering the downstream slope above a thin 

layer of moraine. Under the moraine, old vegetation could be observed, supposedly the original 

ground level. At the bottom of the pit was natural soil found. To ensure that the material at the 

bottom actually was natural soil, another pit was dug further downstream where it was definite 

that no dam material was present.  An image of the second test pit showing the different layers is 

shown in figure 4.17 and a principle drawing of the cross section is shown in figure 4.18. 
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Figure 4.14. Dam materials in the test pit dug in the dam crest of dam 3. 

 

Figure 4.15. Dam materials in the test pit dug in the dam crest of dam 3. 
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Figure 4.16. Principle section of dam 3 
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Figure 4.17. Dam materials in the test pit dug in the dam toe of dam 3. 
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Figure 4.18. Principle section of the toe in dam 3.  

Table 4.3. Summary of geographical information about each test pit. 

Test pit 
S N Z Length of pit [m] 

Depth of pit 
[m] 

Dam 1 crest 1520243 6688564 +231.5 4 3 

Dam 2 crest 1519794 6688213 +230.0 8 2 

Dam 3 crest 1519646 6688857 +232.0 9 3 

Dam 3 toe 1519581 6688861 +224.5 3 2 

Dam 3 downstream 1519579 6688867 +223.5 2 1 
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Figure 4.19. Pore water pressure line and potential slip surface in dam 1 with a safety factor of 1.17, based on present 
conditions 

4.3 SEEPAGE AND STABILITY CALCULATIONS

All of the following figures include a pore pressure distribution calculated in SEEP/W, illustrated as

a blue dashed line, as well as potential slip surfaces calculated in SLOPE/W, illustrated as black

dashed, circular areas. A summary of the required versus calculated safety factor for each load

case and dam is presented in table 4.4 at the end of this chapter.

4.3.1 Dam 1

In the load case representing present conditions, the pore water pressure level remains almost

constant through both the tailings and the support fill, and then drops rapidly inside the moraine

core down to the ground level as seen in figure 4.19. A potential slip surface with a safety factor of

1.17 is calculated to start at the dam crest and go through part of the core, making the

downstream slope instable.

If the tailings would have as low permeability as the moraine core, the pore water pressure would

drop linearly down to the dam toe as seen in figure 4.20. Due to the decreased permeability, the

groundwater level also starts at a lower level upstream of the dam. Moreover, the potential slip

surface is similar to the one in the first case, but with a safety factor of 1.16.

In the load case representing a situation where the moraine core is as permeable as the tailings,

the groundwater level upstream of the dam starts at the same level as in present conditions. The

pore water pressure then drops linearly down to right above the dam toe and then follows the

downstream slope to the ground level as seen in figure 4.21. Regarding the instability, a potential

slip surface with similar shape as in the first two scenarios is calculated with a safety factor of 1.10.

The load case representing flooded conditions where the tailings are saturated results in the pore

water pressure remaining more or less constant all the way to the downstream slope, where it

then follows the slope down to the ground level. This scenario causes both seepage through the

dam and a potential slip surface with a safety factor of as low as 0.67 as seen in figure 4.22.
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Figure 4.20. Pore water pressure line and potential slip surface in dam 1 with a safety factor of 1.16, based on a lower 
permeability value of tailings 

 

Figure 4.21. Pore water pressure line and potential slip surface in dam 1 with a safety factor of 1.10, based on
potential maximum seepage
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Figure 4.22. Pore water pressure line and potential slip surface in dam 1 with a safety factor of 0.67, based on flooded 
conditions 

4.3.2 Dam 2 

In the load case representing present conditions, the pore water pressure level remains almost 

constant through both the tailings as well as the coarse and fine filter as seen in figure 4.23. It then 

slowly drops inside the moraine core down to a level above the ground level and follows the 

downstream slope down to the ground level. A potential slip surface with a safety factor of 1.03 is 

calculated to start at the dam crest and go through a rather large part of the core as well as the 

natural soil, making the downstream slope very instable.  

If the tailings would have as low permeability as the moraine core, the pore water pressure would 

drop linearly down to the dam toe as seen in figure 4.24. Due to the decreased permeability, the 

groundwater level also starts at a lower level upstream of the dam. Moreover, the potential slip 

surface is similar to the one in the first case, but with a safety factor of 1.41.  

In the load case representing a situation where the moraine core is as permeable as the tailings, 

the groundwater level upstream of the dam starts at the same level as in present conditions. The 

pore water pressure then drops linearly down to right above the dam toe and then follows the 

downstream slope to the ground level as seen in figure 4.25. Regarding the instability, a potential 

slip surface with similar shape as in the first two scenarios is calculated with a safety factor of 1.27.  

The load case representing flooded conditions where the tailings are saturated results in the pore 

water pressure remaining more or less constant almost all the way to the downstream slope. Right 

before the downstream slope, the pore water pressure slowly drops and then follows the slope 

down to the ground level. This scenario causes a potential slip surface with a safety factor of as 

low as 0.92 as seen in figure 4.26.  
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Figure 4.23. Pore water pressure line and potential slip surface in dam 2 with a safety factor of 1.03, based on present 
conditions 

 

Figure 4.24. Pore water pressure line and potential slip surface in dam 2 with a safety factor of 1.41, based on a lower 
permeability value of tailings 
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Figure 4.26. Pore water pressure line and potential slip surface in dam 2 with a safety factor of 0.92, based on flooded 
conditions 

4.3.3 Dam 3 

In the load case representing present conditions, the pore water pressure level remains constant 

through the tailings before it slowly drops inside the moraine core down to the ground level as 

seen in figure 4.27. A potential slip surface with a safety factor of 1.22 is calculated to start at the 

edge of the dam crest and go through a rather large part of the core as well as the natural soil, 

making the downstream slope instable.  

If the tailings would have as low permeability as the moraine core, the pore water pressure would 

drop linearly down to the dam toe as seen in figure 4.28. Due to the decreased permeability, the 

groundwater level also starts at a lower level upstream of the dam. Moreover, the potential slip 

surface has a safety factor of 1.24 and goes through a smaller part of the core compared to the 

original scenario and does not reach the natural soil.  

Figure 4.25. Pore water pressure line and potential slip surface in dam 2 with a safety factor of 1.27, based on
potential maximum seepage
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In the load case representing a situation where the moraine core is as permeable as the tailings, 

the groundwater level upstream of the dam starts at the same level as in the original scenario. The 

pore water pressure then drops linearly down to the dam toe as seen in figure 4.29. Regarding the 

instability, a potential slip surface with similar shape as in the previous scenario is calculated with 

a safety factor of 1.23.  

The load case representing flooded conditions where the tailings are saturated results in the pore 

water pressure remaining more or less constant in the tailings. When it reaches the moraine core, 

the pore water pressure starts to drop all the way to the dam toe. This scenario causes a potential 

slip surface similar to the one in the first scenario, with a safety factor of 1.04 as seen in figure 

4.30.  

 

 

Figure 4.27. Pore water pressure line and potential slip surface in dam 3 with a safety factor of 1.22, based on present 
conditions 

 

Figure 4.28. Pore water pressure line and potential slip surface in dam 3 with a safety factor of 1.24, based on a lower 
permeability value of tailings 
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Figure 4.30. Pore water pressure line and potential slip surface in dam 3 with a safety factor of 1.04, based on flooded 
conditions 

 

Table 4.4. Summary of required safety factor versus calculated safety factor for each load case and dam 

Dam Load case Required safety factor Calculated safety factor 

1 

2 

3 

Figure 4.29. Pore water pressure line and potential slip surface in dam 3 with a safety factor of 1.23, based on 
potential maximum seepage

Present conditions 1.5 1.17

Flooding 1.3 0.67

Potential seepage       1.1 1.10

Denser tailings 1.5 1.16

Present conditions 1.5 1.03

Flooding 1.3 0.92

Potential seepage       1.1 1.27

Denser tailings 1.5 1.41

Present conditions 1.5 1.22

Flooding 1.3 1.04

Potential seepage       1.1 1.23

Denser tailings 1.5 1.24
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5 DISCUSSION

This part of the report serves to discuss the result, limitations and uncertainties of the study as

well as possible remediation methods to achieve long-term stability of the dams at Lilla Bredsjön

upon closure of the facility.

To begin with, it is clear from all scenarios of the stability calculations that none of the dams at

Lilla Bredsjön are long-term stable in their present condition. This is most likely due to the steep

downstream slope of each of the dams. As mentioned in section 2.3.2, an acceptable downstream

slope angle should be around 15 – 20ᵒ in order for it to be safe. The dams at Lilla Bredsjön all have

a downstream slope angle of approximately 1:1.5 which corresponds to 34ᵒ, and are hence far too

steep. Other factors may however also affect the stability, and the following sections will thus

cover the result in more detail for each dam.

5.1 DAM 1
The highest of the three dams is dam 1, with a highest part of around 7 meters. As seen in the

principle section shown in figure 4.11, the geometry of the dam is more or less in line with the

principle section presented in the dam data book, shown in figure 4.1. As described in section

4.2.1, the maximum depth of the test pit was only three meters, which means that the geometry

of a large part of the dam is still unknown. However, since the findings during the geotechnical

investigation matched the information in the dam data book, it was assumed that the same

geometry continued all the way to the foundation.

Moreover, the groundwater level inside the dam is also unknown. All that is known is that it is

lower than three meters below the dam crest since no water level was found during the

geotechnical investigation, as well as an approximate water level some meters upstream the dam.

These two facts could be used to estimate the pore water pressure line in SEEP/W, although this

result may not represent the reality.

Another aspect worth discussing is the esker going under the tailings in the east part of the pond.

As mentioned in section 4.1.4 and seen in figure 4.1, Golder Associates observed lowered

groundwater levels due to higher permeability at this location, confirming the existence of the

esker. Due to the stretch of higher permeability, one consequence of this esker would most likely

be that the soil close to it gets drained. This would in turn result in difficulties creating a raised 

groundwater level that covers all of the tailings as illustrated in the last scenario of section 4.3.1. 

When analyzing the groundwater levels that Eriksson and Lindvall measured between 2014 and 

2016 however, there was no trace of lowered groundwater levels at this location. It is therefore, 

based on these two investigations, impossible to say if there is an esker or not at this location.

Regarding the stability of dam 1, it can be seen that the load cases representing present
conditions, flooded conditions as well as denser tailings have a lower safety factor than required.
The safety factor calculated for the load case representing potential maximum seepage fulfills,
however, the required value. For present conditions the safety factor is 1.17, which is higher than
the safety factor of both potential maximum seepage and denser tailings. This does not seem very
reasonable, since a rapid decrease of pore water pressure, seen for present conditions (figure
4.19) normally leads to larger instability, and this load case should thus be more unstable than the
load cases representing potential maximum seepage and denser tailings, where the pore water
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pressure drops linearly (figures 4.20 and 4.21). This linear decrease results, on the other hand, in 
that part of the downstream support fill contains water, which in turn could be the reason to the 
lower safety factors. The load case representing denser tailings has a safety factor of 1.16, which is 
very close to the one in present conditions. This is probably because the upstream groundwater 
level starts at a lower level, resulting in a rather small part of the downstream support fill being 
saturated. The downstream support fill in the load case representing potential maximum seepage 
contains slightly more water, resulting in a safety factor of 1.10, which is right on the required 
limit.

The load case with the by far lowest safety factor is the flooded case, representing a raised

groundwater level in the tailings, with a safety factor of 0.67. This outcome was expected as it

results in the dam being almost entirely saturated, creating high pore pressure and thus more

unstable conditions. It furthermore causes seepage through the downstream slope, which is

reasonable as well. Since the safety factor is less than one, it means that this load case will cause

the dam to fail.

5.2 DAM 2
Since there was no principle section of dam 2 presented in the dam data book, it is difficult to be

sure about the geometry based only on one test pit. As seen in figure 4.12, the existence of a

coarse and fine filter was however very clear. The rest of the dam seemed to consist of moraine

with low permeability, as one groundwater level was found at one meter depth in the filters and

another groundwater level was found at 1.4 meters depth slightly downstream in the core. The

high quality of the moraine can moreover be confirmed be analyzing the grain size distribution

curves of the two soil samples LB172-1.1 and LB172-1.2, which both lie within the limits of an

acceptable moraine.

As seen in figure 4.23, the groundwater level is relatively high upstream of the dam. This is

probably due to the fact that the terrain is tilting from north to south, as seen in figure 4.8. This

causes water to build up at dam 2, making the present condition rather similar to the flooded

condition with a raised groundwater level in the tailings. This is also reflected in the small

difference in safety factors between the present and flooded cases; 1.03 for present conditions

and 0.92 for flooded conditions. This means that the present condition of dam 2 is very close to a

failure, assuming that the upstream groundwater level, geometry and material parameters used in

the calculations are valid.

In the load case representing denser tailings, the dam is almost completely dry due to the lower

initial groundwater level upstream, resulting in lower pore pressure and hence a more stable dam.

The safety factor is 1.41, which is quite close to the required value of 1.5. The initial groundwater

level in the load case representing potential maximum seepage is the same as in present condi-

tions, but the pore water pressure drops faster during potential maximum seepage, resulting in a 

smaller part of the core being saturated. This in turn result in more stable conditions and hence a 

higher safety factor, 1.27, which exceeds the required value.

5.3 DAM 3
Like dam 1, the geometry of dam 3 more or less corresponds to the geometry illustrated in the

dam data book. The only difference is that the construction of the core was made using the
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Christmas tree principle as seen in figure 4.14, which was not illustrated in the principle section.

Dam 3 also has a clear downstream support fill as seen in figure 4.15, which could be the road

material that has fallen over the dam crest and created a layer in the downstream slope. Dam 3 is

furthermore the only dam where a test pit was dug in the dam toe. The reason behind this was the

shortage of time in combination with the difficulty for the machine operator to access the dam toe

of the other two dams.

The stability of dam 3 is the best compared to dam 1 and 2, with a safety factor of 1.22 in present

conditions. However, the safety factor remains almost the same for both the load cases

representing denser tailings and potential maximum seepage, with values of 1.24 and 1.23 respec-

tively, making these load cases less stable than the corresponding ones in dam 2. The slip surfaces

are on the other hand smaller in dam 3, whereas they remain quite large in dam 2. The conse-

quences could in other words be more extensive in case of a failure in dam 2, even though the risk

is higher in dam 3.

The load case representing flooded conditions in dam 3 has a safety factor of 1.04, which is the

highest of the three dams. It is still very close to 1 though, and the risk of failure is thus still high.

5.4 LIMITATIONS AND UNCERTAINTIES

The largest uncertainty in this study is, as already mentioned, the groundwater level in and

geometry of the dams as well as the material parameters. The pore pressure distribution is

calculated based on one measured value of the upstream groundwater for each dam, which may

not be very reliable. First of all, the location of the pipes from which the groundwater levels were

obtained does not correspond to the upstream location in the seepage calculations. Secondly, the

measurements are up to three years old which may not represent the groundwater levels today.

The best solution would be to install piezometers along each dam to get more precise values, but

due to the limited time schedule this was not possible. 

Regarding the geometry and material parameters in the dams, the only way to gain more

knowledge about the geometry of the dams is to dig more test pits. The same goes for the

material parameters; in order to know the correct values of for example the hydraulic

conductivity, a more extensive analysis of a larger amount of soil samples is needed. However,

some limitations had to be done due to the shortage of time. The assumptions based on

information in the dam data book regarding the dam geometry are therefore considered a

reasonable compromise. This is also the case with the material parameters, where already existing

values from another tailings dam in Garpenberg were used. Although the tailings come from the

same mine, they may have different compositions and have been deposited using different

techniques. As for the rest of the material in the dams including moraine, support fill and filters,

they may also be of other characteristics than the corresponding material in the other tailings

dam.

Another uncertainty concerns the foundation of the dams. This was only investigated lightly during

the digging of the test pit in the dam toe of dam 3, but was on the other hand studied more deeply

during the investigation in 2012. As mentioned in section 4.1.2 and seen in some of the images in

Appendix D, seepage is suspected to occur through the dam and/or the foundation. This is some-
thing that needs to be investigated further and eventually remedied in order to achieve a long-
term sustainable closure.
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It could furthermore be discussed whether or not the analyzed hydraulic load cases are relevant

and if more load cases should be included in the calculations. The time aspect naturally affects this

part of the study as well, and the four chosen load cases are therefore considered the four most

important ones. The first two cases representing present and flooded conditions have to be

included according to RIDAS, whereas the case representing potential maximum seepage is rele-

vant from a long-term perspective since it demonstrates what will happen to the dams when they

are left to their fate. It has, however, not been considered how the hydrological load may change 

over the next hundreds or thousands of years, which of course may affect the results significantly. 

The small sensitivity analysis, containing the load case representing denser tailings, could however 

include more different scenarios in order to more systematically analyze uncertain parameters.

Apart from the limitations mentioned in section 1.4, another factor that is not considered in this

study is the possibility of seismic activities such as earthquakes. Although the risk of these type of

activities in Sweden is low today, it should still be considered in more extensive studies.

5.5 POSSIBLE REMEDIATION METHODS

The aim of this study is, as stated in section 1.3, to come to a conclusion regarding suitable

remediation methods of the dams in order to make them long-term stable. As further stated in the

same section, this naturally requires information about the dams. This is however not the only

information needed to come to a suitable conclusion, since some of the factors affecting the dams

in turn depends on other aspects. An example of this is the pore water pressure inside the dams,

which is directly dependent on the choice of closure method of the tailings pond listed in section

2.4. If the closure method using a dry cover is chosen, the groundwater would lie at a fairly low

level and thus result in lower pore pressure in the dams. This would mean that it probably is

enough to simply reinforce the dams by essentially improving the downstream slopes in order to

make them long-term stable.

If on the other hand the method using a raised groundwater level is chosen, a more extensive

solution is needed. Since there are indications of seepage through the dams and/or the founda-

tion, it would be necessary to construct new impoundments directly downstream of the present

dams. In case of seepage in the foundation, additional remediation measures are needed in the

shape of for example impermeable walls installed at a certain depth in the natural soil. It is how-

ever questionable if this closure method is possible due to the potential esker running under pond

which would drain the pond and making it impossible to remain a raised groundwater level, at

least close to dam 1. Even if there is no esker, it would still be challenging to remain a raised

groundwater in the tailings when studying the water balance in the area. The natural inflow to the

pond is in other words too small for this purpose.

A third option could therefore be a combination of dry cover and raised groundwater level. In that

case, only the dams affected by the increased pore pressure would need new impoundments

downstream (most likely dam 2 and 3), whereas dam 1 might do with reinforcing measures. But

then again, before the decision regarding closure method (which is not part of this study) has been

made, it is impossible to come to any conclusion regarding remediation measures of the dams.

5.6 FUTURE WORK

There are still a number of investigations that can and should be carried out in order to gain more

knowledge about the hydrogeological situation in and around Lilla Bredsjön.
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To begin with, a study should be conducted to reach a conclusion regarding the existence of the

potential esker running under the tailings pond. This is important since, as mentioned in the

previous section, it affects the choice of closure method of the tailings pond and consequently the

choice of remediation measures of the dams.

Furthermore is information about the groundwater level in the dams necessary to perform more

reliable stability calculations. It would therefore be a good idea to install a number of piezometers

in the dams to obtain information about the pore water pressures.

Another necessary investigation would be to study, as already discussed, the condition of the

foundation. The purpose of this study is to get an idea if the observed seepage takes place 

through the dams or if it actually occurs in the foundation.
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6 CONCLUSION

Based on the findings discussed in the previous chapter, it can be concluded that the observed

geometry and construction of dam 1 and 3 more or less corresponds to the information and

principle sections presented in the dam data book, whereas observations of dam 2 differed from

the information in the dam data book. However, due to the lack of a principle section and limited

description of dam 2 in the dam data book, the created principle model is considered valid. The

same goes for dam 1 and 3.

Regarding the pore pressure distribution in the dams, sufficient information about the

groundwater level upstream and inside the dams is lacking, and the result calculated by SEEP/W

may thus not represent reality. Installation of piezometers as a part of future studies would help in

this matter.

The potential slip surfaces and safety factors obtained with the calculated pore pressure

distributions indicate that all of the dams are unstable in their present conditions, based on a

required safety factor of 1.5. Both dam 1 and 2 will fail if the groundwater level in the tailings is

raised until completely saturated, whereas dam 3 is very close to failure.

Depending on the closure method used on the tailings pond, different remediation measures are

needed to achieve long-term stability in the dams; a closure method using dry cover most likely

only requires reinforcement of the existing dams, whereas a raised groundwater level requires

completely new impoundments directly downstream of the existing dams. In case of seepage in 

the foundation, installation of an impermeable wall in the natural soil may also be necessary.
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APPENDIX A: GEOTECHNICAL INVESTIGATION 2017 PROGRAM  

On the next page, the program followed during the geotechnical investigation conducted on the 30th 

of March and 10th of May is presented.  
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UNDERSÖKNINGSPROGRAM  

UPPDRAG 

Lilla Bredsjön 

UPPDRAGSLEDARE 
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DATUM 

2017-03-28 

UPPDRAGSNUMMER 

Examensarbete 

UPPRÄTTAD AV 

Jenny Bramsäter 

 

 

Provgropsgrävning – Lilla Bredsjön 

Syfte 

Provgropsgrävning ska göras för att bidra med information om dammarnas uppbyggnad och 

grundläggande för att i pågående examensarbete kunna besvara följande frågeställningar: 

 Dammarnas nuvarande släntstabilitet 

 Dammarnas förmåga att vara långtidsstabila 

Tidigare undersökningar 

I samband med en dammbesiktning av Ramböll 2012 genomfördes en provgropsgrävning på 

dammkrön och i nedströms släntfot. Syftet med undersökningen framgår i PM:  

”I släntfot genomfördes undersökningen med syfte att undersöka materialet i stödfyllning, 
förekomst av eventuella erosionsskydd i nedströmsslänt och stödfyllningens grundläggning. På 
dammkrönet grävdes provgropar för undersökning av fyllningsmaterial i krön och för kontroll av 
eventuell tätkärnas krönnivå.” 

Planerad provgropsgrävning 

Vid alla grävningsarbeten skall personal från Sweco närvara. I normalfallet fylls groparna igen 

omedelbart innan förflyttning sker till nästa provpunkt. Vid återfyllning av groparna packas 

materialet med grävmaskinsskopan.  

Planerade provgropar uppdelade på respektive damm har sammanställts i Tabell 1. I Bilaga 1 

redovisas provgroparnas ungefärliga läge på plan, men läget skall justeras så att områden som 

i fält bedöms vara av särskilt intresse inkluderas. 

Tabell 1. Sammanställning provgropar 

Damm 
Antal provgropar - 

dammkrön 

Antal provgropar – 

släntfot 

Totalt antal 

provgropar 

Damm 1 1 st 0 st 1 st 

Damm 2 1 st 0 st 1 st 

Damm 3 1 st 1 st  2 st 

                                                                          Totalt: 4 st 
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Totalt planeras 4 st provgropar att grävas till ett maximalt antaget djup om 3 m. Antalet gropar 

kan komma att justeras beroende på förhållanden som framkommer under undersökningen. 

Provgropar på krön 

Provgropar grävs på krönen i samtliga tre dammar. Totalt planeras 3 st provgropar att grävas. 

Noteras skall särskilt: 

 Tätkärnans nivå 

 Lagerföljd över tätkärnan 

 Tätkärnans skick 

Från alla provgropar ska ett materialprov tas för bestämning av kornstorleksfördelning.  

Provgropar i släntfot 

Provgropar grävs i släntfoten i damm 3. Totalt planeras 1 st provgrop att grävas. Noteras skall 

särskilt: 

 Lagerföljd i nedströmsfyllning 

 Övergång till grundläggning och grundläggningsmaterial 

Utrustning 

 Grävare med tand- och släntskopa med rotortilt (??) 

 Kamera 

 Protokoll för provgropar 

 Sprayfärg 

 Kniv 

 Måttstock 

 Provtagningspåsar 

 Spade 

 Hinkar 

 

Tidplan 

Undersökningarna planeras genomföras under vecka 13 och 19. Bedömd tidsåtgång för 

fältarbetet är 2 dagar.  
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BILAGA 1 

 

2017-03-29 

 

Plan – Provgropsgrävning 

Rött streck – Provgrop på dammkrönet (slits) 

Blå ring – Provgrop i släntfot  
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APPENDIX B: SOIL SAMPLES POINTS AND GRAIN SIZE DISTRIBUTION CURVES 

 

Figure B1. Location of soil sample points and their respective names in dam 1 

 

Figure B2. Location of soil sample points and their respective names in dam 2 
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Figure B3. Location of soil sample points and their respective names in dam 3 
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Figure B4. Location of soil sample points and their respective names in the toe of dam 3 

 

 

Figure B5. Grain size distribution curve of sample LB171-1.2 (blue) as well as upper and lower limit of moraine (red) 
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Figure B6. Grain size distribution curve of sample LB171-1.4 (blue) as well as upper and lower limit of moraine (red) 

 

Figure B7. Grain size distribution curve of sample LB172-1.1 (blue) as well as upper and lower limit of moraine (red) 
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Figure B8. Grain size distribution curve of sample LB172-1.2 (blue) as well as upper and lower limit of moraine (red) 

 

Figure B9. Grain size distribution curve of sample LB173-1.2 (blue) as well as upper and lower limit of moraine (red) 
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Figure B10. Grain size distribution curve of sample LB173-1.3 (blue) as well as upper and lower limit of moraine (red) 

 

Figure B11. Grain size distribution curve of sample LB173-1.4 (blue) as well as upper and lower limit of moraine (red) 
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Figure B12. Grain size distribution curve of sample LB173-2.1 (blue) as well as upper and lower limit of moraine (red) 

 

Figure B13. Grain size distribution curve of sample LB173-2.2 (blue) as well as upper and lower limit of moraine (red) 
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APPENDIX C: GEOTECHNICAL INVESTIGATION 2012 IMAGES 

On the next page, images of the dams taken during the geotechnical investigation conducted by 

Ramböll in 2012 is presented.  

  



Besiktning 2012 Lilla Bredsjöns dammar
Fotobilaga Bilaga 2

1 (6)

Bild 2.1: Negativt fribord, branta nedströms slänter, vegetation på dammen

Bild 2.2: Vegetation på dammen



Besiktning 2012 Lilla Bredsjöns dammar
Fotobilaga Bilaga 2

2 (6)

Bild 2.3: Möjligt koncentrerat läckage i vänster anfang

Bild 2.4: A-sand blåser över dammkrönet och lägger sig på erosionsskyddet



Besiktning 2012 Lilla Bredsjöns dammar
Fotobilaga Bilaga 2

3 (6)

Bild 2.5: Våtmark nedströms dammen (läckage)



Besiktning 2012 Lilla Bredsjöns dammar
Fotobilaga Bilaga 2

4 (6)

Bild 2.6: Vegetation av sly och böjda träd, spårigt krön, branta nedströms slänter, damm 2

Bild 2.7: Utskovet var i dåligt skick, utflödande vatten rinner under mätöverfallet, damm 2



Besiktning 2012 Lilla Bredsjöns dammar
Fotobilaga Bilaga 2

5 (6)

Bild 2.8: Bräder i vänster ”spontlåda” var avbrutna, damm 2

Bild 2.9: Mycket vegetation intill utskovskonstruktion, damm 2



Besiktning 2012 Lilla Bredsjöns dammar
Fotobilaga Bilaga 2

6 (6)

Bild 2.10: Brant nedströmsslänt, negativt påverkat skogsområde nedströms damm 3

Bild 2.11: Vegetation av sly och träd på dammkroppen, damm 3
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APPENDIX D: GEOTECHNICAL INVESTIGATION 2012 TEST PITS 

On the next page, images of the test pits taken during the geotechnical investigation conducted by 

Ramböll in 2012 is presented. The report also contains grain size distribution curves of a number of 

selected materials.  
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Provgropsgrävning och inmätning Lilla Bredsjöns dammar 2012 
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4. Provgropsgrävning 

Syftet med provgropsgrävningen var att försöka undersöka dels hur dammarna var uppbyggda 

och dels hur dammarna var grundlagda. Progropsgrävning utfördes i nedströms släntfot och på 

dammkrön. I släntfot genomfördes undersökningen med syfte att undersöka materialet i 

stödfyllning, förekomst av eventuella erosionsskydd i nedströmsslänt och stödfyllningens 

grundläggning. På dammkrönet grävdes provgropar för undersökning av fyllningsmaterial i 

krön och för kontroll av eventuell tätkärnas krönnivå. 

4.1 Damm 1 

På damm 1 grävdes 4 provgropar. Provgrop 1 och 2 grävdes i släntfot där dammen bedömdes 

vara som högst samt närmare vänster anfang, se figur nedan. 

Provgrop 3 grävdes i släntfot i högra anfanget och provgrop 4 grävdes på dammkrönet. 

I samband med progropsgrävningen avlästes vattennivån i vattenståndsröret för miljömätning 

uppströms damm 1. Vattennivån i röret låg 2,39 m under röröverkant (uppstick 0,94 m) vilket 

innebär att vattennivån i anrikningssanden ligger 1,45 m under markytan vid damm 1. 

 

 Figur 4  Plan inmätning och provgropar, damm 1 

4.1.1 Provgrop 1 

Provgropen grävdes i bedömd släntfot där damm 1 bedömdes vara som högst. Nedströms 

dammen fanns ett område med vassliknande gräs vilket tyder på att det finns gott om ytligt 

vatten i marken. 
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 Figur 5 Provgrop 1, damm 1 

I släntfot och på nedströmsslänten finns anrikningssand som blåst över dammkrönet. Lagret 

har varierande tjocklek vilket tydligt visas i fotot i figuren ovan. 

I slänten finns fyllning av sprängsten 0 – 400 mm som bedöms vara erosionsskydd för 

underliggande okänd fyllning. Underliggande naturliga jordar kunde inte grävas fram och 

observeras på grund av den höga grundvattentillströmningen in i gropen. 

Beslut togs att gräva ytterligare en (PG 2) grop närmare vänster anfang. 

4.1.2 Provgrop 2 

Provgrop 2 grävdes i släntfot närmare vänster anfang där markytan nedströms dammen låg på 

högre nivå och var torr. Under ytlig anrikningssand låg ett erosionsskydd av sprängsten 0 – 

400 mm med effektiv tjocklek av 0,8 m ovan stödfyllning av en brun grusig och sandig morän. 

Dammens stödfyllning var grundlagd på naturlig siltig sandmorän enligt okulär klassificering. I 

den naturliga moränen observerades vattenförande sandskikt, se bild nedan. Inget gammalt 

vegetationslager låg mellan stödfyllning och naturlig morän. 
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 Figur 6 Provgrop 2, damm 1 

Materialprov togs på underliggande naturlig morän. Resultat av kornfördelning visas i figur 

nedan. 

Materialet i provet var en blandning av sandskikten och mellanliggande morän och klassificeras 

utifrån diagramet som en grusig sandig morän. 
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 Figur 7 Kornfördelningsdiagram PG2 undergrund 

4.1.3 Provgrop 3 

Provgrop 3 grävdes i släntfot ca 100 m från höger anfang där dammen var ca 3 m 

hög. I området vid släntfot fanns rikligt med vegetation av sly och träd vilket 

medförde dåliga fotoförhållanden. 

Dammens stödfyllning bestod under ett tunt erosionsskydd av morän och var 

grundlagd på stenrik sandmorän. Mellan fyllning och naturlig morän observerades 

ett skikt som bedöms vara det ursprungliga vegetationsskiktet. Inget grundvatten 

observerades i gropen. 

4.1.4 Provgrop 4 

Provgrop 4 grävdes på dammkrönet i samma område som provgrop 3. Fyllningen 

på dammkrönet bestod av 0,8 m kross 0-100 mm ovan brun grusig sandmorän 

enligt okulär klassificering. Inget grundvatten observerades. 



 

10 av 19 

Provgropsgrävning och inmätning Lilla Bredsjöns dammar 2012 

Dammbesiktning gruvdammar 2012 

Unr 61871253342 

 

 Figur 8 Provgrop 4, damm 1 

4.2 Damm 2 

På damm 2 grävdes 2 provgropar. Provgrop 5 grävdes i släntfot i högra anfanget 

och provgrop 8 i vänster anfang, se figur nedan. 
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 Figur 9 Plan inmätning och provgropar, damm 2 

4.2.1 Provgrop 5 

Provgrop 5 grävdes i släntfot ca 20 m vänster om utskov i höger anfang. 

Nedströms damm 2 fanns områden med vatten mot dammfot och vid läget för 

provgrop 5 fanns ett område med vassliknande gräs vilket tyder på att det finns 

gott om ytligt vatten i marken. 

På dammslänten fanns rikligt med vegetation av sly och större träd. 

Dammens stödfyllning bestod under ett tunt erosionsskydd av morän och var 

grundlagd på en finkornig morän. Både stödfyllningen och undergrunden 

upplevdes ha relativt låg fasthet för att vara moränmaterial, troligtvis delvis 

beroende på en hög vattenhalt i materialet. Underliggande morän hade en lukt av 

sulfid (svavel) och blev snabbt flytbenägen vid beröring. Mellan fyllning och 

underliggande morän observerades inget skikt av ursprunglig vegetation. 

Inströmande grundvatten observerades i gropen. 
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 Figur 10 Provgrop 5, damm 2 

Materialprov togs på stödfyllningen av morän. Resultat av kornfördelning visas i 

figur nedan. 

Materialet i provet klassificeras utifrån diagramet som en sandig grusig morän. 
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 Figur 11 Kornfördelningsdiagram PG5 stödfyllning 

4.2.2 Provgrop 8 

Provgrop 8 grävdes i släntfot ca 50 m från vänster anfang i skymning kl 19:50 på 

kvällen. I området vid släntfot fanns rikligt med vegetation av sly och träd vilket 

tillsammans med den sena timmen medförde dåliga sikt- och fotoförhållanden. 

Dammens stödfyllning bestod under ett tunt erosionsskydd av sandmorän. 

Grundläggningsförhållanden var svår att bedöma på grund av den dåliga sikten. 

Grundvatten tryckte in från undergrunden vilket kan tyda på vattenförande skikt 

av kvarlämnat vegetationsskikt. 

4.3 Damm 3 

På damm 3 grävdes 2 provgropar. Provgrop 6 grävdes i släntfot i högra anfanget 

och provgrop 7 på dammkrönet, se figur nedan. 
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 Figur 12 Plan inmätning och provgropar, damm 3 

4.3.1 Provgrop 6 

Provgrop 6 grävdes i släntfot ca 75 m från dammens högra anfang. Dammens 

höjd vid provgropens läge bedömdes till ca 3,5 m. 

Dammens stödfyllning bestod, under ett ca 0,4 m tjockt erosionsskydd av 

sprängsten 0-400 mm, av en grövre fyllning än resterande gropar. Stödfyllningen 

bestod av ett mer sedimentliknande material typ stenig sandigt grus enligt okulär 

klassificering. Stödfyllningen var grundlagd på naturlig finkornig morän. Mellan 

naturlig morän och stödfyllningen fanns ett vattenförande lager som bedöms vara 

ursprungligt vegetationsskikt, se foto i figur nedan. 
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 Figur 13 Provgrop 6, damm 3 

Materialprov togs på den naturliga moränen. Resultat av kornfördelning visas i 

figur nedan. 

Materialet i provet klassificeras utifrån diagramet som en sandig grusig siltig 

morän. 

Ursprungligt vegetationslager 
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 Figur 14 Kornfördelningsdiagram PG6 undergrund 

4.3.2 Provgrop 7 

Provgrop 7 grävdes på dammkrönet i samma område som provgrop 6. Fyllningen 

på dammkrönet bestod under ett 0,1 m tunt lager växtlighetsblandad fyllning av 

stenig morän eller en blandning av kross- och naturmaterial. Fyllningen bedömdes 

vara sorterad eller krossad till största storlek 200 mm, se foto i figur 12 nedan. 

Inga materialförändringar som tydde på olika materialzoner kunde observeras i 

gropen. 
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 Figur 15 Provgrop 7, damm 3 

Materialprov togs på fyllningen i krönet. Resultat av kornfördelning visas i figur 

nedan. 

Materialet i provet tyder på att fyllningen är en blandning av sand och grus samt 

krossad sten. 
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 Figur 16 Kornfördelningsdiagram PG7 krönfyllning 
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