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ABSTRACT 
The Lossen dam is an embankment dam in the Swedish river Ljusnan. The dam is 
founded on thick layers of stratified glaciofluvial sediments and till. Ever since 
construction, there have been problems with high pore pressures, large seepage 
flows and springs downstream of the right part of the dam. After the first filling of 
the reservoir, a large drainage trench was constructed downstream of the dam to 
lower pore pressures. Sinkholes and settlements downstream of the dam have 
occurred repeatedly over the lifetime of the dam, particularly in the area 
surrounding the large drainage trench. 

This study aims to investigate the causes of the sinkholes and assess the risks of 
internal erosion in the foundation and in the soil downstream of the dam. 

A model of the groundwater flow has been created in Visual MODFLOW. 
Calculations for assessing the soils susceptibility for contact erosion and suffusion 
have been performed, using soil gradation curves (both from the 1960s and from 
new samples). 

The results from the erosion calculations show that the probability of contact 
erosion being the sole cause of the internal erosion is minor. However, a majority of 
the soil samples tested are internally unstable (susceptible for suffusion). The 
possibility of backward erosion piping can not be dismissed but would need further 
investigation in order to be properly assessed. 

Due to the very heterogeneous structure of the soil in the area downstream of the 
dam, it is hard to predict the extent of the eroding soil layers and, thus, the future 
development of the erosion.  

A conclusion is that the soil downstream of the dam is subject to internal erosion, 
which is also the cause of the observed sinkholes and settlements. The internal 
erosion is probably not a threat to dam safety at the moment, but can possibly 
evolve as a problem in the future. Therefore close monitoring of the changes in 
seepage patterns and sediment transport is recommended. Possible solutions to 
stop the erosion include extending the drainage system with more pressure relief 
wells, and placing a filter blanket in the seepage exit area.  

Keywords: seepage, internal erosion, suffusion, contact erosion, embankment 
dams 
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SAMMANFATTNING 
Lossendammen är en jorddamm i älven Ljusnan.  Dammen är byggd ovanpå tjocka 
lager av morän och isälvssediment. Sedan första dämningen 1962 har problem med 
höga portryck, stora läckageflöden och källsprång nedströms dammen uppkommit. 
Efter första dämningen grävdes ett stort dränagedike (kallat Slits 19) ut nedströms 
om dammen, för att sänka portrycken i området. Sjunkhål och sättningar har 
uppkommit återkommande under dammens livstid, speciellt i området kring 
slitsen. 

Målet med denna studie är att undersöka orsaken till de uppkomna sjunkhålen och 
sättningarna, samt att bedöma risken för fortsatt intern erosion i dammens 
undergrund och i jorden nedströms dammen. 

En modell över grundvattenflödet i området har skapats i Visual MODFLOW. 
Jordens fallenhet för kontakterosion och suffusion har beräknats med hjälp av 
kornfördelningskurvor från jordprover (majoriteten av vilka är från 60-talet, samt 
några nya). 

Resultaten från beräkningarna visar att risken för att kontakterosion initieras är 
liten. Däremot visar en majoritet av de testade kornfördelningskurvorna att jorden 
är internt instabil (har fallenhet för suffusion). Sannolikheten för att 
bakåtskridande erosion initieras kan inte uteslutas baserat på det underlag som 
förelegat, men en pålitlig bedömning skulle kräva ytterligare undersökningar. 

Eftersom jorden under och nedströms dammen är väldigt heterogen, och de olika 
lagrens storlek och utbredning är okänd, är det svårt att förutspå hur erosionen 
kommer att utvecklas i framtiden. 

Slutsatsen är att jorden nedströms dammen utsätts för fortlöpande inre erosion. 
Inre erosion är också orsaken till de uppkomna sjunkhålen och sättningarna. I 
nuläget är erosionen ingen risk för dammsäkerheten, men kan komma att bli det i 
framtiden. Noggrann övervakning av eventuella förändringar i läckagemönstren 
och sedimenttransport är viktig. Bland möjliga lösningar för att avstanna erosionen 
finns utökning av dränagesystemet med nya filterbrunnar, samt att lägga ett 
filtrerande skyddslager över området där källsprången sker. 
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1 INTRODUCTION 
1.1 Background 
The Lossen dam is an earthfill dam located in the river Ljusnan in Jämtland, 
Sweden. The dam is ca 30 m high, and is founded on thick layers of till and 
glaciofluvial sediments. On the left side of the dam, the depth from the ground 
surface down to the rock surface is up to 20 m, and on the right side of the dam, the 
soil thickness amounts to over 40 m in some places. Since the foundation is 
pervious, the seepage through the foundation is considerable, with a measured 
collected seepage in the drainage system of ca 500 l/s at full reservoir. Springs 
downstream of the dam have been observed ever since the first filling of the dam, 
some of great magnitude.  

To counteract the problems with high groundwater levels and springs downstream 
of the right side of the dam, a large drainage trench called “Slits 19” was 
constructed the year after the first complete filling of the reservoir. In the upstream 
end of the trench a deep pressure relief well was placed. The pressure relief well in 
Slits 19 lowered the groundwater pressures in the area significantly, but 
settlements and sinkholes have continued to occur in the area over the entire 
lifetime of the dam. 

An uncontrolled seepage flow could lead to internal erosion of the soil. The 
occurring signs of internal erosion downstream from the Lossen dam are at a large 
enough distance from the dam to not pose a risk for the safety of the dam, but if left 
unattended the erosion could possibly spread. 

1.2 Aims & objectives 
The aim of this thesis is to investigate the causes of the seepage problem in the area 
around Slits 19, determine whether there is risk for internal erosion of the soil and 
predict how large the possible spread of the problem is. The aim is also to 
determine what measures are necessary to prevent the problem from increasing in 
severity.  

To achieve these aims, some scientific-technical questions are to be answered: 

v If erosion is taking place, how will it develop in the future? 
v What is the effect of the seepage control systems already in place at the 

Lossen dam? 
v What possible additional methods for seepage control exist? What methods 

are suitable for Lossen? 
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2 EMBANKMENT DAMS 
Dams have been built ever since the most ancient human civilizations – the first in 
ancient Egypt and Mesopotamia. The first dams were built mostly for irrigation and 
drinking water purposes. They were usually built out of earth, wood and masonry. 
(Smith, 1971). 

Dams can be divided into categories based on their use, hydraulic design or 
construction material. Classifying based on construction material, there are two 
main categories: embankment dams and concrete dams. Embankment dams can be 
constructed of earthfill or rockfill (U.S. Bureau of Reclamation, 1987). The choice of 
dam type depends largely on the availability of construction materials in proximity 
to the construction site (Bell, 1980). 

Embankment dams have many advantages, including the possibility of 
constructing the dam out of materials available at a short distance from the build 
site, and the resulting relatively low costs (U.S. Bureau of Reclamation, 2011). 
Earthfill dams also cause lower stresses on the foundation compared to concrete 
dams, thus they can be built on a wider range of foundations than concrete dams. 
(Bell, 1980) 

The main disadvantage of embankment dams – compared to concrete dams – is 
their susceptibility to erosion. The most common causes for failure among 
embankment dams are erosion due to overtopping, and internal erosion (piping) 
(Bonelli, 2013). 

Embankment dams are the most common type of dams in the world, with 63% of 
all large dams in the ICOLD Register of dams being earthfill dams and 13% rockfill 
dams (ICOLD, n.d.). Earthfill dams can be further divided into categories: 
homogeneous or zoned (U.S. Bureau of Reclamation, 1987). The zoned dam (Figure 
1) is the most common type (U.S. Bureau of Reclamation, 1987). 

A zoned dam is built up around an impervious core – usually of clay or moraine – 
with earthfill supporting the core. The core is surrounded by filter materials to 
prevent internal erosion of the core. (Vattenfall, 1988) 

 
Figure 1. Cross-section of a typical zoned embankment dam. Image source: (Vattenfall, 1988) 
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If all materials suitable for a zoned dam are available close to the site of the dam, 
the zoned dam is the best choice for an embankment dam. Since the impervious 
core is more effective at reducing seepage than the dam body of a homogeneous 
dam, the phreatic surface in the downstream part of the dam is much lower 
compared to that of a homogeneous dam. This leads to significantly higher slope 
stability on the downstream slope. Overall, with a correct design it is easier to 
control the seepage through a zoned dam than a homogeneous dam. 

Because of the higher downstream slope stability in zoned dams, the slopes can be 
built steeper than for homogeneous dams. Hence zoned dams allow for more 
slender constructions, which can be more economical. All of this means that zoned 
dams can be built much higher than homogeneous dams. 

2.1 Embankment dams founded on soil  
It is generally preferred to build dams on rock; if possible hard, unjointed rock. 
This is due to the risks of settlements and seepage in the foundation. If the soil 
cover at the dam site is limited (< 3 m) it is excavated down to the rock (Vattenfall, 
1988). However, if the soil cover is too thick for excavation to be possible, the dam 
has to be founded on soil. 

When founding a dam on a permeable foundation it is important to control the 
seepage through the foundation. The seepage can cause many problems if not 
treated properly, such as internal erosion and liquefaction (boiling), which can pose 
risks to dam safety. 

2.1.1 Internal erosion 
Seepage can lead to internal erosion of a soil. The process of internal erosion starts 
with particles in the soil being loosened by the force exerted by the seeping water, 
and then transported away by the water. For the erosion to progress, two main 
criteria have to be fulfilled. The first criterion is that the stress exerted by the 
flowing water must be large enough to exceed stabilizing forces from gravity and 
inter-granular forces and, hence, erode the soil particles. The second criterion is 
that the eroded particles have to be able to pass through the pores of the 
surrounding soil in order to be transported away. (Bonelli, 2013) 

Internal erosion of soil can be prevented by the use of a filter, located on the 
downstream side. The function of the filter is to stop the eroded soil particles from 
passing through the filter, while at the same time letting the seepage water through 
and limiting build-up of pore pressures. This means that the filter must have small 
enough pores to prevent transport of soil particles, but large enough pores to have a 
sufficient hydraulic conductivity. (Terzaghi, et al., 1996) 

Terzaghi et al. (1996) found that the geometric criterion for preventing erosion is: 
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!!",!"#$%& ≤  4 ∙ !!",!"#$ ( 1 ) 

where dx is the sieve size for which x% of the soil weight passes. 

The criterion for ensuring sufficient hydraulic conductivity of the filter is: 

!!",!"#$%& ≥  4 ∙ !!",!"!" ( 2 ) 

There are four main types of initiation of internal erosion according to Bonelli 
(2013): concentrated leak erosion, contact erosion, backward erosion piping and 
suffusion (Figure 2). 

 
Figure 2. The four main types of internal erosion: suffusion, contact erosion, concentrated leak 
erosion and backward erosion piping. 

2.1.1.1 Concentrated leak erosion 
Concentrated leak erosion occurs along an open seepage path. The large flow in 
these paths erodes the material surrounding the path. The open seepage paths can 
be cracks caused by e.g. hydraulic fracturing or differential settlement. It is also 
common for concentrated leak erosion to be initiated along conduits that run 
through the embankment. (Bonelli, 2013) 

2.1.1.2 Contact erosion 
Contact erosion occurs along the boundary between soil layers of different grain 
sizes and permeabilities, with water flowing parallel to the strata. Since the coarser 
layer has a higher permeability, water will flow more easily through that layer. This 
flow can erode particles from the finer layer and transport them through the coarse 
layer. (Bonelli, 2013) 

2.1.1.3 Backward erosion piping 
The process of backward erosion piping starts at an unfiltered seepage exit 
downstream of the dam. If the hydraulic gradient is too large, material will be 
transported. Then the erosion progresses backwards (toward the upstream side), 
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forming a pipe. For the pipe to be able to form, the soil strata above the pipe must 
be cohesive enough to not collapse (it must hold a roof for the pipe) (Terzaghi, et 
al., 1996). Sand boils on the downstream side of the dam are often signs of 
backward erosion piping (Bonelli, 2013). Once backward erosion has initiated, the 
erosion will progress towards the reservoir. The flow, and the erosive capacity, of 
the spring will increase with the length of the eroded tunnel (Terzaghi, et al., 1996). 

2.1.1.4 Suffusion/suffosion 
Suffusion is the mechanism where the finer grains of a widely graded or gap graded 
soil are transported away, leaving only the larger grains to uphold the soil structure 
(Bonelli, 2013). This increases the porosity and hydraulic conductivity of the soil, 
but the total volume of the soil remains virtually the same.  

Suffusion can only happen in an internally unstable soil. The soil is internally stable 
when all grains contribute to the soil skeleton. In an internally unstable soil, only 
the larger grains contribute to the soil skeleton, while the finer grains are “floating” 
freely in the voids without contributing. Furthermore, the fine grains must be able 
to pass through the pores of the coarse grains in order to be transported away 
(Bonelli, 2013). Broadly graded soils such as glacial tills can be internally unstable 
(ICOLD, 2015). 

Sometimes a distinction between the terms suffusion and suffosion is made. In 
both suffusion and suffosion, the finer particles of the soil are eroded, but in 
suffosion, this also leads to a decrease of total soil volume. (Shire & O'Sullivan, 
2013) 

2.1.2 Liquefaction (boiling) 
When the effective stress of a soil is zero, i.e. the uplift pressure gradient from the 
water exceeds the weight of the soil grains, the soil becomes liquefied. If the 
downstream exit gradient of seepage is too high, the uplift force of the seepage 
water becomes equal to the gravitational force of the soil, and liquefaction (or 
boiling as it is often called) occurs. (Fell, et al., 1992) 

Liquefaction is known as an initiating factor for backward erosion piping. 
Liquefaction does however not necessarily cause backward erosion piping. The 
uplift force of the water can be at equilibrium with the weight of the soil, causing 
the soil to be fluid but without any particle transport. However, if the exit is 
unfiltered and the seepage velocity increases above the equilibrium, it can transport 
soil particles, depositing them in a ring around the sand boil (a so called “sand 
volcano”). After this, the erosion can progress backwards (in the upstream 
direction) to form a pipe or tunnel through which water easily can flow. (Bonelli, 
2013) 
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2.2 Methods for managing seepage 
There are two main approaches for managing seepage: seepage reduction and 
seepage collection and control (France & Williams, 2015). The reduction methods 
focus on reducing the flow by using barriers. The collection and control methods do 
not try to reduce the amount of flow, but rather make sure the water flows in a 
controlled way. What method is the most suitable depends on the conditions at the 
dam. Often a combination of different methods is used. 

Barriers are always placed on the upstream side of the dam. If a barrier is placed on 
the downstream half of the dam, pore pressures can build up and cause an uplift 
force that threaten the stability of the dam. Collection and control measures are 
always placed downstream the dam. (France & Williams, 2015) 

2.2.1 Seepage reduction 
The groundwater flow through the foundation can be described by Darcy’s law: 

! = −! ∙ ! ∙ !ℎ!" ( 3 ) 

where Q is the groundwater flow [m3/s], A is the cross-sectional area which the 
water is flowing through [m2], K is the hydraulic conductivity of the soil [m/s], δh is 
the water level difference between upstream and downstream of the dam [m], and 
δL is the seepage distance [m]. For a fixed water level difference δh and a fixed 
seepage area A, the flow Q must be reduced either by decreasing the hydraulic 
conductivity K or by increasing the horizontal seepage distance δL. 

There are several types of barriers for reducing the flow; in this chapter some 
common types are listed. The impervious core in a zoned dam is also a type of 
barrier. 

2.2.1.1 Cutoffs 
A cutoff is constructed in the foundation below the dam. A cutoff can extend all the 
way down to impervious layers (soil strata or rock), or just extend through some of 
the pervious foundation (partial cutoff) (Terzaghi, et al., 1996). The efficiency of a 
cutoff is however not proportional to the depth of the cutoff: a cutoff with 90% 
penetration only reduces 60% of the seepage (U.S. Army Corps of Engineers, 1986). 

Slurry trench walls are commonly used as cutoffs. During the excavation, the 
trench is supported by soil-bentonite slurry, which allows for the construction of 
deep and narrow trenches (Terzaghi, et al., 1996). After the trench is excavated, it is 
backfilled with a permanent impervious material such as soil-bentonite or cement-
bentonite (France & Williams, 2015).  The trench can also be filled with 
interlocking concrete panels or piles (Terzaghi, et al., 1996). 
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Sheet pile walls can also be used as cutoffs. However, sheet pile walls are seldom 
water tight since leakage through the interlocks is significant. (U.S. Bureau of 
Reclamation, 1987) 

2.2.1.2 Grout curtains 
Another type of cutoff is grout curtains. It is more common in rock foundations but 
can be done in soil foundations as well. Cement grout is injected directly into the 
soil. Cement grouting cannot be used on soils with finer particles than the cement 
particles (since the purpose of the cement grouting is to fill the voids between soil 
particles with cement), but can be used in coarser soils. (U.S. Bureau of 
Reclamation, 1987) 

2.2.1.3 Impervious blankets 
Impervious blankets are placed on the upstream side of the dam, at the bottom of 
the reservoir. The blanket is made out of soil with very low permeability and is 
connected to the dam core. By increasing the length of the seepage path, it reduces 
the hydraulic gradient. (Terzaghi, et al., 1996) 

2.2.1.4 Berms 
Berms are placed at the toe of the dam. The berm lengthens the seepage path, thus 
reducing the seepage. It also increases the stability on the downstream side of the 
dam by adding effective stress. (U.S. Bureau of Reclamation, 2011) 

2.2.2 Seepage collection and control 
High pore pressures in the foundation pose a risk to the dam in terms of heave and 
liquefaction downstream of the dam. In order to lower pore pressures drainage is 
used. It is important that all drainage includes filters.  

2.2.2.1 Embankment drains 
Drains built into the embankment are often intended primarily for drainage of the 
embankment, but are also suitable as a filtered exit for seepage from the 
foundation. A horizontal drainage blanket or a toe drain serves this double 
purpose. (U.S. Bureau of Reclamation, 2011) 

2.2.2.2 Drainage trenches 
A drainage trench functions very similar to a toe drain, but can be built at greater 
depths than a toe drain. The trench is parallel to the toe of the dam. The trench is 
filled with a filtered drainage material, usually with a slotted pipe in the middle. 
(U.S. Bureau of Reclamation, 2011) 

2.2.2.3 Pressure relief wells 
Pressure relief wells are commonly used for lowering pore pressures in confined 
aquifers. The wells are deep, drilled holes. The bottom part of the well consists of a 
well screen with surrounding filter material. The top part of the well consists of a 
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riser pipe. (U.S. Army Corps of Engineers, 1992) The well is connected to a conduit 
which leads the water away.  

Pressure relief wells are usually not pumped. The artesian water pressure that is to 
be relieved, in combination with a gravity drain system, is enough. However, if the 
discharge of the wells needs to be increased, pumps can be added. (U.S. Bureau of 
Reclamation, 1995) 

Relief wells usually become less effective with time due to e.g. clogging or corrosion 
of well screens, chemical or biological encrustation. The wells therefore require 
some maintenance during their lifetime. The most common remediation method is 
chemical treatment of the wells, e.g. acid. (U.S. Army Corps of Engineers, 1992) 

3 LOSSEN DAM 
The Lossen dam is an earthfill dam located in the river Ljusnan in Jämtland, 
Sweden. It is owned by Ljusnans Vattenregleringsföretag. 

The dam was constructed in 1959-1962. It has a length of ca 1600 m with a 
maximum height of ca 28 m, and holds a reservoir (Lake Lossen) of 500 million 
m3. Immidiately downstream of the dam there is a smaller lake called Lake Rörhån. 
The water level in lake Rörhån is regulated by a smaller dam mostly consisting of 
bulkhead gates (located just outside the right edge of Figure 3). 

 
Figure 3. General plan of the Lossen dam. 
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The dam is located in the upmost reaches of the river Ljusnan. The purpose of the 
dam is mainly regulation of the river Ljusnan (which holds a number of 
hydropower plants downstream from Lossen). There is no hydropower station in 
immediate proximity to the dam, but water from Lossen is led in a ca 10 km long 
tunnel to Långå hydropower plant. 

3.1 Dam design 
The dam is a zoned earthfill dam. The core is slightly inclined and consists of till. 
The fill is mixed soil, mostly sand, gravel and some till. The upstream slope is 
covered with an erosion protection of cobble and boulders. 

The crest is at elevation +570.0 m (elevation system RH 00). The dam has a normal 
reservoir level at +566.5 m and a minimum operating level at +539.5 m. 

 
Figure 4. Cross-section of the Lossen dam. 

The dam has an outlet tower connected to a 625 m long tunnel which is located in 
the rock below the dam.  A new spillway on the left side of the dam is under 
construction and is planned to be finished in 2016. The new spillway will increase 
the discharge capacity and is designed for a 10 000-year flood. A berm along the 
dam toe was constructed in 2014-2015 in order to improve the dam safety. 

3.2 Geology 
The soil in the area around Lake Lossen is predominately glacial till, with some 
areas of rock outcrop. Glacial formations are very common in the area and along 
the entire stretch of the river Ljusnan (Sveriges geologiska undersökning, 2014). 

The dam is founded on thick layers of soil, with a depth down to the rock surface 
ranging from ca 15 m on the left side of the dam (left from the viewpoint of the 
direction of flowing water, i.e. upstream to downstream), to ca 40 m on the right 
side, as shown in Figure 5. 
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Figure 5. The elevation of the ground level and assumed bedrock level along the length of the dam. 

The dam foundation consists of mostly glacial till. Immediately downstream of the 
right part of the dam, glaciofluvial deposits are covered by till. This area is stratified 
and contains layers of soil significantly coarser than the top soil layer. The stratified 
nature of the soil has been discovered through drillings and excavations, but due to 
the limited points of observation and the heterogeneity of the soil, the full extents 
of the coarse layers are not known.  

The reason for this layered structure of glaciofluvial material covered by till could 
be that the soil has been deposited in a zone where the ice has retreated and re-
advanced multiple times (Sveriges Geologiska Undersökning, 2000). There are also 
accounts of an ice-lake having existed in the area (Kungl. Vattenfallsstyrelsen, 
1919). 

3.3 Existing seepage control measures 
The pervious foundation of the dam has been an issue from the start. During the 
planning stage, the very thick layers of moraine were noted. Because of the 
thickness a barrier solution such as a cutoff wall extending down to the rock 
beneath the dam was considered too expensive. Instead, the solution for managing 
the seepage through the pervious foundation was a combination of an upstream 
blanket and downstream drainage. 

3.3.1 Upstream blanket 
After the alternative of a cutoff had been ruled out due to economic reasons, an 
upstream blanket was deemed the best alternative. By lengthening the seepage 
path, the hydraulic gradient (and thus also the seepage flow) can be reduced. It was 
decided that a hydraulic gradient of 1/20 should be enough to ensure a manageable 
seepage. 

The blanket consists of a 1 m thick layer of dense moraine, with gravel and cobble 
on top as erosion protection. It is connected to the dam core. On the right side of 
the dam, the surface soil layer was deemed to be dense enough to not need any 
blanket. In this area, only holes in this dense soil layer were filled with blanket 
material. 
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3.3.2 Pressure relief wells 
Along the shore of the downstream recipient lake Rörhån there is a number of deep 
pressure relief wells. They are placed in a drainage trench and connected by 
conduits. 

The filter wells were originally planned to have a spacing of 40 m, and a diameter of 
1 m throughout the entire depth of the well (extending down to the rock face). 
However, as construction of these wells started it was clear that the groundwater 
conditions in the soil made it impossible to dig such large wells all the way down. 
Instead, it was decided that the wells should have the diameter of 1 m as deep down 
as possible, and then continue with a diameter of 0.3 m the rest of the depth. To 
counter the reduction in relief capacity that this change resulted in, drainage pits 
(extending down to the pervious soil layers) were constructed in-between the wells. 
Along the part of the drainage furthest downstream, the depth to the pervious soil 
layers was too large for drainage pits, and thus in that area the planned well 
spacing of 40 m was changed to 20 m. 

3.3.3 Drainage trench “Slits 19” 
After the first complete filling of the reservoir in 1962, high groundwater pressure 
levels were observed downstream of the right part of the dam, at a short distance 
upstream from the pressure relief wells along Lake Rörhån. The soil in this area 
contained layers of much higher permeability than by the drainage system. The 
construction of a deep drainage trench was initiated in 1962, and the drainage 
trench, together with a belonging deep filter well (19K), was finished in 1964. The 
trench is called Slits 19 since pressure relief well number 19 is located at the 
downstream end of the trench. 

The drainage trench has two deep filter wells at the upstream edge of the trench. 
The water is led through a conduit through the trench, equipped with multiple 
inspection wells, and is then released into Lake Rörhån through a large wooden box 
called “Tråget”. 

The construction of Slits 19, and especially the deep relief well 19K, lowered the 
pore pressures in the area around the trench, and at the same time it increased the 
collected seepage flow. From 1962 to 1963, the total seepage collected increased 
from 370 l/s to 405 l/s. In 1963, the seepage measured in Slits 19 accounted for 
25% of the total seepage measured. At the end of the 1960s the seepage measured 
in Slits 19 had increased and was almost twice as large as the seepage measured in 
the rest of the drainage system along Rörhån, and this relation has continued since. 

3.4 Existing monitoring system 
Since the construction of the dam, groundwater levels in a number of piezometers 
have been regularly measured. There are 69 piezometers in the area surrounding 
the dam. The number of measured piezometers and the frequency of 
measurements have varied during the lifetime of the dam. In 1999 the monitoring 
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system was automatized, and since then groundwater levels in 7 piezometers are 
automatically measured daily.  

The flow in some parts of the drainage system has also been measured since the 
construction of the dam. The flow monitoring was also automated at the same time 
as the piezometers, and the flow is now measured in 8 of the drainage wells along 
Lake Rörhån, in one of the wells in the “Gipen” drainage, in the outflow conduit 
from Slits 19, and in four wells along the right part of the dam. 

The locations of the monitoring points for groundwater level and seepage flow are 
shown in Figure 6. 

 
Figure 6. Automatic monitoring points for groundwater levels (yellow points) and seepage flow (pink 
points). There are also four new (2015) measurement points for flow along the right part of the dam, 
not depicted in the figure. 

3.5 Observed problems 
The seepage from the reservoir through the thick soil layers downstream of the 
right part of the dam is large, and the flow is correlated to the reservoir water level 
(i.e. there is more seepage when the reservoir water level is high). Ever since the 
first filling of the reservoir in 1962, springs downstream of the dam, primarily in 
the area along the shore of Lake Rörhån and on the lake bottom of Rörhån, have 
been observed. In some of these springs, very large flows have been measured. A 
spring called K1, located at the shore of Lake Rörhån, had a discharge rate of 70 l/s 
at full reservoir level in the first years after the first filling of the reservoir. 
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In 1966 springs were observed on the bottom and along the slopes of Slits 19. 
Settlements on the drainage conduits in Slits 19 have been observed 1974, 1987, 
2003, 2005 and 2012. In 2014 a sinkhole in Slits 19 appeared. 

Craters and holes on the lakebed of Lake Rörhån have been observed continuously 
over the lifetime of the dam. The craters are often surrounded by a light material. 

Suspended particles have been observed in the seepage water collected in Slits 19, 
with concentrations up to 50 mg/l in the 1960s. Piles of sand have also been 
observed at the bottom of the wooden box “Tråget”. This sand has probably been 
transported through the conduit from Slits 19. 

4 METHODS & DATA 
4.1 Data 
During the construction of the dam, thorough investigations of the dam area were 
performed and recorded. Building plans and records from the building procedure, 
as well as results from geotechnical investigations, were documented and archived. 
During the lifetime of the dam, analyses of monitoring and improvements on the 
dam have been performed by VBB (later SWECO). These works have also been 
recorded and archived. 

A full list of reports and documents used as sources for this report can be found in 
Appendix A. 

4.1.1 Drillhole data 
77 drillholes were drilled during the construction of the dam in the 1960s, using the 
so-called Lindö method of drilling through both soil and rock. Soil samples were 
taken from some of the drillholes, and the samples were sifted and the grain size 
distribution curves recorded. From these drillholes the layering of the soil could be 
determined. In this study grain size distribution curves from soil samples from 7 
drillholes (Figure 7) have been used. 
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Figure 7. Locations of the drillholes from which soil sample data has been used. 

For almost all the soil samples, the smallest sieve size used is 0.075 mm. For a few 
of the finest soil samples, finer fractions than 0.075 mm have been determined and 
recorded. A majority of the samples (62%) has a fines content (silt or finer) of over 
10%. 

4.1.2 Groundwater levels 
Groundwater level data in digital form from 1994-2015 has been studied, as well as 
groundwater data in analog form from 1973-1976. 

4.1.3 Groundwater temperature 
The groundwater temperature downstream from the Lossen dam has been 
measured sporadically over the years. The latest measurements were done once a 
month October 2015-February 2016.  

4.2 Test pit & soil samples 
During a visit to the dam in May 2016 a test pit was dug into the right slope of the 
drainage trench Slits 19. The pit went approximately 2 m horizontally into the slope 
and approximately 1 m down below the bottom of the trench. Soil samples were 
taken from the pit using a shovel. Four of the samples were dried and sifted. 
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The location of the test pit and the locations of the taken soil samples within the pit 
are presented in Appendix F. Some photographs from the field visit, including 
images of the soil profiles, are presented in Appendix G. 

4.3 Calculation of hydraulic conductivity from a grain size distribution 
A method for calculating hydraulic conductivity from the grain size distributions of 
taken soil samples was desired. Åberg (1992a, 1992b) proposed a method for 
calculating the void ratio and the hydraulic conductivity of a soil using the grain 
size distribution. 

Åberg (1992a) proposed that: 

! = 2!
!

!(!)!"
!
!

!"
!(!)

!
!

 ( 4 ) 

where e is the void ratio, c is a coefficient that depends on the grain shape, and x = 
aperture of a square mesh sieve size through which a grain can only just pass 
(“grain size”) and y = fraction by solid volume of grains that can pass through the 
sieve aperture x. 

In his following article, Åberg (1992b) further showed that, using the Kozeny-
Carman equation, the grain size distribution can be used to find the hydraulic 
conductivity of a soil. 

He proposed that: 
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where J is the hydraulic gradient, q is the specific discharge (m3/s, m2), n is the 
porosity, xL and xT are the representative grain sizes in the laminar and turbulent 
terms (m), and C3 and C4 are empirical constants. 

The representative grain sizes are calculated as: 
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For small Reynolds numbers (Scheidegger, 1957), the flow is laminar. The second 
term of Equation 5 (concerning turbulent flow) can thus be neglected. Using 
Darcy’s law ! = !/! we then get that: 

! = !!
1
!!!!

!!
 ( 8 ) 

 

Åberg found the constants C3=1.44E-4 and C4=0.401 for rounded particles (gravel) 
and C3=0.757E-4 and C4=0.614 for crushed rock. 

The method was implemented using the numerical programming and computing 
software MATLAB. 

4.3.1 Validation of the method 
An attempt to validate the method was made, using data from soil samples with 
known grain size distributions and known hydraulic conductivities. The results 
from the model were compared to the results from the empirical conductivity tests. 

18 grain size distribution curves from soil samples with tested hydraulic 
conductivity were used, and the resulting conductivities from the model compared 
with the measured conductivities. A histogram showing the distribution of 
percentage errors (the difference between the calculated and measured values, 
divided by the measured value) is shown in Figure 8. 

 
Figure 8. The frequency of percentage error magnitudes (the size of the error in relation to the size 
of the measured value) for the 18 tested samples. 
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4.4 Groundwater modeling 
A steady-state groundwater model of the area surrounding the dam was built in the 
modeling software Visual MODFLOW. MODFLOW is a 3D finite difference 
groundwater flow model created by the U.S. Geological Survey (USGS, 2016). 
Visual MODFLOW is a graphical user interface for MODFLOW, owned by the 
company Waterloo Hydrogeologic (Waterloo Hydrogeologic, 2015).  

4.4.1 Inputs to the model 

4.4.1.1 Model area 
The model area was chosen as an area surrounding the dam (Figure 9). Due to 
limited elevation data the area boundaries could not be fitted to topographical 
water divides, since the true water divides lie outside of the area covered by the 
elevation data. Using the true water divides would also have resulted in a very large 
model domain. Instead the rectangular no-flow borders of the model shown in 
Figure 9 were deemed a sufficiently good estimate. Since Lake Lossen holds such a 
large reservoir of water this water level can be assumed to be the main driving 
factor for the groundwater flow in the area, i.e. the groundwater inflow from 
outside the borders of the model domain is probably negligible in comparison. 
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Figure 9. MODFLOW model area extent and grid. The grid is refined in the area closest to the dam.  

The extent of the model domain in the Z direction was in total 100 m, from +500 m 
to +600 m. Elevation data from aerial laser scanning (Metria, u.d.) was imported 
into the model. Image overlays in the form of elevation curves and an aerial 
photograph of the area were used to simplify orientation in the model (Figure 9). 

4.4.1.2 Soil properties 
The soil was divided into two main layers, one layer representing till and one layer 
representing gravel (washed out till). The elevation of the bedrock, which varies 
throughout the area, was also input as a soil layer, as well as the impervious blanket 
on the lake bottom of the reservoir. The hydraulic conductivity for each soil layer is 
presented in Appendix B. 

4.4.1.3 Boundary conditions 
The main boundary conditions for the model are the water levels of the reservoir 
lake Lossen, and the downstream lake Rörhån. 
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For the calibration of the model, the water levels corresponding to measurements 
done in August 1973 were used. Thus the recorded water levels for Lossen and 
Rörhån from the same date were input as boundary conditions. Lossen had a water 
level of +566.5 (which is the maximum retention level) and Rörhån a water level of 
+541.2. 

The pressure relief wells in Slits 19 (well 19K) and Gipen (well G7) were also input 
as constant head boundary conditions. 

The dam was approximated as a “Wall” boundary condition (a built-in feature in 
Visual MODFLOW, representing a vertical wall of chosen thickness and hydraulic 
conductivity). The dam height is relatively small compared to the thickness of the 
underlying soil layers, and the seepage through the dam body is very small 
compared to the seepage below the dam. Considering this together with the fact 
that the dam is a zoned dam with an impervious core, it is reasonable to assume 
that the geometry of the dam body has a negligible influence on the flow 
conditions, and the dam can thus be reduced to a wall representing the dam core. 

The annual mean precipitation in the area is 600 mm/year (SMHI, 2014a), and the 
annual mean evapotranspiration is 300 mm/year (SMHI, 2014b) . With no surface 
runoff, the groundwater recharge would then be 600− 300 = 300 !!/!"#$. The 
assumption was made that the surface runoff is 50 mm/year on the relatively flat 
area surrounding the dam, and 100 mm/year on the hillslopes north and south of 
the dam area. This gives an annual mean groundwater recharge of 250 mm/year 
for the dam area and 200 mm/year on the slopes. The groundwater recharge was 
input as the boundary condition “Recharge”. The boundary condition 
“Evapotranspiration” was not used since the evapotranspiration was accounted for 
in the recharge. 

4.4.2 Calibration 
For calibration of the model, observed groundwater levels from 12 piezometers 
were used. Since the model was at steady-state, measured values from a single 
specific time point were used. The observations were from August 1973. 

The parameters that were calibrated were the soil properties, i.e. the hydraulic 
conductivity and the extent of the soil layers. Since the boundary conditions were 
measured values, they were fixed in the calibration. 
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Figure 10. Location of piezometers used in the calibration of the model. 

The built-in calibration function PEST (Parameter Estimation) was used for 
hydraulic conductivity. PEST optimizes parameters by iteration, in order to fit the 
calculated model values to observed values in specified points. Multiple PEST runs, 
iterating for the hydraulic conductivity of the different soil layers, were performed. 

The calibration was also done manually using the diagram showing the difference 
between calculated head and observed head in the points of the 12 piezometers, 
striving to fit the observed data as well as possible. In the manual calibration the 
size and location of the different soil layers were the parameters being altered. The 
resulting diagram after the calibration is shown in Appendix C. 

4.5 Erosion calculations 

4.5.1 Suffusion 
There are different methods for predicting the internal stability of a soil. Here three 
different methods have been used. 
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4.5.1.1 Kenney-Lau method 
Kenney & Lau (1985) developed a method for predicting internal instability based 
on the shape of the grain size distribution curve of a soil. 

For a particle of size D, the smallest constriction it can pass through is 
approximately of size 4D. The mass fraction of particles of sizes between D and 4D 
is thus a measure of the amount of particles preventing the transport of size D 
particles.  

An H-F shape diagram can be created, where H is the mass fraction of particles of 
sizes between D and 4D and F is the mass fraction of particles of size D. For the 
material to be internally stable, the condition of H≥F must be fulfilled (Rönnqvist, 
2015). If H<F there is not enough particles restricting the transport of the size D 
particles, and they will erode. 

The condition of H≥F must only be fulfilled for the range F=0-0.2 for widely graded 
materials (d60/d10>3) and F=0-0.3 for narrowly graded materials (d60/d10<3). It is 
only in this range that erosion will occur. (Kenney & Lau, 1985) 

4.5.1.2 Burenkova method 
Burenkova proposed the following criterion for internal stability (Wan & Fell, 
2007): 

0.76 log ℎ!! + 1 < ℎ! < 1.86 log ℎ!! + 1 ( 9 ) 

where ℎ! = !!" !!" and ℎ!! = !!" !!". 

4.5.1.3 Wan & Fell modified Burenkova method 
Wan & Fell (2008) (2007) modified the Burenkova method and added a probability 
for internal instability: 

! = !!
1+ !! ( 10 ) 

where  ! = 2.378 log ℎ!! − 3.648ℎ! + 3.701 for clay-silt-sand-gravel mixtures with 
less than 10% passing 0.002 mm, and ! = 3.875 log ℎ!! − 3.591ℎ! + 2.436 for silt-
sand-gravel mixtures with less than 10% 0.075 mm.  

4.5.2 Contact erosion 
The critical hydraulic gradients for initiation of contact erosion were calculated 
using a method proposed by Guidoux et al. (2010). 

Guidoux et al. found that the effective grain diameter dH was a more suitable soil 
characteristic than the d50, which has been commonly used in calculations of 
critical velocity. The effective grain diameter dH is calculated as: 
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where F is the mass fraction of the soil passing the sieve size d. 

The critical velocity qc is then calculated as: 

!!,!"" = 0.7!!
!! − !!
!!

!!! 1+ !
!!!

 ( 12 ) 

where nF is the porosity, ρs and ρw the density of the soil and water respectively 
(kg/m3), g is the gravitational acceleration (m/s2) and ! = 5.3 ∙ 10!! m2. 

The critical hydraulic gradient is calculated as: 

!! = !!! + !!!! ( 13 ) 

where: 
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( 14 ) 

 

where ReD is the particle Reynolds number (-) and ν is the kinematic viscosity of 
the water (m2/s). 

If the hydraulic gradient is greater than the critical gradient, erosion is initiated. 

The soil sample pairs (consisting of two adjacent layers) that were used for 
calculating the risk for contact erosion were chosen based on their soil gradation 
curves and their D15/d85 quotas (the Terzaghi filter criterion), in order to only test 
the pairs that were most likely for contact erosion.  
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5 RESULTS 
5.1 Groundwater levels 
The groundwater data clearly shows that the reservoir level affects all groundwater 
levels downstream of the dam, the closer to the dam the greater impact.  

The piezometers at a fairly small distance downstream of the right part of the dam 
(L1-L3 and L49-L53) show a strong correlation between groundwater level and 
reservoir level, closely following the fluctuation of the reservoir (Figure 11). The 
piezometers in Slits 19 also follow the fluctuations of the reservoir level, but to a 
lesser degree (Figure 12). They are also affected by the Rörhån water level. 

 
Figure 11. The water level in the reservoir (Lossen) and Rörhån, and the groundwater levels in 
seven piezometers downstream of the right part of the dam, from April 1998 to April 2000. 

 
Figure 12. The water level in the reservoir (Lossen) and Rörhån, and the groundwater levels in 
three piezometers in Slits 19, from March 2012 to March 2015.  
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As an illustration of the groundwater level’s dependence of the reservoir water 
level, Figure 13 shows the groundwater level in two piezometers (L51 being closer 
to the dam than L53) as a function of the reservoir water level.  

 
Figure 13. The groundwater level in piezometers L51 and L53 as functions of the water level in lake 
Lossen. The parts of the curves labeled ”Up” represent the reservoir level rising, the parts labeled 
”Down” represent the reservoir level declining. 

5.2 Groundwater temperature 
The groundwater temperature in some piezometers downstream from the right side 
of the dam is shown in Figure 14. In the figure, layers with temperature closer to 
the reservoir temperature and vice versa can be detected. One example is the curves 
for 19D and 19F, which make a clear bend towards the right at elevation +540-545, 
or L52 which makes a digression towards the left at +540-545. 
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Figure 14. The temperature of the reservoir (Lossen) and the groundwater temperature at different 
elevations for some piezometers downstream of the right side of the dam. 

5.3 Soil samples from test pit 
In this chapter the grain size distribution curves from the taken soil samples from 
the test pit are presented. 

The location of the test pit and locations of the soil samples within the pit are 
presented in Appendix F. 
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Figure 15. Grain size distribution curves for the soil samples taken at Slits 19. PG1 denotes the test 
pit in Slits 19 and T1 denotes the sand pile at the bottom of “Tråget”. 

The samples from the test pit (PG1) are all broadly graded tills. The sand found at 
the bottom of the wooden box “Tråget” is a uniformly graded (!!" !!" = 2.6) sand. 

5.4 Hydraulic conductivity 
The calculated hydraulic conductivity and porosity for each soil sample is presented 
in Table 1. 

Borehole 
number 

Sample 
number 

Elevation 
(m.a.s.l.) 

Soil 
classification Porosity Hydraulic 

conductivity (m/s) 
L54 2521 546.2 sa gr Ti 0.25 1.16E-05 

L54 2522 544.2 sa Ti 0.36 2.89E-06 

L54 2532 539.2 sa Si 0.36 6.72E-07 

L58 1839 545.8 sa Gr 0.21 2.08E-06 

L58 1840 544.9 si sa Ti 0.22 1.71E-06 

L58 1849 539.4 gr si Sa 0.23 4.72E-06 

L58 1851 537.4 sa Gr 0.19 4.60E-05 

L47 2300 539.3 si Sa 0.40 4.00E-06 

L47 2304 536.3 sa Si 0.42 6.90E-07 

L47 2310 533.3 si sa Gr 0.21 4.49E-07 

L47 2314 530.3 gr S 0.28 8.28E-07 

L47 2323 520.3 sa Gr 0.21 6.49E-06 

19D 5558 543.4 si Sa 0.44 2.88E-06 
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Borehole 
number 

Sample 
number 

Elevation 
(m.a.s.l.) 

Soil 
classification Porosity Hydraulic 

conductivity (m/s) 
19D 5559 542.4 sa Si 0.48 1.70E-06 

19D 5560 541.5 gr Ti 0.22 7.19E-07 

19D 5562 540.3 si sa Gr 0.24 1.19E-05 

19D 5563 539.8 sa gr Ti 0.12 4.34E-07 

19D 5566 538.8 gr Sa 0.30 1.77E-05 

19D 5568 538.2 gr Sa 0.26 1.96E-05 

19D 5570 536.7 gr si Sa 0.36 2.06E-06 

19F 5542 541.8 sa Gr 0.25 1.02E-04 

19F 5544 540.0 sa Gr 0.15 5.96E-05 

19F 5546 539.0 sa Gr 0.21 1.11E-04 

19F 5548 538.5 gr Sa 0.18 1.56E-05 

19G 5573 543.8 sa Gr 0.20 7.96E-06 

19G 5574 541.8 (gr) si Sa 0.34 1.25E-05 

19G 5575 540.4 sa Si 0.37 8.09E-08 

19H 5549 544.0 gr Sa 0.31 1.71E-05 

19H 5550 542.2 Sa 0.38 2.35E-05 

19H 5551 541.5 (gr) si Sa 0.34 1.39E-06 

19H 5553 540.9 gr Sa 0.36 5.44E-05 

19H 5557 538.6 s Gr 0.20 1.97E-05 

PG1 8 546.7 gr Ti 0.09 3.93E-06 

PG1 3 546.1 gr Ti 0.12 8.24E-06 

PG1 4 545.9 si Ti 0.30 3.71E-07 

Tråget T1 - S 0.44 1.23E-04 
Table 1. Calculated hydraulic conductivity and porosity for each soil sample. Soil classification 
abbreviations: sa = sand, si = silt, gr = gravel, Ti = till. 

From the results displayed in Table 1, the soil was divided into layers based on 
hydraulic conductivity (and to some extent also the soil classification). The division 
into layers is color coded in the table. 

5.5 MODFLOW model 
MODFLOW calculated the hydraulic heads and flow velocities in each cell in the 
model. This data was exported to ArcMap where the hydraulic gradients were 
computed from the hydraulic heads using the tool “Slope”. A map showing the 
hydraulic gradients could then be created, as displayed in Figure 16. 
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Layer 1 

Figure 16.  Map showing the hydraulic gradient in percent, for the top layer of the MODFLOW 
model. The light brown area denotes “dry cells”, i.e. cells above the groundwater surface level. 

From Figure 16 it is clear that the largest hydraulic gradient in the top layer is 18%. 
In layer 5 the largest hydraulic gradient in the proximity of the dam is 21%, and in 
layer 4 it is 15%. 

In the drainage trench Slits 19, layer 4 is at elevation ca +540-542 m and layer 5 is 
at elevation ca +538 m. There the largest gradients in the area are ca 6% for layer 4 
and 3% for layer 5, as can be seen in Figure 16. 
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Layer 4 Layer 5 

Figure 17. Maps showing the hydraulic gradients in percent for layer 4 (elevation ca +540-545) and 
layer 5 (elevation ca +535-540) of the MODFLOW model. 

The groundwater velocities were also calculated in the MODFLOW model. Figure 
17 shows the groundwater velocities at elevations +540-545 and +535-540 m. The 
maximum calculated velocity in the dam area is 0.12 m/s.  
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Layer 4 Layer 5 

Figure 18. Maps showing the total groundwater velocities layer 4 (elevation ca +540-545) and layer 
5 (elevation ca +535-540) of the MODFLOW model. 

5.6 Erosion calculations 
In this chapter the results from the erosion calculations are presented. 

5.6.1 Suffusion 

5.6.1.1 Kenney- Lau method 
H-F diagrams were created for some of the available grain size distribution curves. 
All H-F diagrams created are presented in Appendix E. Of the 23 tested samples, 14 
fulfilled the internal instability criterion of H<F in the interval of 0<F<0.2.  

5.6.1.2 Burenkova method and Wan & Fell adaptation 
The results from the comparison against the Burenkova criteria and the Wan & Fell 
criteria are presented in Figure 19.  
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Figure 19. Results from the suffusion calculations using the Burenkova and modified Burenkova 
methods. The thick blue curves show the stability limits of the Burenkova method; between the two 
lines the material is internally stable. The thin parallel curves show the probabilities of internal 
stability as predicted by the modified Burenkova method. The data points representing the soil 
samples are shown as points in the diagram, where points represented by the same symbol belong 
to the same borehole. 

For the data points that lie above the upper limit of the Burenkova method (thick 
blue line), the samples are clearly instable according to the Burenkova criteria. 
However, the Wan & Fell method yields a probability of zero for instability.  

5.6.1.3 Summary of suffusion calculations 
A summary of the results from the suffusion calculations is presented in Table 2. 

Borehole 
number 

Sample 
number 

Probability 
Wan&Fell 

Wan & 
Fell Burenkova Kenney-Lau Summary 

L54 2521 23.7 U S U 2 
L54 2522 10.6 S S  0 
L54 2532 3.0 S S  0 
L58 1839 9.5 S S  0 
L58 1840 0.6 S S  0 
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Borehole 
number 

Sample 
number 

Probability 
Wan&Fell 

Wan & 
Fell Burenkova Kenney-Lau Summary 

L58 1843 67.4 U U U 3 
L58 1849 97.1 U U U 3 
L58 1851 0.0 S U S 1 
L47 2300 44.6 U S S 1 
L47 2304 28.8 U S S 1 
L47 2310 0.0 S U U 2 
L47 2314 0.0 S U S 1 
L47 2322 41.4 U U U 3 
L47 2323 2.9 S S S 0 
19D 5558 15.1 U S S 1 
19D 5559 7.1 S S  0 
19D 5560 99.8 U U U 3 
19D 5562 0.2 S S  0 
19D 5563 3.9 S S  0 
19D 5566 0.0 S U S 1 
19D 5568 0.0 S U S 1 
19D 5570 0.6 S S  0 
19F 5542 6.8 S S  0 
19F 5544 2.6 S S  0 
19F 5546 14.5 S S S 0 
19F 5548 0.3 S S  0 
19G 5573 15.0 U S U 2 
19G 5574 11.9 S S  0 
19G 5575 0.0 S U S 1 
19H 5549 0.0 S U  1 
19H 5550 23.1 U S S 1 
19H 5551 0.0 S U  1 
19H 5553 0.0 S U S 1 
19H 5557 0.0 S U  1 
PG1 8 64.0 U U U 3 
PG1 3 45.4 U U U 3 
PG1 4 0.0 S U S 1 

Tråget T1 20.3 U S S 1 
Table 2. Summary of the results from the suffusion calculations. U means ”Unstable” and S means 
”Stable”. The results from the Wan & Fell method were considered unstable for a probability of 
instability larger than 15%. The summary column shows the number of methods that find the 
sample unstable. 

According to Wan & Fell (2008), the fraction of a widely graded soil that will erode 
can be estimated as 50% of the finer fraction (as defined by the point of inflection 
of the curve). Kenney & Lau (1985) defines the portion of loose (erodible) particles 
in the soil as maximum 20% for widely graded soils. 
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Suffusion of the soil means that the soil gradation curves will change, and they will 
become more narrowly graded. The change of the gradation curves is illustrated in 
Figure 20. 

 
Figure 20. Soil gradation curves for some soil samples, and the gradation curves for the same 
samples after losing the finest 20% due to suffusion. 

5.6.2 Contact erosion 
Some soil samples were tested against each other for contact erosion, using the 
Guidoux et al. method. The results from the calculations are presented in Table3. 

Fine Layer Coarse Layer dH (mm) DH (mm) qc (m/s) ic (-) 

L47, 2323 L47, 2322 
suffused 4.02E-4 4.6E-3 0.0145 1 

19G, 5575 19G, 5573 
suffused 5.3E-6 1.1 0.0225 20.4 

19G, 5574 19G, 5573 6.6E-5 2.1E-4 0.0086 183 

19G, 5574 19G, 5573 
suffused 6.6E-5 0.0011 0.0086 6.8 

PG1, 4 PG1, 3 2.2E-5 6.0E-4 0.0115 29.4 
Table 3. Results from the contact erosion calculations. dH and DH are the effective grain diameter of 
the fine and the coarse layer respectively. qc is the critical velocity at which erosion initiates, and ic 
is the critical gradient. 

As is clear from Table 3, all calculated critical gradients are larger than 1. 
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6 ANALYSIS & DISCUSSION 
There is no doubt that groundwater flow in the area downstream of the dam is 
controlled by the fluctuations of the water level in the reservoir Lake Lossen. The 
measured fluctuating groundwater levels in the piezometers (Figures 11, 12 and 13) 
clearly follow reservoir fluctuations. 

The temperature measurements (Figure 14) show signs of layers with higher and 
lower permeability, which is consistent with the conclusions of the geotechnical 
investigations performed before construction. Layers with higher permeability have 
temperatures closer to the reservoir temperature, and vice versa.  

6.1 What is happening in and around Slits 19? 
The occurring events in and around Slits 19 is a clear indication of internal erosion 
in the soil. It is unlikely that the sinkholes and settlements are caused by some 
other phenomenon, e.g. consolidation of the soil. As well as the settlements and 
sinkholes, there has also been observed material transport in the form of solutes in 
the seepage water in the drainage system.  

All the events related to erosion (e.g. sinkholes) have occurred at full (or close to 
full) reservoir, meaning it is the hydraulic gradient caused by the reservoir level 
that causes the erosion. 

A classic sign of internal erosion is increase in seepage flow over the years. This has 
not been observed at Lossen. The measured seepage flow in the drainage system 
increased with the construction of Slits 19, but the measured seepage has been 
virtually the same since then, both in the whole drainage system and in Slits 19. 
There is however a possibility that the seepage has in fact increased, but that this 
increased seepage bypasses the drainage system in some way and thus has not been 
measured.  

6.1.1 Contact erosion 
Due to the stratified structure of the soil a natural initial guess for what caused the 
sinkholes and settlements was contact erosion. 

However, the results from the calculations for contact erosion potential showed 
that the critical hydraulic gradients for initiation of contact erosion were far greater 
than the actual hydraulic gradients in the area.  The critical velocities for initiation 
of contact erosion were mostly higher than the calculated velocities from the 
MODFLOW model. At elevation ca +535-540, the calculated velocities actually 
exceed the critical velocities for contact erosion, but since the hydraulic gradients 
are so much smaller than the calculated critical hydraulic gradients, these results 
become somewhat questionable. 
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Although the insecurities in the calculations of contact erosion potential seem to be 
considerable, it is still improbable that contact erosion is the cause – or at least the 
sole cause - of the observed problems in Slits 19. 

The reason for contact erosion not being probable is that almost all of the soil 
samples studied are broadly graded tills. Some of the soil samples were fine 
mixtures of sand and silt, but virtually no samples consisted of only coarser soil 
(such as coarse sand/gravel). In order to have a high risk of contact erosion, the 
two soils should have more distinctly different gradation curves. In most cases of 
the soil samples from Slits 19, the gradation curves overlap somewhat. Almost all of 
the samples fulfilled the Terzaghi filter criteria when adjacent samples were tested 
against each other. 

6.1.2 Suffusion & suffosion 
When tested for internal instability, it was clear that many of the soil samples 
showed signs of being internally unstable.  

During the years there have been signs of fine material being flushed out from the 
soil around Slits 19. This has manifested itself as either muddy water in wells and 
conduits, or as accumulated material near the outlet of the Slits 19 drainage into 
Lake Rörhån (in and around the box called “Tråget”). The very fine material on the 
lake bottom near the outlet could have come from the lake water and been 
sedimented there, but it is also possible that this material has come from the 
drainage and surrounding soil and sedimented at the edge of the lake. 

The soil sample taken from the bottom of the wooden box “Tråget” was sand. The 
sand at the bottom of “Tråget” has most likely come through the conduit from the 
drainage system and deposited in Tråget. Where the sand has entered the conduit 
is not known. The conduit is a large concrete conduit and the seams are probably 
not tight, leaving space for sand to enter the conduit. 

A consequence of suffusion, i.e. the finer material being flushed out, is of course 
that since only the coarser material remains, the hydraulic conductivity of the 
suffused soil increases.  

An increased hydraulic conductivity can mean larger flow or flow velocities, which 
in turn could be a possible risk for further erosion. In an attempt to account for 
this, some of the calculations for contact erosion were done using soil gradation 
curves from materials with the finest 20% removed. The results still gave too high 
critical hydraulic gradients for initiation of contact erosion to be likely.  

During the process of suffusion, there is material loss but no loss of total volume of 
the soil. Since the finer grains do not contribute to upholding the grain skeleton, it 
is only the coarser grains upholding the structure of the soil, and they continue 
doing so even after the finer grains are lost. Sometimes the larger grains do not 
continue upholding the soil skeleton, and that is when the soil instead collapses, 
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reducing the total soil volume (which is sometimes called suffosion). There is a 
possibility that the observed sinkholes at Lossen are the result of suffosion. 

6.1.3 Backward erosion piping 
It is commonly known that springs (i.e. seepage exiting at zero effective stress) can 
initiate backward erosion piping, especially if material has been transported such 
as the formation of a crater. This raises the concern whether the springs occurring 
both on the ground surface around Slits 19 but particularly the springs on the 
bottom of Lake Rörhån can initiate backward erosion piping. 

The springs and craters on the lakebed have been monitored with varying 
regularity over the years ever since the first sightings in the 1960s. The craters did 
not seem to change in size or depth over time, and thus it was concluded that no 
backward erosion was in progress. Because of the difficulty to inspect the 
underwater springs and craters on the lakebed, and the sporadically performed 
inspections, it cannot be concluded with full certainty that backward erosion is 
occurring or not occurring. Therefore more regular and thorough inspections, with 
the possibility of measuring and quantifying change, are needed in order to draw 
any real conclusions. 

6.2 How serious is the problem? 
The severity of internal erosion depends on the erosion rate and the extent of the 
eroding area. 

Something that has been a problem ever since the construction of the dam in the 
1960s is the unknown extent of the permeable layers in the soil. That the soil is 
stratified and contains coarser layers of high permeability has been known all 
along, but due to the heterogeneity of the soil in the area and the limited points in 
which the layering is known, it is unknown how large and how well connected the 
permeable layers are. There is almost certainly not a single, universally extending 
layer of coarse material, but rather detached lenses of coarse material embedded in 
the finer moraine. This makes the erosion time harder to predict. 

The signs of internal erosion (i.e. the sinkholes and settlements) and springs have 
only occurred in the area around Slits 19 and further downstream, which is a good 
150 m from the dam. For a pipe to progress all the way from this area through the 
dam foundation and up into the reservoir, the pipe has to be quite long. For such a 
long pipe to form, the surrounding soil needs to be able to hold the roof of the pipe, 
i.e. the soil needs to contain some cohesive materials. The soil, especially the finer 
layers of silt, does possess some cohesion, meaning it could hold the roof of a pipe. 

The likelihood of a pipe extending all the way from Slits 19 to the dam is not 
significant. If the same conditions (i.e. soil structure and hydraulic load) as by Slits 
19 exist closer to the dam, there is a possibility that the same events could occur at 
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the dam as has occurred further downstream. What disputes this is the lack of 
visible signs of erosions (e.g. sinkholes) in proximity of the dam. 

6.3 Possible solutions 
For preventing internal erosion, a few main solutions appear: 

v Reducing the flow 
v Redirecting the flow 
v Apply filters 
v Expand monitoring 
v Do nothing and await further development of the problem 

6.3.1 Reducing the flow 
For reducing the flow, there are some different options. Barriers such as diaphragm 
walls are a common solution for reducing damaging flow magnitudes or velocities. 

As has already been stated, it is common for dams built on pervious foundations to 
include some sort of barrier beneath the dam extending down to rock (or 
impervious soil layers). Due to the thickness of the soil layers beneath the Lossen 
dam this was decided too expensive. For the cutoff wall to have any actual effect it 
would need to be extended all the way down to the rock surface, a depth ranging 
from ca 15 m to ca 40 m (see Figure 5).  The construction of a cutoff wall extending 
over such a great depth is an expensive solution. The cutoff wall would have to be 
constructed either below the impervious core or upstream from the core (attaching 
to the upstream blanket).  

Another option would be to increase the upstream blanket onto the right upstream 
part of the dam, where there is no blanket today. However, already when 
constructing the blanket the decision was made to not extend the blanket into this 
area, because of the already dense top soil layers in the area. The option of 
extending the blanket has then been reconsidered over the years but deemed 
unfeasible. The area that would be covered by an extension of the blanket is very 
large, and the possible improvement this extension would result in is unclear. It is 
likely that an extension of the blanket wouldn’t make any difference at all, and 
certainly not a difference that would motivate the cost of construction. 

6.3.2 Redirecting the flow 
Directing the flow somewhere else could be a feasible solution for Lossen. There is 
a very large flow of water converging into the drainage trench Slits 19 – the flow 
through Slits 19 makes up a majority of all the seepage flow collected in the 
drainage system. Most of the seepage through the area downstream the right part 
of the dam converges into Slits 19 and the deep pressure relief well in the upstream 
edge of the trench. If this seepage stress on the soil surrounding Slits 19 could be 
relieved by spreading the seepage water over a larger area the erosion rate would 
also probably slow down. 
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A possible way to relieve Slits 19 would be to expand the drainage system with one 
or more pressure relief wells, intercepting the seepage from the right part of the 
dam at more than one point. 

6.3.3 Apply filters 
It is a widely accepted fact that seepage itself doesn’t cause internal erosion, as long 
as the seepage is directed through a filtered exit. Thus a possible solution for 
hindering the internal erosion in the soil around Slits 19 would be to try to filter the 
erosive soil. 

How this would be executed is however an issue. The main problem is that the 
transport route for the material transport is unknown, i.e. the exit points for the 
eroded material are not known, thus making it impossible to filter all the exits. 

A known exit point is the lakebed of Lake Rörhån, especially the area close to the 
shore and Slits 19 (where craters have been observed). An option could be to apply 
a filter to the lakebed in this area. 

6.3.4 Expand monitoring 
Even if the internal erosion is not a dam safety issue at the moment, if left 
unattended it could become a risk in the future. It is of importance to be aware of 
any changes in the behavior of the seepage, in order to foresee dangerous increases 
in the erosion. 

Thus an extended monitoring of the seepage is beneficial. Ground water levels are 
already monitored in 7 piezometers (Figure 6), but could be extended to include 
more piezometers. 

Groundwater temperature indicates the velocity of the seepage, making it an 
effective way to detect changes in the seepage. If the water velocity increases in 
some layer the temperature measurements will show it. Groundwater temperature 
has been manually measured at Lossen in periods, but measurements with higher 
regularity and frequency would be advantageous.  

6.3.5 Do nothing 
The final alternative for possible measures is to simply not take any particular 
measures, but rather await further development. This is what has been done so far. 

The erosion that is taking place is developing at a low rate at a distance from the 
dam. There is a possibility that the suffusion continues until all fine material is 
flushed out, and then the erosion stops. A loss of some fines is not necessarily a 
problem as long as it doesn’t initiate further erosion. 

If no remediation measures are taken, further sinkholes and settlements can be 
expected around Slits 19. If there are more settlements on the conduits in Slits 19, 
the functionality of the drainage trench is affected, which will have to be fixed as it 
occurs. 
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6.4 Uncertainties 
Most of the information about the dam used is from the construction of the dam in 
the 1960s. Most of this data, e.g. the soil gradation curves for the soil samples, are 
hand-drawn figures. Most of the reports about the construction of the dam contain 
only instructions of how the work was to be performed – not how it actually was 
performed. Still, the design and construction of the dam was well documented, the 
reports are detailed and the investigations appear to have been meticulous. 

The main uncertainty is the heterogeneity of the soil in the area around the dam. 
Drill holes, test pits and soil samples have been made, but in limited points. A 
spatial correlation can be assumed for soil type and layering, i.e. the soil in the 
immediate area surrounding a test point can be assumed to have the same layering 
as the test point. However, in a heterogeneous soil the distance over which this 
spatial correlation is valid is much more limited compared to a homogeneous soil. 
Because of the heterogeneous nature of the soil it is difficult to interpolate between 
sample points. It is known that the soil contains layers (or lenses) of coarser 
material, but the extent and frequency of these lenses is not known. 

6.4.1 Erosion calculations 
The method used for calculating the risk for contact erosion is designed for sandy 
soils, i.e. not for tills. This means the results contain a degree of insecurity. 

The critical gradients for contact erosion calculated were all very high, while the 
corresponding critical velocities were fairly high as well, but not as high. The 
critical velocities for initiation of contact erosion were much closer to the 
conditions that exist at Lossen than the critical gradients, making the results 
somewhat more difficult to interpret. 

For the suffusion calculations, the insecurities are somewhat minimized by the use 
of several calculation methods. Still, the methods used are empirical methods and 
may not be completely applicable on the Swedish glacial tills that predominate the 
Lossen area. 

6.4.2 MODFLOW model 
The MODFLOW model contains a considerable amount of estimates and 
approximations, and thereby also uncertainties. 

When calibrating such a complex model as this one, there are a million different 
possible solutions. In the calibration of this model, one solution that was deemed 
good enough within the available time frame for calibration was found.  

The layering of the soil was simplified to only two main layers, one “regular till” 
(with relatively low hydraulic conductivity) and one coarser layer (with higher 
hydraulic conductivity). The extent and elevations of these two layers, as well as the 
rock surface, were then input on freehand into Visual MODFLOW using the little 
information available about layering in different points. The size of the coarse layer 
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was also changed as part of the manual calibration of the model. The final extent of 
the coarse layer in the model fit relatively well with the calibration data, but it is 
impossible to know whether the model represents the true structure of the soil or 
not. 

Another major simplification in the MODFLOW model is the model area extent. 
The assumption of no-flow across the borders of the rectangular model area is 
clearly false, and no-flow borders following topographical water divides would have 
been a much better estimate. But, considering that the dam reservoir acts as the 
main driver for groundwater flow in the area close downstream of the dam, it was 
still a reasonable assumption to make. 
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7 CONCLUSION 
It is clear that some form of internal erosion is taking place in the soil around Slits 
19 at the Lossen Dam. The process does probably not consist of only one type of 
internal erosion, but rather several erosion mechanisms interacting. These erosion 
mechanisms are suffusion and contact erosion, and possibly also backward erosion 
piping. 

Tests showed that a majority of the soil samples taken in Slits 19 in the 1960s were 
internally unstable. It is also known that finer and coarser layers are interbedded, 
although the calculations have shown that the risk for contact erosion is minor. 

The future development of the internal erosion is unclear. It is possible that the 
fines content of the soil will erode away, and then the erosion will stop.  There is 
however also a possibility that the loss of fines will trigger further internal erosion. 

At the moment the occurring events are at a large distance from the dam, and thus 
they are no threat to dam safety. It cannot be ruled out that this erosion will 
continue towards the dam, but it will be a very slow process.  

The most necessary measure for controlling the erosion is to continue and possibly 
expand monitoring.  Surveillance does not solve the problem, but gives an 
indication of eventual escalations of the erosion. For stopping or slowing down the 
erosion, remediate measures are needed. Of the possible methods for seepage 
control, the most feasible for Lossen include an extension of the deep drainage 
system (pressure relief wells) or a filter blanket on the lakebed of Lake Rörhån. 
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APPENDIX A: LIST OF USED DAM DOCUMENTATION 
As basis for the section about the dam (3 Lossen dam) as well as for the analysis 
for the entire project, documents from the Lossen dam archive were used. These 
documents are not included in the main bibliography list, since they are not public 
information.  

The list below includes all the documents that contained information that went 
into this report: 

Emmelin, L.O. & Welinder, H.-O. (1967) Seepage control measures at dams with 
pervious foundations. ICOLD Q. 34, R. 18. 

LsVF (1960), Lossens reglering 

SWECO, (2010) PM: Analys av vattenstånd och läckage nedströms dammen 

SWECO, (2011) Lossen – situationsanalys 

SWECO, (2011) PM: Åtgärder för kontroll och övervakning av Lossendammen 

SWECO, (2015) Undersökning av sjunkhål och sättning på ⌀300-dränage i Slits 19 

SWECO, (2015) Lossen – Instrumentering 

VBB, (1950-03-15) Yttrande om förslag till regleringsdamm för sjön Lossen (brev 
till LsVF) 

VBB, (April 1959) Jorddammsanvisning 1 – Skydd mot ytvatten- och 
grundvattenerosion i jord 

VBB, (1959-10-10) Memo D2 – Geoteknisk kartering av undergrunden i anslutning 
till schaktningsarbetena 

VBB, (1960-02-09) Memo D3 Grundvattentrycksobservationer 
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VBB, (1960-09-17) Memo D6 Förslag till ändrad utformning av dränage utmed 
Rörhån 
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diameter 

VBB, (1964-03-05) Memo D11 – Redovisning av grundvattenströmning i 
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VBB, (1966-03-31) Memo D12 – Grundvattenströmningen inom dammområdet 



46 
 
 

VBB, (1969-04-30) Memo D14 – Grundvattenströmningen inom dammområdet 
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APPENDIX B: INPUTS TO THE MODFLOW MODEL 
Conductivity 

Conductivity zone Kx [m/s] Ky [m/s] Kz [m/s] 
1 0.00685 2.88E-07 0.000388 
2 1.00E-07 1.00E-07 1.00E-07 
3 0.200981 0.000691 5.65E-05 
4 0.0001 0.0001 0.0001 
5 9.20E-07 1.00E-05 8.80E-08 
6 1.00E-07 1.00E-07 1.00E-08 

Observation wells 
Well 

Name X [m]1 Y [m] Elevation [m]2 Screen Elev. 
[m] 

Head 
[m] 

D13 1351229.73 6923922.15 562.894 540 555.3 
L1 1350923.23 6923454.25 608.527 551.5 560.87 
L2 1350917.09 6923509.87 608.527 547 561.24 

L42 1351364.56 6924283.92 562.668 532.2 543.14 
L43 1351331.46 6924255.66 563.914 543.1 544.09 
L47 1351594.04 6924153.54 565.789 516.0165 542.44 
L49 1351352.44 6924104.59 563.914 538 547.61 
L51 1351168.13 6923907.23 589.251 540.8 557.63 
L52 1351090.07 6923739.46 596.56 539.7 559.99 
L53 1351462.88 6923845.52 567.335 540 550.98 

LH113 1351435.92 6924064.32 564.292 543.6 546.98 
LH114 1351479.73 6924004.36 563.28 536 546.59 

Boundary conditions 

Type Name Value 
Constant head Lossen water level +566.5 m 
Constant head Rörhån water level +541.2 m 
Constant head Slits 19 pressure relief well (19K) +543 m 
Constant head Gipen pressure relief well (G7) +542 m 
Recharge Dam area 250 mm/year 
Recharge Hill slopes north & south of dam area 200 mm/year 
Wall Dam core Thickness 3 m 

Conductivity 1e-8 m/s 

 	

                                                   
 
1 Reference system RT90 2.5 gon v 
2 Reference system RH00 
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APPENDIX C: CALIBRATION OF MODFLOW MODEL 

 
Figure A 1. Diagram showing the difference in calculated and observed head for the 12 
measurement points. The maximum error is 2.26 m at L47 and the minimum error is -0.17 m at 
LH113. The mean error is 1.07 m. 
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APPENDIX D: GRAIN SIZE DISTRIBUTION CURVES FROM 1960S 
DRILLHOLES 

 
Figure A 2. Grain size distribution curves for soil samples from drillholes L54, L58 and L47. 
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Figure A 3. Grain size distribution curves for soil samples from drillholes 19D and 19F. 
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Figure A 4. Grain size distribution curves for soil samples from drillholes 19G and 19H.  
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APPENDIX E: H-F DIAGRAMS 
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Figure A 5. H-F diagrams used in the Kenney-Lau method for determining internal stability. The 
sample is internally stable if the blue line lies above the red line in the interval of 0<F<0.2. 
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APPENDIX F: TEST PIT 

 
Figure A 6. The location of the test pit in the drainage trench Slits 19. 

 
Figure A 7. Location of soil samples within the test pit. 

Sample number Elevation Soil classification 
PG1, 3 546.1 gr Ti 
PG1, 4 545.9 si Ti 
PG1, 8 +546.7 gr Ti 
Tråget, T1 Bottom of wooden box Tråget Sa 
Table A 1. Soil samples taken (and analyzed) from the test pit and ”Tråget”.  
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APPENDIX G: PHOTOS FROM DAM VISIT 
The dam visit was on 2016-05-12. At the time of the visit, the Lossen water level 
was at +548.91 m and the Rörhån water level was at +540.33 m (lower than usual). 

 
Figure A 8. Slits 19 seen from downstream. 
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Figure A 9. ”Tråget”, the wooden box at the outlet of the conduit from Slits 19. The conduit outlet is 
behind the wooden wall. 

 
Figure A 10. Outlet from ”Tråget” (bottom right corner) into Rörhån. 
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Figure A 11. Digging of the test pit. 

 
Figure A 12. Soil profile 2 in the test pit 
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Figure A 13. Soil profile 1 in the test pit 
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Figure A 14. Soil profile 3 in the test pit. 

 
Figure A 15. Sand at the bottom of the wooden box “Tråget”. 
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Figure A 16. Material from the bottom of Lake Rörhån close to the outlet of “Tråget”. 
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