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Summary 
The hydropower embankment dam in Suorva, Sweden, is located in north of the Arctic Circle. The 
region is known for cold winters and severe wind conditions. The construction was completed in 
1972 and has since then been exposed to a wide temperature range and low annual mean 
temperatures, leading to the presumption that the fine-grained frost susceptible moraine core of the 
embankment was exposed to cyclic freezing and thawing. The aim of this project was to find 
indications for freezing processes that affect the structure of the soil. The project included field 
investigations and a theoretical thermal analysis carried out with a commercial finite element 
program. Results from this analysis showed that the freezing plane advances to a maximum depth 
of 5 m from the top of the core. Hence, it may be possible that frost action affects the construction 
in its function as hydraulic barrier. Softening due to freeze/thaw can form initial soft part where 
internal erosion may be initiated thus causing weak points in the dam structure. 
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1. Introduction 
 

The hydropower embankment dam in Suorva, Sweden, is situated north of the Arctic circle in a 
mountain valley which is known for its low annual mean temperature and channelling effects on 
wind. The dam was built during the years 1966 – 1972 and is one of the most important hydro 
power sources in Sweden as it regulates second largest reservoir with a capacity of 5.9 · 109 m³ 
water. The mountain region is a part of cold regions with deep seasonally frozen ground. It is 
exposed to severe wind conditions and annual mean temperatures around -1°C to -0,4°C. Hence, the 
core of the embankment dam may possibly be affected by repeated freezing and thawing. As a part 
of the Swedish dam safety program the dam crest was removed and the moraine core was raised. 
The original material in the core was analyzed to ensure the quality of the material. In combination 
with these works, the possibility of investigations regarding freezing and thawing on the core was 
given. (Jantzer, 2005) 

Cyclic freezing and thawing influences the structure of soil; studies of fine-grained soils exposed 
to freezing reported changes in volume and structure, as well as significant increases in 



 
 

 

permeability. (Viklander, 1997) Such changes may have an impact on seepage flow and reduce the 
function of the core is significantly. Temperature and climate in this northern region provide 
conditions for repeated freezing and thawing actions.  

In order to find out if, and in which way, the central core may had been affected of the repeated 
cycles of freezing and thawing an in-situ study was carried out. In addition, a theoretical part was 
carried out to illustrate the possible impact of climate on the dam with the help of the finite element 
method, Temp/W.  

2. Background 

2.1 Structure of the embankment 
The Suorva dams are rockfill dams and consist of three different dams, East Suorva dam, Sågvik 
dam, and West Suorva dam. They were constructed during the years 1966 until 1972. The total 
length of the crest is 1370 m; the length of the Eastern dam which is subject to this work is 780 m. 
All three dams have an impervious central core of moraine. They are founded on rock with a grout 
curtain beneath the central core. A schematic cross-section of the East Suorva dam is shown in 
Figure 1, where the different zones are numbered: 1 rock fill, 2 moraine core, and 3 filter zone.  

 
  
Figure 1. Basic cross-section of the Eastern Suorva dam (Vattenfall) 
 

2.2 Location and impact of climate 
Frozen ground is defined as soil or rock with a temperature below 0°C. This definition is only 
dependent on temperature and gives no information about the content of water or ice. If temperature 
in the ground remains below freezing point throughout two subsequent winters and the intermediate 
summer, the term permafrost is applied. If the ground is only frozen during the winter period, it is 
referred to as seasonally frozen ground.  

 Cold regions are characterized with respect to air temperatures, depth of ground freezing, 
snow depth, or ice cover on lakes. Such areas are assumed to have a minimum frost penetration of 
0,3 m occurring at least once during a period of 10 years. Cold regions are divided into permafrost 
or seasonally frozen ground. Continuous and discontinuous permafrost regions may be found in 
Polar Regions, such as Alaska, Canada or Siberia. Scandinavia, despite high latitude, belongs 
mainly to regions with seasonally frozen ground, together with parts of the United States and vast 
areas of Asia. Nevertheless, there are some areas found in Scandinavia which belong to the category 

 



 
 

of discontinuous permafrost. 

 The embankment dam at Suorva is located north of the Arctic Circle in the upper reaches of 
Lule River. The reservoir regulated by the Suorva dam is about a 60 km long. It originates from five 
lakes. The area is marked with a circle in Figure 2, which shows the mean annual temperatures 
based on records by Swedish Meteorological and Hydrological Institute. The map illustrates the 
mean annual temperatures over a 30-year period from 1931 until 1960. These temperatures range 
from -2°C to +8°C. For comparison, the registered mean annual temperature in Stockholm is +8°C, 
in Luleå +2,5°C, and in Suorva -1°C. (Taesler, 1972)   The following    30-year period until 1990 
showed a slightly increased mean annual temperature. The increase ranges from 0°C to 0,6°C in 
different regions of Sweden. For the location of the embankment dam, an increase of the annual 
mean temperature of 0,4°C was noted. (Alexandersson, 1991) 

 The reservoir is surrounded by a mountain valley with a main direction from north-west to 
south-east, which is known for its channelling effects on wind. Wind conditions with an annual 
average mean wind speed of 7,85 m/s were measured on a 35 m high tower situated between the 
Eastern dam and Sågviks dam. This number is considered remarkably high for an inland location. 
For comparison, average wind speeds at coastal sites were measured to approximately     7,0 m/s.  
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Figure 2. Map of Sweden with annual mean temperature zones (SMHI, 1991) 
 

2.3 Properties of the core material  
The core of the dam, which is subject to this study, is made up of earth fill material. Its function is 

 



 
 

 

to limit the seepage through the dam and to ensure a reasonable low hydraulic conductivity. In 
Sweden, the use of moraine, a glacial till with a complex grain-size distribution ranging from fine-
grained material such as clay and silt up to gravel, stones and boulder, is most common. For this 
purpose, hydraulic barriers of moraine are predominant since large deposits of the material can be 
found in mountain areas within economic hauling distance. Requirements suggested by Vattenfall 
(1988) for moraine used as hydraulic barrier in Sweden are following: 

- The content of fines is less than 40 % of the material passing a 20 mm sieve.  
- A minimum amount of 70 % of particles passing a 64 mm sieve is smaller than 20 mm. 
- A maximum amount of 85 % of particles passing a 64 mm sieve is larger than 2 mm.    
- The hydraulic conductivity should range between 3 x 10 –7m/s to 3 x 10 –9m/s. 
- Large boulders may occur, but a maximum size of two thirds of the placement layer thickness 

may not be exceeded. The maximum diameter allowed is 300 – 400 mm.  

2.4 Frost action 
The term frost action refers in general to three features: frost heave, thaw weakening and thaw 
settlement. Apart from the fact that soil in its frozen state may introduce positive properties such as 
strength, increased bearing capacity and reduced hydraulic conductivity, does the process of frost 
action also involve negative effects to engineering constructions.  

 Frost action occurs in frost-susceptible soils, when temperatures are sufficiently low and 
water for freezing and ice lens formation is available. Frost heave results from freezing of the soil. 
Water in the ground undergoes a phase change from fluid to solid state, thereby increasing its 
volume. Yet, it is not only water freezing in situ in the voids that is responsible for the expansion, 
but also unfrozen water migrating and turning to ice at the freezing front. The accumulation of ice 
results in increased water content when the soil thaws. Consequently, the bearing capacity is 
reduced. (Andersland/Anderson, 1978) 

 Effects of frost action are changes in volume and water content, as well as loss of shear 
strength and bearing capacity. Cyclic freezing and thawing influences the structure and 
permeability. Both may have significance for fill material in the core of an embankment dam. The 
process of freezing causes water to migrate, freeze, and increase the volume of the soil, and finally 
the soil skeleton to move. Pressure created by ice breaks up bonds between particles and lifts them 
up. In contrast to that, thawing generates melting water which is pressed out of the voids. Thaw 
settlement and consolidation, causing movement of particles and rearrangement in the skeleton, are 
the result. It has been observed that fine-grained soils exposed to freezing and thawing undergo 
structural changes. (Viklander, 1997) 

 These changes are not similar for fine-grained and coarse-grained soils, but differ because of 
cohesion, specific surface of particles and the amount of bound water. A clayey soil may have a 
different structure, where cracks filled with ice are located close to the freezing plane and shrinkage 
occurs because of negative pore pressure. Cracks, ice lenses or fissures are alternating layers in the 
soil with varying thickness. Such spaces will not be completely closed in fine-grained soils during 
thawing because of cohesive forces of the fines in the soil. After thawing, water filled cracks create 
new paths for water to flow through the soil, thus increasing its hydraulic conductivity. A coarse-
grained soil, on the other hand, has a self-healing capacity because of the lack of cohesion and will 
have a similar structure before and after a freeze/thaw cycle. 

 Effects on hydraulic conductivity and volume depend on the initial void ratio and the degree 
of compaction. An originally loose soil with a small degree of compaction shows some volume 
increase during freezing and after that an extended decrease of volume upon thawing. In this case, 
the void ratio and hydraulic conductivity finally will be decreased, since particles move closer 

 



 
 

together after each freezing cycle. After a number of repeated freeze/thaw processes, a residual void 
ratio is reached and the hydraulic conductivity has a lower value than before. Tests with 10 cycles 
have been reported, and a decrease in hydraulic conductivity was noted to a magnitude of 
approximately 50 times. In contrast, a dense and more compacted soil showed a void ratio and 
permeability increase up to 11 times. Repeated freeze/thaw loosens the structure of the soil, and 
again, the void ration reaches a residual value (Viklander, 1997). 

3. Field studies 

3.1 Description of practical work 
For field investigation, four test pits in different sections of the dam were excavated. The pits had a 
side length of 2 – 4 m and were excavated by the help of an excavator. Disturbed samples were 
collected in each test pit at five levels: 0,0 m, 0,5 m, 1,0 m, 1,5 m, and 2,0 m. Date, location and 
depth were registered. The samples were stored in plastic bags and in containers.  

 Visual inspections as well as collection of samples from pits were expected to provide information 
of whether the core had been exposed to freeze/thaw cycles or not. If freezing had occurred, the 
inspections were estimated to reveal in which way such frost action had influenced the fill material. 
In case of freezing, the material was expected to be layered and to show visible water 
accumulations; differences in the grain-size distribution, water content or varying dry density were 
hypothesized to be detected.   

 For documentation of the condition of the moraine core, pictures were taken. In addition, the 
temperatures were measured when the soil felt unusually cold during sampling. A few selected 
pictures will be presented here to give a general overview of the observed aspects.  

3.2 Results of field investigations 
During field investigations, the overall impression was that the soil was comparatively cold in 
comparison with the air temperatures, and that the soil had a layered structure with a considerable 
higher water content in upper regions at a depth around 0,30 – 0,80 m. Three of the four test pits 
showed such similar features. In case of one test pit, no water accumulation or low temperature was 
measured. The material was homogeneous and did not give information about freezing processes. 
The samples taken from the Eastern Suorva dam section 750 are significant for observations of 
temperature and water content and will therefore be discussed in detail.  

Field investigations in section 750 were carried out on July 5th, 2004, on a sunny day with 
temperatures around 25 °C. The material on top of the core was removed right before excavation of 
the test pit, which included a layer of boulders and an insulation layer. Remains from measures 
against leakage in the embankment dam were found, such as standpipes which had been used for 
bentonite grouting, see Figure 3. (Jantzer, 2005) 
 

 



 
 

 

 

standpipe 

boulder 

 
Figure 3. Surface of test pit in section 750. Note leftover standpipes from grouting as well as stones 
and boulder. (Jantzer, 2005) 
 

While the top layer of fill material was dry and well-graded, it appeared to have an increased 
moisture content already at an excavation level of 0,3 m, see Figure 4. The soil seemed to be 
completely saturated at this point and water was expelled when pressure was imposed by setting a 
foot on it. The consistency varied from very soft to an almost liquid state. The water content was 
found to be extremely high and the temperatures of the soil comparatively low, even though the 
weather conditions warm and dry, see Figure 4. The water content ranged from a minimum of  6,6 
% at level 2,0 m to a maximum of 13,4 % at 0,5 m. (Jantzer, 2005) 

At a depth of 1,0 m the moisture content changed considerably to a much lower value: 8,4 %. A 
horizontal fracture was found at 0,5 m depth and when excavation reached this level a long gap was 
left open, see Figure 5. The surrounding area was wet and was found to have temperatures of about 
1,7 °C to 1,9 °C in comparison to 3,3 °C in the upper layer and 2,0 °C in the lower layer. It was 
obvious that the moraine core had been frozen at this level, see Figures 6, and 7. (Jantzer, 2005) 

The grain-size distributions of samples from the test pit in section 750 are shown in Figure 8. It was 
noted that the particle-size distribution from level 2,0 m was coarser compared with the other four  
samples, and that samples taken between 0,0 m and 1,5 m were more fine-grained. The difference 
was associated with the comparatively high water content at upper levels, thus implicating that fine-
grained material is more frost susceptible, and that water is collected preferably in such locations. 
(Jantzer, 2005). 
 

 



 
 

 
 
Figure 4. Overall view of the trench and summary of values for water content and temperatures measured of the 
excavated test pit. (Jantzer, 2005) 
 

 

 
Figure 5. Fractured moraine core at level 0,4- 0,5 m. (Jantzer, 2005) 
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Figure 6. Wet area in the fracture after removing loose material. (Jantzer, 2005) 

Figure 7. Temperature measurement showing 1,7 °C in the area of moisture accumulation. (Jantzer, 2005) 
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Figure 8. Grain-size distribution and water content section 750. (Jantzer, 2005) 

3.3 Discussion 
The field investigations were supposed to show if the core of the dam had been exposed to freezing 
and thawing, thus influencing the structure of the core and its hydraulic conductivity. The grain-size 
distribution was analyzed in order to find out if freeze/thaw cycles had influenced on the soils 
structure and if segregation had taken place. Therefore, archive data and grain-size distributions 
from the moraine pit from the time of construction works were viewed and compared with the 
fractions of the material found in the test pits, see Table 1. Upper and lower limits of fines, sand and 
gravel were identified, as well as their range of variation � max – min. It was found that the grain-
size distributions generally varied to a larger extent than expected. For example, test pit 750 had a 
variation of fines around 20 %, and the grain-size distribution found in archive records from section 
737 showed a variation of 23 %. The same applies to the fraction of sand, where test pit 750 had a 
variation of 16 % between the upper and lower limits of this fraction, while archive records showed 
23 %. Hence, statements about variations in grain-size distributions or rearrangement of particles 
could not be made.  

In order to be able to draw conclusions about impact of frost action, pictures, analysis of water 
content and temperature measurement were much more significant than the comparison of grain-
size distributions. As the water content was exceptionally high in some places, and the temperatures 
at the same time low compared to the air temperatures, it was likely that the soil had been frozen. A 
summary of these values is given in Table 2. 

 



 
 

 

Table 1. Comparison of upper and lower limits in grain-size distribution 

Test pit section 650 700 750 200 741+3,5 

archive 

737 

archive 

Borrow 
pit 

Fraction [%] [%] [%] [%] [%] [%] [%] 

< 0,06 mm min 29,4 26,3 24,4 32,8 23 15 30 

< 0,06 mm max 35,4 34,6 44,4 36,8 34 38 48 

Δ max - min 6,0 8,3 20,0 4,0 12 23 18 

< 2,00 mm min 74,7 62,6 65,1 73,5 66 72 78 

< 2,00 mm max 84,1 74,8 81,1 79,6 89 88 91 

Δ max - min 9,4 12,2 16,0 6,1 23 16 13 

< 20,0 mm min 90 84 83 90 100 100 100 

< 20,0 mm max 99 98 100 99 100 100 100 

Δ max - min 9,0 14,0 17,0 9,0 0 0 0 

  

It was assumed that ice lens formation had been taking place in section 750, where the soil was 
found to be saturated and temperatures between 1,3 to 3,3 °C were measured. Other observations 
such as cracks or a layered structure were made in almost all test pits, mostly at depths between 
approximately 0,3 m to 0,8 m. Nevertheless, evidence for effects of frost action, such as changes in 
structure, density, volume, permeability or particle movements is not given.  

 

Table 2. Comparison water content values and temperature  

Test pit section 650 700 750 200 

Level w [%] w [%] 
Temp 
[°C] w [%] 

Temp 
[°C] w [%] 

0,0 m 6,9 7,6 4,4 - 3,8 11,4 3,3 6,5 

0,5 m  6,5 7,7 - 13,9 1,9 - 1,7 7,1 

1,0 m 6,8 6,9 2,3 - 2,1 8,4 2,0 6,8 

1,5 m 7,3 8,1 1,9 10,4 1,6 7,6 

2,0 m 7,7 7,2 1,6 6,6 1,3 6,6 

Mean value Ø 
7,04 7,50  10,14  6,92 

4. Thermal analysis 

4.1 Introduction and definition of the problem 
The question whether the core of the embankment dam had been subjected to freezing cannot be 
answered by the results of the field investigations only. In order to get a more detailed picture of the 
temperature distribution in the construction, a thermal analysis was carried out. Modeling and 
calculation of thermal changes was carried out with they finite element program Temp/W. 

 



 
 

 

The Swedish Meteorological Institute SMHI provided temperature records measured at the 
meteorological station in Stora Sjöfallet, 10 km east from the Suorva dam. To be able to compare 
the results of the thermal analysis with observations from field investigations, the temperatures 
records from 2002, 2003 and 2004 where regarded as relevant for computation.  

The problem is drawn and defined by a CAD-similar function. For drawing a cross-section of the 
embankment dam a drawing from archive records was used as basis. The original drawing from the 
archive is shown in Figure 9. In this drawing of section 400, the construction is 44 m high and has a 
maximum width of 120 m. The core is sloped at water side and placed between filter zones.  

 

 
 
Figure 9. Archive drawing used to sketch the problem. (Vattenfall) 

Since the water level is varying by time and the mesh cannot be changed during the computation of 
the problem, a medium water level was used. This is essential for the following definition of 
material properties in different zones and unsaturated and saturated condition, as the thermal 
properties are substantially dependent on the water content. During the period 2002 to 2004 the 
mean water level was set to + 440 m. The seepage level throughout the whole construction should 
have been calculated in order to get a more exact border line for material properties. However, as 
the actual seepage condition is only a presumption based on a medium value, and is mainly 
supposed to show the influence of the water temperature in general, seepage was simplified and 
approximated by straight lines, see Figure 10. 

To generate finite elements, a mesh was drawn, consisting of 2214 elements and 2384 nodes. The 
elements have different side length, varying from 0,5 m in the upper zone up to + 446 m above sea 
level, 1,0 m between + 446 m to 443 m and 2,0 m down to the foundation. Since the area of the 
cross section of the embankment is quite large, the element size was increased at lower levels to 
avoid a too large number of nodes and mistakes in the verification and sorting of the elements. 

 



 
 

 
Figure 10. Basic drawing of the problem for computation. Note different scales in length and height. 

4.2 Steady-state  analysis  
The steady-state analysis has to be carried out to create a basic condition of temperature 
distribution. This basic condition is an essential part of the calculation as it influences considerably 
the following transient analysis. The obtained temperature distribution governs the amount of heat 
energy stored in the body of the embankment dam. It was therefore chosen to base the initial 
calculation upon the mean annual temperature, which was assessed according to SMHIs 
temperature records for a thirty-year mean value. The value of about -1°C to -0,4°C was chosen; the 
results for calculations based on the mean annual temperature for the last 30 years, -0,4°C, are 
presented below. The temperature distribution inside the body of the embankment dam is also 
dependent on the water table and the seepage through the construction. With regard to the special 
property of water having its highest density at +4,0°C, a boundary condition of +4,0°C was used at 
the adjacent nodes.  
Figure 11 shows the result of the calculation of an initial temperature condition on basis of an 
annual mean temperature of -0,4°C. The freezing plane advances about 3 m from the top of the dam 
crest, but does not reach the central moraine core. The influence of the water can be seen in the 
right corner of the drawing, where the boundary condition of +4,0°C was set. In this water saturated 
area more thermal energy is stored; the temperature ranges between +4,0 to +2,0°C. 
 

Approx. 3 m  

Figure 11. Result of calculation of initial condition based on a mean value of – 0,4 °C. Note different scales in length 
and height. 

 



 
 

 

 

4.3 Transient analysis 
The transient analysis is carried out on basis of the temperature condition calculated in the steady-
state analysis. In this part of the calculation, the actual temperature variations during the years 
2002, 2003 and 2004 were applied. For this purpose, five-day mean temperatures where calculated 
for the time periods winter 2002/2003, summer 2003, and winter 2003/2004, and a time dependent 
function was applied. A winter period includes the months of November until April, while a 
summer period runs from May until October. This results in 36 time steps or 36 five-day mean 
temperatures for winter and 37 steps for summer. The last step of calculation computes the 
temperature in the beginning of the month May, 2004, which is approximately 6  to 8 weeks before 
field investigations began. This calculation was used for comparison with the observations during 
field investigations.  

The result of this calculation is displayed in Figure 12. It can be noticed that the freezing plane 
had advanced into the moraine core approximately two meters and is marked by 0 °C isotherm. 
Again, the water saturated part of the dam body is comparatively warmer than the rest of the dam 
body because of seepage.  
 

 
 

 

 

 

 

 

 

 

 

Figure 12. Result of the calculation for temperature distribution in the beginning of May, 2004. Note different scales in 
length and height. 

4.4 Discussion 
The field investigations showed that the core of the dam actually is exposed to freezing; a frost line 
at a depth of about 0,3 – 0,8 m was found. Layered structures, water content and temperatures of the 
moraine core give evidence for frost actions. The soil displayed different formations: it appeared 
partly to be homogeneous, well-graded and dry, while other tests showed that the water content was 
comparatively high and the soils temperature pointed at being close to the freezing point. A 
comparison of water content and temperatures gives evidence for freezing of the core. 

With regard to wind conditions, which have not been included in the analysis, it is assumed that 
the freezing plane advances even deeper down in the central core. The water table, which tends to 
be lower during winter time, reduces the possibility to warm up the inner part of the dam because of 
seepage, as water passing through the dam during winter has a comparatively warmer temperature 
than the air. Because of wind snow usually not cover the embankment dam. Snow can act as 
insulation for ground in general. This factor will also increase the frost front advance.  

 



 
 

Thermal modelling with the finite element program Temp/W gives additional evidence that the 
hydraulic barrier of the dam is exposed to freezing and thawing. Using an annual mean temperature 
of -0,4°C, the results show that the frost front advances approximately 2 m into the core. The 
calculations were carried out several times with varying values for the mean annual temperature, 
water table and construction of the dam to be able to asses the variation of frost line depth. A 
maximum advance of the freezing plane 5,0 m into the core was found. Freezing does even occur in 
filter zones. Again, these calculations show the fact that frost action has to be considered.  

5. Conclusions 

This project was carried out in order to analyze the effect of freezing and thawing in the moraine 
core of the Eastern Suorva hydropower dam. Two different methods are applied. A practical part 
included field investigations, where test pits were excavated and visually inspected. A theoretical 
part consisting of a thermal analysis using the finite element method has been carried out to 
complement the physical study. In both cases it was found that the core actually is exposed to 
freezing and thawing. 

During field investigations it was found that the soil had a layered structure, a comparatively high 
water content, and low temperatures. The frost depth was found to range between 0,3 m to 0,8 m 
from the top of the moraine core. Calculations carried out with a commercial finite element 
program confirmed the observations. The calculations, which were based on the actual temperatures 
measured in the area, showed that the frost front could advance to a depth of 2 m down to 5 m into 
the core. Effects of wind and water table were not regarded in the calculations, but are considered to 
lower the temperature in the embankment even further. It was found that not only the core is 
subjected to freezing processes, but also adjacent filter zones. These zones may not be affected by 
frost action like a frost-susceptible soil. Yet, the function of the filter may be highly reduced.   

However, it is not possible to draw conclusions about in which way the freezing actions affect the 
core and the filter zones. Detailed information about porosity, void ratio and permeability is needed 
in order to be able to compare the condition of the core today with the condition right after 
construction. A thorough analysis of these properties would be necessary. However, it is highly 
probable that freezing and thawing has caused structural changes of the core material, thus affecting 
critical parameters like hydraulic conductivity.  
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