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Abstract: Embankment dams located in cold climate are subjected to freezing condition, which is 
usually not taken into account in the design. Frost susceptible fill material may be exposed to frost 
action, a process known for ice lens formation which increases water content and soil volume. Upon 
thawing, rearrangement of particles takes place and the soil structure is altered. Fine grained soils may 
therefore exhibit weak zones with reduced shear strength and increased hydraulic conductivity. 
Internal erosion may start in such weak zones, thus causing problems for the dam construction. 
Therefore, climate should be considered in order to find temperature distribution and pore pressures in 
the embankment. A study of freezing effects has been carried out at the Suorva hydropower 
embankment dam in northern Sweden. The study included field investigations, i.e. test pit excavation, 
where weak zones have been observed. The comparison of results to those from temperature 
calculations with a commercial finite element program showed that the core is exposed to frost action, 
thus causing seepage problems.  
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1 Introduction  
Construction in cold climate areas involves special engineering problems and designs in order to 
manage the impact of freezing and thawing on the soil material. Such special problems generally refer 
to unwanted movements and stress increases and it normally affects constructions like roads, 
foundations, water pipes etc., but also dams are affected. The effects are most obvious in tailings dams 
but also hydropower dams might be affected. This paper deals with a study of a frost exposed 
hydropower dam in northern Sweden, where the length of winter varies from two months in the south 
to 8 months in the north. The cold climate has significant influence on construction periods and 
routines.  
 
 Most of the embankment dams in Sweden have been constructed during the 1950s and 1960s. A 
common fill material used for the hydraulic barrier is glacial till, which has a complex grain size 
distribution, ranging from clay to boulder. The relatively high amount of fines results in highly frost-
susceptible material. The constructions have been exposed to repeated freezing and thawing since 
construction.  
 
Cold climate can have significant influence on embankment dams both during the construction period 
and the service life after construction. Effects of temperature and precipitation are not always taken 
into account when making judgments on stresses, deformations or seepage.  
 

One generally accepted definition of the term cold regions is that of areas with a minimum 
seasonal frost penetration of 300 mm. Cold regions may be subdivided into permafrost regions, both 
continuous or discontinuous, or seasonally frozen ground. Such regions are found in northern 
America, Canada, parts of Europe and Asia.  
 



2 Frost action and its effects on earth fill material 
Civil engineering structures may suffer from climate impact in many different ways. Freezing 
conditions in soil may result in frost heave and reduced bearing capacity upon thawing. Soil exposed 
to repeated freezing and thawing processes may experience changes in its volume and structure, thus 
altering properties such as strength, compressibility or hydraulic conductivity (Viklander, 1997).  
  

2.1 Frost-susceptibillity and freezing index 
Three conditions must exist for frost action to occur in a soil: Sufficiently cold temperatures for 
freezing, the presence of a frost-susceptible material, and presence of water. The frost-susceptibility of 
a soil is measured in terms of its behavior during frost heave and at thaw. The classification of a soil 
regarding its frost-susceptibility can be done by laboratory frost heave tests. An approximate 
classification of the frost-susceptibility of soils can be done by screening or based on the Unified Soil 
Classification System [Andersland, 1994 #5]. However, many different methods have been suggested 
for categorization, which implies that there is no generally accepted criterion.  

In Sweden, four different frost-susceptibility classes are used for categorization: negligibly, low, 
medium and highly frost-susceptible soils. The underlying criteria for classification are the percentage 
of fine-grained material, the hydraulic conductivity and the capillary rise. Glacial till, which is 
commonly used as hydraulic barrier in embankment dams in Sweden, has a complex grain-size 
distribution ranging from clay to boulder. In order to fulfill its function as impermeable barrier, the 
material has to meet several specifications: The content of fines is less than 40 % of the material 
passing the 20 mm sieve. Out of these maximum 40 %, the fine-grain content < 0,06 mm is 15 to 40 
%.The hydraulic conductivity should be 3 x 10-7 m/s to 3 x 10-9 m/s (RIDAS, 2004). With these 
regulations, the material is supposed to be easily handled, with adequate bearing capacity and limited 
separation of grains during placement. However, with this composition the material is frost-
susceptible: it is sufficiently fine-grained and permeable enough to support water transport to the 
freezing front for ice lens formation. Further, it is dense enough for not draining away water very 
easily during thaw and can therefore exhibit thaw weakening phenomena.  
 

2.2 Frost heave and thaw weakening 
Frost heave and ice lens formation are well-described processes, but is not very much studied in 
relation to dams and dam design. The accumulation of ice in an embankment can be responsible for 
regions with excess pore pressure and weak zones with increased seepage. This may start a process of 
internal erosion and therefore frost action has to be considered in dam engineering. This paper 
highlights the risk of internal erosion.  

Ice lenses are formed perpendicular to the heat flow and therefore normally parallel to the ground 
surface when the frost line advances into the soil and heat is extracted. A soil sample with an already 
frozen upper part, an active growing ice lens, partly frozen pores and underlying unfrozen soil is 
shown in Figure 1.  

 
Water in the pores of the soil changes its state from liquid to solid due to the subfreezing 

temperatures. However, not all water in the pores is frozen. Dependent on the capillarity effect and 
surface absorption, some water remains unfrozen. The adsorbed water provides an unfrozen water film 
creates a gradient which enables water transport along the temperature gradient. Thus, water from 
lower parts in the soil profile can be sucked to the freezing plane. Below the active growing ice lens, 
an area with partly frozen and liquid pore water grows. This so-called frozen fringe impedes the water 
flow to the freezing plane. Water reaching the active growing ice lens at the frost front accumulates 
and freezes.  



 

Figure 1. Frost heave process (Andersland and Ladanyi, 1994) 
 

The rate at which ice lenses are created depends on the rate of heat extraction and water flow.  The 
ice lens will grow as long as the conditions of freezing temperatures and water supply in the plane 
prevail. Once the ice pressure becomes larger than the overburden pressure, the soil skeleton will be 
lifted up. When the freezing temperatures advance deeper in the ground, a new ice lens will grow at a 
lower level.      

During ice lens formation, the pore pressures in the soil follow a cyclic pattern which has been 
described by Eigenbrod et al. (1996). Results of freezing tests showed that the pore-water pressure in 
the soil increases along with temperature increase. The repeating process is initiated with ice lens 
growth and expansion into unfrozen soil, hence increasing the pressure on unfrozen pore water. The 
increased pore water pressure results in an increased suction force, followed by pore pressure 
decrease. The effective stress becomes larger and compression of the soil occurs. Again, the pore 
pressure increases and the effective stress decreases, thus accelerating the ice lens formation. This 
process is summarized in  

 
Figure 2. 

 
 
 

Figure 2. Cyclic pattern of pore-water pressures during ice lens formation 
 
Thawing in the ground proceeds normal to the ground surface, thus creating melting water in the 

pores. Here, the temperature is lower deeper down in the ground, so that lower parts in the soil remain 
frozen and the downward drainage path is blocked. Water has to move laterally or upwards. Due to 
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the water-ice accumulation during the frost heave process, excess pore pressures and reduced shear 
strength and bearing capacity results.  

 

2.3 Structural changes 
Freezing and thawing causes water migration, ice lens formation, excess pore pressures and 
displacements in the soils fabric. Heaving forces due to ice pressure and dissipating melt water from 
thawing are responsible for movement of soil particles. When freezing and thawing occur repeatedly, 
the rearrangement of the grains leads to structural changes. Structural changes have been summarized 
by Viklander (1997). These are, among others, changes in the pore water distribution, volume, 
strength, compressibility, and Atterberg limits. Significant changes for embankment dam engineering 
are the formation of cracks, particle movements and increasing hydraulic conductivity. 
 Structural effects are dependent on the grain-size distribution, specific surface of particles, and the 
amount of adsorbed water which govern the amount of unfrozen water and thereby suction force and 
water migration during freezing. Due to the cohesion of a fine-grained soil, the cracks which 
developed during freezing are not closed. The lower hydraulic conductivity of fine-grained soils does 
not have a sufficient drainage capacity during thawing. Water remains in the cracks, thus leaving 
paths open for water flow. Coarse grained soils exhibit self-healing and drainage capacity as particles 
can move and fill the cracks when melting water is drained.  
 Both the initial void ratio and degree of compaction are essential for the effects on hydraulic 
conductivity (Viklander, 1997). An originally loose, poorly compacted soil may become denser during 
cyclic freezing and thawing. It will increase its volume during freezing, but become better compacted 
when water dissipates after thawing. The thawing consolidation reduces the void ratio and the 
hydraulic conductivity. On the other hand, originally dense and compacted material may be subject to 
increasing hydraulic conductivity and void ratio after freeze/thaw. The repeated freezing and thawing 
loosens the structure of the soil. Studies on fine grained till carried out by Viklander showed that the 
hydraulic conductivity increased at least 10 times when exposed to freeze-thaw cycles.  

 
Figure 3. Effects of freezing and thawing on fine-grained till (Viklander, 1997) 

 

3 Internal erosion 
Failure statistics carried out by Foster et al. (2000) showed that internal erosion through the 
embankment is the second largest failure mode after overtopping for large embankment dams. It was 
found that a large portion of erosion accidents occurs in earth-rock fill dams with a central core of 
broadly graded material with glacial origin, and that glacial core materials have a larger tendency to 
initiate piping than materials of other origin.  
 Terms such as piping and hydraulic fracturing are commonly used in connection with internal 
erosion. Piping generally refers to a process of backward or concentrated erosion such as shown in 
Figure 4, where a ‘pipe’ develops in the core from an exit seepage point. Two different modes of 
erosion have been identified: backward erosion or piping, starting at the downstream part of the core 
and regressing to the upstream side (Figure 4a), and concentrated leakage, where piping develops 
directly from the water source inside the core to an exit point (Figure 4b). 
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Figure 4. Principles of erosion (Fell, 2005) 
 
Hydraulic fracturing is commonly used to explain the cracking of the core due to settlements from 
reservoir filling, creating a condition of reduced effective stress which allows water to enter and open 
a path for leakage. Hydraulic fracturing has been questioned in terms of the condition of zero effective 
stress, allowing water to penetrate and open a pipe. Whether the stress condition in the embankment 
can support hydraulic fracturing may be questioned, since it appears unlikely that the total stress 
condition is equal to the hydraulic pressure. However, zones with cracks or increased porosity may 
not only be caused by differential settlements or other movements. These loose parts of the structure 
can very well be caused by the impact of freezing and thawing which will be showed here. 

Piping and internal erosion occurs when the following conditions are met: A water source, seepage 
flow, and erodible material in the seepage path, an exit where the eroded material can escape, and the 
presence of a material which can support a so-called ‘roof’ for the pipe (Fell, 2005).  

Cracks or wet seams in earthfill cores have been reported to be responsible for concentrated leaks. 
Such phenomena may be observed during the first filling of a reservoir, in connection with inadequate 
filter layers, or settlements. Sherard (1985) reports experiences from homogeneous dams where wet 
areas with completely saturated soil have been observed.   
 

4 Freezing effects in embankment dams    
Few cases of dam constructions experiencing frost action have been reported so far. The Waterloo 
Lake Dam in Saskatchewan, Canada, was completed in 1961 as zoned earth-rockfill structure. 
Deterioration due to frost action was identified from the first winter. Longitudinal cracks in the crest 
and the downstream face have been subscribed to ice lens formation in the silt core. Test bore holes 
showed that the frost penetrated 2,7 - 3,0 m into the hydraulic barrier, and that water was drawn from 
the reservoir to the freezing plane. Thawing and consolidation of the permafrost foundation was made 
responsible for the cracks in the upstream face (Solymar, 1983).  

Paré et al. (1982) report on observations on frost penetration into glacial till. Even though damage 
due to frost was not regarded being common for embankment dams, longitudinal fissures and ice lens 
formation has been recorded at the Whitehorse dam in the Yukon, Canada. A study on frost depth 
penetration in glacial till was carried out, showing that maximum frost depth of 12 ft., i.e. 4 m was 
reached in the dyke crest of Lac Jacques. 

An overview of some uncertainties in embankment dam engineering in terms of cold climate has 
been given by Milligan (2003). These uncertainties refer to cold climate conditions both during and 
after construction.  

 
 
5 Freezing effects in the Eastern Suorva hydropower dam 
The Suorva dams are three embankment dams, the Eastern Suorva dam, Sågviks dam, and the Western 
Suorva dam, regulating Sweden’s second largest reservoir and most important hydropower source. All 

a)

b)

a)

b)



three dams are rockfill dams with a central core of glacial till. A sketch of the construction is shown in 
Figure 5. 
 

 
 
 

Figure 5. Basic cross-section of the Eastern Suorva dam (Jantzer, 2006) 
 
Suorva is located north of the artic circle in a mountain region which is known for cold winters and 
severe wind conditions. The mountain valley is known for wind channeling effects and measurements 
showed that Sourva is Sweden’s windiest inland location. The Swedish Meteorological and 
Hydrological Institute SMHI measured a mean annual temperature of – 0,4°C in this area over a 30-
year period from 1961 to 1990. The Suorva dams were constructed during 1966 to 1972 and have 
since then been exposed to annual freezing and thawing cycles.  
 
 

5.1  Field investigations 
Tests pit excatations was carried out at the Eastern Suorva dam during the summer 2004. The original 
dam crest was removed and the condition of the material in the core examined.  
 
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.  
 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.  

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 6. (Jantzer, 2005) 
 

 
 
Figure 6. 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 7. 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 7. 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) 
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Figure 7. Overall view of the trench and summary of values for water content and temperatures 
measured of the excavated test pit. (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 8. 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 9, and 10. (Jantzer, 2005) 

 

 
 
Figure 8. Fractured moraine core at level 0,4- 0,5 m. (Jantzer, 2005) 
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Figure 9. Wet area in the fracture after removing loose material. (Jantzer, 2005) 
 

 
 
Figure 10. Temperature measurement showing 1,7 °C in the area of moisture accumulation. (Jantzer, 
2005) 
 
The grain-size distributions of samples from the test pit in section 750 are shown in Figure 11. 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 11. Grain-size distribution and water content section 750. (Jantzer, 2005) 
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Discussion 
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 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 
 
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.  
 

5.2  Temperature calculations 
Temperature calculations were performed by a FEM program in order to illustrate the penetration of 
the frost line during winter. One simplified sketch of the model is shown in Figure 12. The vertical 
and horizontal scales differ. 

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. Calculated temperatures in the beginning of May, 2004. 
 



 
6 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 modeling with the finite element program 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. Freezing does even occur 
in filter zones but these calculations show that frost action has to be considered.  
 

7 Conclusions 
During field investigations it was found that the soil had a layered structure, a comparatively high 

water content, and low temperatures. The features were typical for soil structures affected by frost. 
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. This supported the idea that the dam 
had been exposed to freezing and thawing. 
 
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. This is believed to be able to be the start of an internal erosion 
process. 
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