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ABSTRACT 
 
The major part of the Swedish hydro power development took place between 1945 and 
1975. At that point of time, significant progress had been made regarding the use of high 
quality concrete for hydraulic structures. In spite of the progress made, deterioration of 
concrete due to freezing and thawing is still frequent. Superficial damage at the waterline 
and spalling of concrete far below the water level on the upstream face of concrete dams 
have been observed. Knowledge about the deterioration processes is important in order to 
improve the efficiency of maintenance of hydro power plants. Results obtained from two 
experimental studies of frost damage mechanisms are presented in this paper.  
 

INTRODUCTION
 
The climatic conditions during the winter in northern Sweden can be considered severe. 
This is especially true for concrete structures at hydro power plants, such as dams, 
spillways, intakes and outlets. Freezing of concrete in contact with unfrozen water can 
lead to frost damage and shorten the service life of the structures. Hence, losses in 
generation and subsequent additional costs may occur. In the long run, frost damage can 
also result in leakage. Consequently, knowledge about the deterioration processes is 
important in order to improve the efficiency of maintenance of hydro power plants. 
 
Swedish Hydro Power Development 
 
The Swedish hydro power development experienced a boom according to the number of 
power plants commissioned in the first decades of the 20th century. On the contrary, 
several hydro power projects were cancelled or delayed due to the weaker demand for 
electricity in the 1920s. From the mid 1930s and until the commissioning of nuclear 
power plants in the 1970s, there was a constant risk of electricity shortages. Hence, the 
major part of the Swedish hydro power development took place between 1945 and 1975. 
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Concrete Technology Development 
 
Concrete, and particularly reinforced concrete, were relatively new building materials for 
the construction of hydro power plants in the early 20th century. Löfquist (1955) reported 
that tamped concrete of very dry consistency with cement content < 200 kg/m3 was used. 
Rich concrete, sometimes covered with stone facings, was used for surfaces facing water. 
Since tamped concrete was not suitable for reinforced structures, wet concrete with water 
to cement-ratio (w/c-ratio) up to 0.9 was used. Deterioration of the lean concrete due to 
leaching occurred within a few years. The porosity and permeability of the concrete were 
increased when hydration products of the cement were dissolved and transported away. 
 
In order to make the concrete less permeable, the cement content was increased to 275-
350 kg/m3 and the w/c-ratio was reduced to about 0.6 in the late 1920s. Instead, the risk 
of cracking due to the evolution of heat during the hardening process of the concrete 
increased. As a countermove, new cements were developed. To be mentioned is the low 
heat cement (Limhamn LH) developed by Forsén (1936) following a request from 
Vattenfall (the former Swedish State Power Board). Over time, the low heat cement 
became the most used cement during the Swedish hydro power development. 
 
The workability of the concrete mixture was impaired when low heat cement was used. 
In less successful attempts to improve the workability, Lalin (1948) added powdered 
admixtures to the concrete mixture. However, the workability was improved when 
albuminoids were added to the concrete mixture. Albuminoids were used for the first 
time by Vattenfall during the heightening of the multiple-arch dams at Suorva in 1937. 
 
Within a few years, albuminoids were commonly used also by private power companies. 
As a side benefit, normal dosage of albuminoids increased the air content of the concrete 
to about 3-5%. Hence, the resistance to freezing and thawing was improved. With the 
introduction of vibrators, plasticizers and improved air entraining agents, such as Vinsol 
Resin and Darex AEA, the w/c-ratio was reduced to 0.50-0.55 during the 1950s. In spite 
of continued development of the concrete technology, no further significant progress was 
made until the end of the major hydro power development era in the late 1970s. 
 
Frost Damage 
 
It has been shown that concrete is susceptible to damage due to freezing and thawing if 
the water content exceeds the critical degree of saturation; see e.g. Fagerlund (1977). 
Severe damage may occur when the volume of water is increased by about 9% upon 
freezing. Hence, surface scaling and internal frost damage can be observed in concrete 
subjected to freezing and thawing. Generally, scaling deteriorates the concrete surface, 
while the compressive and tensile strength are reduced due to internal frost damage. 
However, the use of air entraining agents in the concrete improves the frost resistance. 
Air voids provide empty spaces within the concrete where ice can form. 
 
Concrete mixtures used in the early 20th century were highly susceptible to damage due 
to freezing and thawing. Extensive damage was found where annual variations in water 
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levels alternately exposed the concrete to water and freezing temperatures. In some cases, 
the cement rich concrete surface looked intact but the lean concrete behind it was 
completely destroyed. Similar behaviour was observed for lean concrete behind stone 
facings. The susceptibility to frost damage was increased due to the effects of leaching. 
 
However, the susceptibility to frost damage was remarkably reduced when low heat 
cement and air entraining agents became commonly used. Thus, frost damage was mostly 
found on top surfaces and at edges according to Löfquist (1955). This opinion was later 
supported by Bergström & Nilsson (1962) during inspections of concrete dams built 
between 1946 and 1958. The inspection report concluded that no evidence of internal 
frost damage was found and only minor superficial damage was visible at the waterline. 
 
Experimental Studies of Frost Damage Mechanisms 
 
Another 50 years have passed since the inspection report was published in 1962. Over the 
years, concrete damage has developed in hydraulic structures, such as dams, spillways, 
intakes and outlets. Repeated freezing and thawing may have caused some of the damage 
sustained. This paper presents results obtained in two experimental studies of frost 
damage mechanisms of concrete in hydraulic structures. 
 

FROST DAMAGE AT THE WATERLINE 
 
Superficial damage, similar to surface scaling caused by the use of de-icing chemicals, is 
common to see at the waterline of hydraulic structures in Sweden (Figure 1). According 
to the climatic conditions prevailing in the northern parts of the country, concrete at the 
waterline is generally subjected to three major deterioration processes; (1) freezing and 
thawing, (2) leaching and (3) erosion. To what extent the different deterioration processes 
individually contribute to the damage sustained is however not fully known. 
 

     
Figure 1. Coarse aggregate and reinforcement bars exposed at the waterline. 
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Observations of Damage 

Superficial damage can be found both upstream and downstream of dams. The exposure 
of coarse aggregate is greatest at the waterline, which in most cases corresponds to the 
maximum water level. Deterioration rates of up to 1 mm per year have been observed. 
Such deterioration rates have exposed reinforcement bars. At dams where the water level 
varies greatly, the damage is distributed within the regulation height. The degree of 
damage is normally increased according to the age of the structure. Repairs of concrete at 
the waterline are common to see on hydro power plants commissioned before 1950. 
 
The direction in which the surface is facing may also affect the deterioration process. 
Concrete surfaces facing the south show sometimes somewhat higher degree of damage 
than surfaces facing the north. A possible explanation may be the increased number of 
freezing and thawing cycles due to the influence of sunlight. Heggstad and Myran (1967) 
have previously reported on similar observations in Norway. The highest degree of 
damage was observed at the March and April reservoir levels, which coincide with the 
time of the year when temperature changes frequently cross the freezing point of water. 
 
Observations also indicate that the degree of damage is higher on the downstream side in 
comparison to the upstream side. This may be explained by the fact that the water surface 
on the upstream side mostly is covered by ice in the winter. The insulating effect of the 
ice cover may reduce the number of freezing and thawing cycles. On the downstream 
side, the formation of surface ice is prevented by the turbulent water flow. Lehtinen 
(1979) has made similar observations in Finland. 
 
Scope of the Study 
 
The purpose of this study was to investigate the effect of freezing and thawing cycles on 
the deterioration process of concrete at the waterline of hydraulic structures. The test 
setup was designed to represent the conditions prevailing at the waterline in the winter. 
 
Experimental Work 
 
Materials. The first of three concrete mixtures, termed the test concrete, was used in order 
to develop the laboratory test setup. The mixture was designed with w/c-ratio 0.65. The 
two other concrete mixtures represent concrete used in the construction of hydro power 
plants 1930-1950 respectively 1950-1970. The mixtures were designed according to old 
guidelines used by Vattenfall. The w/c-ratios were 0.62 and 0.54. The concrete mixture 
proportions and properties are presented in Table 1. Standard cubes of size 150x150x150 
mm3 were cast. The cubes were later split into two specimens of size 150x150x70 mm3. 
 
Method. The climatic conditions at the waterline were determined as the first step in 
order to develop the laboratory test setup. The second step involved the determination of 
temperatures and the temperature gradient within the concrete at the waterline. A two-
dimensional transient steady state heat transfer program (HEAT2) was used. It was also 
shown that similar temperatures can be obtained in specimens of size 150x150x70 mm3. 
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Table 1. Some mixture proportions, properties and compressive strength after 28 days. 
w/c- Type of Cement Cement Air  Cube Strength 
ratio  (kg/m3) (%) (MPa) 
0.65 CEM II Portland-limestone cement 302 1.9 37.2 
0.62 CEM I Portland cement 325 2.6 44.6 
0.54 CEM I Portland cement 300 4.1 45.9 

 
Air temperatures down to -30 °C are frequent during the winter in northern Sweden. Such 
low air temperatures result in freezing of concrete above as well as below the waterline. 
A band of ice frozen solid to the concrete surface is common to see at or slightly below 
the waterline in places with open water. The band of ice can be melted and re-formed 
several times during a normal winter. 
 
In order to simulate the conditions at the waterline, four concrete specimens were placed 
in a plastic box and the lower halves of the specimens were submerged in water. Except 
the surface facing air and water, the remaining surfaces were insulated with 50 mm of 
cellular plastic. A fan was used in order to remove the layer of air close to the concrete 
surfaces. The reason was to keep the surface thermal resistance at minimum. In reality, 
the wind does the same thing. To make sure that the water did not freeze, a heating coil 
kept the water temperature at +2 °C and a pump was used to keep the water circulating. 
 
An air temperature of -36 °C was required in order to obtain a concrete temperature of -
20 °C above the waterline. The freezing and thawing cycle lasted for 13 hours, of which 8 
hours were freezing and 5 hours were thawing at +10 °C. During the freezing periods, ice 
coatings were formed on all of the non-insulated concrete surfaces submerged in water. 
 
Results. The specimens of the test concrete with w/c-ratio 0.65 were run for 51 freezing 
and thawing cycles before the test was stopped. Scaling was found in a 50 mm wide zone 
below the waterline (Figure 2). The damage became gradually worse over time and the 
degree of damage was decreased with increased distance from the waterline. All of the 
specimens sustained internal frost damage above the waterline. 
 
Only minor superficial damage due to scaling was found on the concrete specimens with 
w/c-ratio 0.62, representative of concrete used 1930-1950. The damage sustained after 
112 cycles of freezing and thawing was only found at the waterline. Regarding the 
concrete specimens with w/c-ratio 0.54, representative of concrete used 1950-1970, no 
damage was found after 112 cycles of freezing and thawing. Internal frost damage above 
the waterline was neither detected in the specimens with w/c-ratio 0.62 nor 0.54. 
 
Discussion 
 
The test concrete specimens with w/c-ratio 0.65 fulfilled their purpose. By subjecting the 
specimens to freezing and thawing cycles, it was shown that superficial damage to 
concrete of rather poor quality is caused by scaling. It should however be kept in mind 
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that the number of temperature changes between the extreme values is unlikely to occur 
at real structures in such a short period of time. 
 

     
Figure 2. Specimen of the test concrete with w/c-ratio 0.65 before (left) and after (right) 
the frost test. Scaling of the surface below the waterline has exposed coarse aggregate. 

 
The two concrete mixtures with w/c-ratios 0.62 and 0.54 were designed according to old 
guidelines. Special consideration was given to the cement, cement content, w/c-ratio and 
content of fine particles. Only the specimens with w/c-ratio 0.62 sustained superficial 
damage at the waterline, whereas the specimens of air-entrained concrete with w/c-ratio 
0.54 did not. The repairs that have become necessary over the years for the structures 
built before 1950 may have been caused by low frost resistance of the concrete. The 
damage at the waterline of the specimens with w/c-ratio 0.62 indicates this fact. 
 
The addition of an air entraining agent to the concrete with w/c-ratio 0.54 improved the 
resistance to freezing and thawing. Consequently, the observations of superficial damage 
to hydraulic structures built of similar concrete indicate the interaction of multiple 
damage mechanisms. A possible scenario for the deterioration process is that leaching of 
the surface layer takes place during the snowmelt runoff period. Hence, the surface layer 
becomes more susceptible to damage due to freezing and thawing. During the following 
winter, the surface layer is damaged by frost action and later removed due to erosion. 
During the next snowmelt runoff period, the deterioration process starts all over again. 
 

SPALLING OF CONCRETE BELOW THE WATER LEVEL 
 
Spalling of concrete has been found far below the water level on the upstream face of 
some buttress and arch dams. Divers have been able to remove concrete with their bare 
hands. The damaged dams had not been provided with heat insulating walls on the 
downstream side. Ice segregation due to the formation of macroscopic ice lenses, similar 
to frost heave in soils, may have contributed to the damage sustained. 
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Observations of Damage 
 
The buttress dam at Storfinnforsen was built between 1949 and 1954. It is situated along 
the river Faxälven in central Sweden. The crest length is 640 m and the maximum height 
40 m. The upper part of the flat slab is 1.2 m thick and the lower part 2.6 m. Standard 
Portland cement was used in the concrete intended for the flat slab. Also air entrainment 
was added to the concrete having a w/c-ratio between 0.5 and 0.6. However, it has later 
been shown that the final air content was less than 3%. 
 
30 years after commissioning, it was observed that the upstream face had experienced 
spalling of concrete. The major part of the damaged areas was located between the 
maximum water level and some 10 to 12 m down. The damaged areas varied between 0.5 
and 10 m2 in size and were up to 200 mm in depth. The dam had not been provided with 
heat insulating walls during the construction time. According to Eriksson (1994) up to 
300 mm thick ice coatings were formed on the upstream face in the winter. The formation 
of the ice coatings was confirmed by temperature measurements on the upstream face at 
18 m depth. The temperature fell below 0 °C on more than one occasion during the 
winter. In the early 1990s, the dam was repaired and provided with heat insulating walls. 
  
Spalling of concrete in a fish breeding tank was reported by Rogers & Chojnacki (1987). 
Macroscopic ice lens growth was proposed as the damage mechanism. Unfortunately, no 
clear evidence of macroscopic ice lens growth was found. However, frost heave due to 
the formation of macroscopic ice lenses occurs frequently in soils in the winter. 
 
Scope of the Study 
 
The purpose of this study was to investigate if macroscopic ice lens growth may occur in 
hardened concrete subjected to unidirectional freezing. The concrete specimens were 
exposed to climatic conditions prevailing at the Storfinnforsen dam in the winter. 
 
Experimental Work 
 
Theory. The formation of macroscopic ice lenses in soils is termed frost heave. The ice 
lenses are formed perpendicular to the heat flow direction. However, three conditions 
have to be fulfilled in order to facilitate frost heave; (1) a frost susceptible soil, (2) a 
water source and (3) sufficient low freezing temperatures in the ground. The ice lens 
growth continues only as long as the heat loss is balanced by the heat supply. If the 
balance is lost, the freezing front moves either downwards or upwards in the ground. 
Also the pressure from the overlying soil affects the ice lens growth. The pressure from 
the overlying soil may be considered equal to the tensile strength of concrete. 
 
Materials. Six concrete mixtures with w/c-ratios between 0.5 and 1.0 were used in the 
study. The concrete mixture proportions, fresh properties and compressive strength after 
28 days are presented in Table 2. CEM I Portland cement was used. Standard cubes of 
size 150x150x150 mm3 were cast. The cubes were later split into two specimens of size 
150x150x70 mm3. In some cubes, sheets of copy paper of size 110x110 mm2 were cast 
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into the concrete (Figure 3). The distance between two paper layers was 20 mm. The 
paper layers represent cavities or other imperfections of the concrete. In addition to the 
specimens of non-deteriorated concrete, a number of specimens were saturated prior to 
freezing in order to cause internal frost damage. The specimens were dried at least one 
month at +20 °C and relative humidity of 65% before they were used in the study. 

 
Table 2. Mixture proportions, fresh properties and compressive strength after 28 days. 
w/c- Cement 0-2 0-8 8-16 Air Slump Cube Strength 
ratio (kg/m3) (kg/m3) (kg/m3) (kg/m3) (%) (mm) (MPa) 
0.5 375 205 775 800 2.6 30 58.0 
0.6 325 216 793 793 2.4 40 47.6 
0.7 290 220 795 796 2.4 65 35.9 
0.8 260 215 805 804 1.9 85 30.0 
0.9 235 190 823 823 2.5 80 24.8 
1.0 215 173 835 835 2.0 100 17.9 

 
Method. Air temperatures down to -30 °C are frequent at the Storfinnforsen dam in the 
winter. It is however not realistic to believe that the daily mean temperature is that low. 
Malm & Ansell (2011) therefore assumed the mean air temperature to be -15 °C and the 
water temperature to be +4 °C. The test setup was designed in order to be considered 
representative of the climatic conditions prevailing at the dam site. The top surface of the 
specimens was subjected to freezing temperatures whereas the bottom surface was in 
contact with unfrozen water (Figure 3). To ensure one dimensional heat flow in the 
specimens, the remaining surfaces were insulated. The air temperature was throughout 
the test period kept at -17±2.5 °C and the water temperature at +3±0.5 °C. The effect of 
water pressure was neglected in the study. 
 
Results. All of the specimens with internal frost damage with w/c-ratios between 0.5 and 
1.0 failed due to ice lens growth within 1 to 7 days. Ice lenses of uniform thickness were 
formed at the average depth of 34 mm from the top surface (Figure 4). Regarding the 
specimens with paper layers cast into the concrete, the specimens with w/c-ratios 
between 0.7 and 1.0 failed due to ice lens growth at the middle paper layer within 19 to 
76 days. The specimen with w/c-ratio 1.0 failed after 19 days and the specimen with w/c-
ratio 0.7 failed after 76 days. The average depth at the middle paper layer was 38 mm and 
the temperature was -1±0.5 °C. The specimens of non-deteriorated concrete with w/c-
ratios 0.9 and 1.0 failed due to ice lens growth at the depth of 26 mm. The time until 
failure was 66 respectively 56 days. The 0 °C isotherm was found at the depth of 45 mm. 
 
All of the specimens started to gain weight due to water absorption as soon as the tests 
were started (Figure 4). The increase in weight leveled out after a certain period of time 
depending on the w/c-ratio. If the water absorption was resumed, it was caused by ice 
lens growth. The ice lenses grew by drawing water to the freezing face of the ice lenses. 
 



ICOLD 2013 International Symposium — Seattle USA 411

       
Figure 3. Specimen with three layers of copy paper cast into the concrete (left). Test 

setup used to subject specimens to air and water temperatures of -17 °C and +3 °C (right). 
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Figure 4. Ice lens formed in a specimen of concrete with internal frost damage (left). 

Water absorption of the specimens with paper layers cast into the concrete (right). 
 
Discussion 
 
The results obtained in this study showed that only non-deteriorated concrete with w/c-
ratio  0.9 can be damaged by ice segregation due to the formation of macroscopic ice 
lenses. In concrete with internal frost damage, the ice lens growth is independent of the 
w/c-ratio. Regarding concrete with cavities or other imperfections, the freezing time 
required to cause ice segregation was increased with reduced w/c-ratio. The longer time 
the freezing front has to be stationary, the smaller the risk of ice segregation. Hence, this 
relation must be considered when assessing the risk of ice segregation in real structures. 
 
As the water content of both air-entrained and non-air-entrained concrete submerged in 
water increases over time, the critical degree of saturation is exceeded at a certain point. 
The concrete is then susceptible to damage due to freezing and thawing. Consequently, 
the risk of ice segregation in concrete does increase over time. The deterioration rate of 
concrete with internal frost damage is increased upon formation of macroscopic ice 
lenses. Hence, the risk of ice segregation in slender concrete dams without heat insulating 
walls cannot be neglected. 
 

IMPACTS ON DAM SAFETY AND POWER PLANT OPERATION 
 
Superficial damage to concrete at the waterline of hydro power plants is common to see 
in Sweden. The experience so far is that the deterioration rate is low. However, when 
structural reinforcement bars are exposed, the need for rehabilitation is obvious. Repairs 
of structures in or adjacent to water ways are normally complicated and expensive due to 
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temporarily reduced discharge capacity, underwater work or loss of generation. The 
expected service life of the repairs should be in line with the expected service life of the 
whole hydro power plant. Knowledge about the damage mechanisms is thereby crucial in 
order to perform durable repairs. 
 
Spalling of concrete on the upstream face of slender concrete dams increases the risk of 
costly repairs and water leakage. The risk of spalling damage may be considered 
insidious since it can be ongoing for a long time without notice. Damage to the upstream 
face is neither visible from the dam crest nor the inspection gallery. Providing dams with 
heat insulating walls result in additional costs for installation, maintenance and heating. 
However, outgoing air from the powerhouses can be used for heating purposes if the 
dams are adjacent to the powerhouses. If the temperature of the downstream face is kept 
above 0 °C, the risk of spalling due to ice segregation is eliminated. 
 

CONCLUSIONS 
 
The improved concrete technology developed over the years has decreased the risk of 
frost damage to concrete. Field observations and experimental studies on the risk of frost 
damage have nevertheless shown that deterioration due to freezing and thawing still 
exists. Knowledge about the deterioration processes is important in order to improve the 
efficiency of maintenance of hydro power plants. Future research will focus on the repair 
of hydraulic structures damaged by frost action. Concrete of different ages and qualities 
probably require different repair materials. The interaction between the substrate concrete 
and the repair material is most likely crucial to the durability of the repair. 
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