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ABSTRACT 

The adverse effects from reactions of reactive aggregates in concrete dams are well 
known worldwide. The mechanisms ruling alkali silica reactions (ASR) are partly but not 
fully understood. A majority of the Swedish concrete dams are so far considered to be 
protected from ASR due to the common use during the 50:s, 60:s and 70:s of the Swedish 
low alkali cement Limhamn LH. Today there is a discussion if it still is possible to 
develop ASR after very long time in dams with reactive aggregates and use of low alkali 
cement. Via selection of seven facilities in the Swedish alpine area, where reactive 
aggregates are common, the current paper is aiming to compile experiences from almost 
50 years of exposure. In the paper two examples on ASR in spite of use of low alkali 
cement are shown. 

INTRODUCTION

The former Swedish State Power Board had during construction in the 1950:s a guideline 
pointing towards use of low alkali cements, mainly due to the risk for thermal cracking. 
As a benefit from this the risk for alkali-silica-reactions (ASR) was lowered, also reactive 
aggregates where to be used. Some other owners in Sweden did not have this requirement 
and thereby used standard Portland cements in some facilities. This has led to some 
problems with ASR. Dams where low-alkali cement was used have so far been assumed 
to be vaccinated against ASR. 

During the latest years a discussion has raised regarding that the risk for ASR might not 
be completely eliminated when low alkali cement is used in combination with low or 
medium reactive aggregates. The reaction is only assumed to be much slower but 
cracking could occur after very long time (>50 years). In a service-life perspective of up 
to 100 years, which is most probable for many concrete dams, this can be a future 
problem. The average age of Swedish concrete dams is today more than 70 years. 
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The paper describes a study designed to determine whether Swedish dams located in the 
alpine area are exposed to ASR, and how far the reactions have progressed. The study 
also aims to provide a basis for future service life calculations and to provide support for 
inspections with respect to ASR. The paper compiles the observations and test results (on 
drilled-out cores) from a number of dams both with low-alkali cement and standard 
cement in combination with use of potentially reactive aggregates. The basis of the paper 
is to be found in Kalinowski & al (2012) but has been completed with experience from 
the authors of the current paper and contributions from other Swedish dam owners. 

ALKALI-SILICA REACTIONS 

General

Alkali silica reactions can briefly be described as alkali reactive aggregates containing 
silica which reacts with the alkaline pore solution (sodium, calcium and potassium 
hydroxide) in the cement paste.

Commonly the reactive aggregates contain amorphous or reactive silica. Silica can be 
found in both large crystals and in small amorphous grains. The smaller the grain sizes 
the higher reactivity. This corresponds to higher specific surface when the grain size 
decreases.

The reaction creates a more or less viscous gel that expands during absorption of water 
which can lead to cracking of the concrete. The mechanisms ruling the expansion is not 
fully understood. This makes it difficult to make service-life estimations and also to 
develop test methods that is representative for a real situation in a structure. 

Alkali-silica-gel can be created without swelling and cracking, this is then due to limited 
access to humidity or some of the other ruling variables. To make the harmful reaction 
take place necessary parameters needed are: sufficiently high amounts of alkali in the 
cement, humidity and reactive aggregates. The amount of gel and the generated swelling 
pressure is depending on temperature, type of reactive material, gel composition, 
humidity conditions and humidity transport in the concrete. 

A more detailed description of the mechanism can be found in ICOLD Bulletin 89 
(1991). For information the Technical Committee for Concrete Dams within ICOLD is 
currently updating the ASR bulletin. 

Generally ASR is a worldwide problem, but with regional differences connected to 
available and used types of aggregates. Commonly the fast and intermediately reactive 
aggregates rock types are not very common in Sweden. 

Cement

The alkalinity of the used cement is of major importance for the ASR to take place and 
it´s progress. High alkaline cement in combination with a reactive aggregate generates a 
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faster reaction than a low alkali cement. The alkali content is commonly given as sodium 
hydroxide equivalent as according to equation (1) below. 

 (Na2O)eq = 0,66*K2O + Na2O (%) (1)

Commonly the alkali content for Swedish Portland cements has been in the range of  
0,2-1,5%. A rule of thumb so far has been that the (Na2O)eq should not exceed 0,6% of 
the weight of cement according to Ljungkrantz & al (1994). During the major hydro 
power expansion periods in Sweden in the 50:s, 60:s and 70:s the mostly used type of 
Portland cement was the Limhamn LH-cement (translated as ”slowly hardening”- 
cement). The Limhamn LH-cement had a low alkali content  
((Na2O)eq =0,40%) and limited heat of hydration. The use of fly ash was very rare during 
this period. 

Aggregates

The Swedish bedrock can, according to Lagerblad & al (1992), roughly be divided in 
three rock types: 

- Ultra alkaline (< 45% SiO2)
- Alkaline (45-52% SiO2)
- Acidic (> 63% SiO2)

Common potentially reactive rock types are rhyolite, porphyry, tuff, hornfels, sandstone, 
greywacke, some types of gneiss, mylonite, breccia, flint bearing limestone, some types 
of fine-grained sedimentary rock, shale. The reactive types of aggregates can be found in 
different areas of Sweden. Many of the Swedish HydroPower Plants (HPP) are located in 
the alpine area in the north-western part of Sweden. 

The rate of the reactivity of the aggregates can be divided into slow, intermediate and fast 
types of aggregates and in the alpine area there are more commonly slowly reactive 
types. This is valid except for greywacke that contains amorphous silica that has a high 
rate of the reactivity. Stark (1980) showed that aggregates with amorphous silica can 
show reactions also at (Na2O)eq – levels below 0.4%. 

The reactivity of the aggregates can be estimated with petrographic analysis. Also a 
visual examination and a thin-sections analysis of the aggregates should be performed. 
Standard test methods for estimating the reactivity potential at different levels can be 
found via RILEM (2003). It is important to remember that expansion in the RILEM-tests 
could occur without any expansion in a “real” structure since e.g. the RILEM III-methods 
is exposure of concrete prisms in a highly alkaline solution. There is therefore no fully 
reliable test method for estimating the reaction potential of the aggregates in a long-term 
real exposure and in a low alkali environment. Kalinowski & al. (2012) has used the 
RILEM-III-cycle of exposure but with drilled-out concrete cores and exposure in tap 
water to simulate a more real situation without any external addition of alkali. 
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Environment

Access to humidity is an essential parameter to develop ASR as a rule of thumb the 
Relative Humidity (RH) should exceed 80% for ASR to take place. Since dams are water 
retaining they are commonly exposed to water pressure and water transport via cracks 
and more porous parts of the concrete. Also temperature is an important parameter where 
a higher temperature increase the rate of expansion, therefore it often can be seen that one 
side shows more severe cracking than the side less exposed to heating from insolation. 

Swedish concrete dams 

Approximately 20% of the Swedish dams are of the concrete type. The most common 
concrete dam type in Sweden (dams >15m) is the gravity type and it represents 89% of 
the concrete dams (buttress type 62%, massive type 27%) and 11% are of arch type. 

METHODS

Selection of facilities 
Main focus for the Kalinowski & al. (2012) study is to select facilities in the alpine area 
where reactive aggregates are common and with an age close to, or more than 50 years. 
Preferably facilities with low alkali cements were to be selected. 

In addition to the Kalinowski & al. (2012) study, an open request was directed to 
Swedish dam owners after more examples on experience from ASR-effected structures. 
Contributions with various amount of detailed information was received from Sjödin & 
al. (2012) and Nilsson & al. (2013).

In table 1 a compilation of the selected facilities is shown. 

Table 1. Facilities included in the study. 
Name River Type of structure Year  

of  
construction 

Ajaure Umeälven  Spillways 1970 
Gardikfors Umeälven Spillways 1963 
Hotagen Hårkan Spillway dam 1967 
Långbjörn Ångermanälven Energy dissipating blocks 1959 
Ramsele Faxälven Bridge deck 1958 
Rörhå Ljusnan Spillways 1962 
Överuman Umeälven Spillways 1964 

Parameters of interest 

Available information regarding parameters of interest for the reaction type has been 
collected for every single facility. The optimal set of parameters, most often not 
available, that can be useful are presented in table 2 below. 
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Table 2. Useful parameters in evaluating ASR. 
Facility info Name 

Type of structure 
Year of construction 
Maximum height of structure 

Mix design Type of cement 
Cement content of mix 
Type of coarse aggregates 
Types of fine aggregates 

Signs, effect and repair due to ASR Observed signs of ASR 
Year for signs from adverse effects of ASR 
Adverse effects to structure and/or equipment 

 Repair works 
In-situ expansion data Measured expansion 
 Duration of expansion 
Test results Before/during construction  
 After expansion 
 Alkali content 

RESULTS 

General

In total 7 facilities are included in the study. The amount of available information 
according to table 2 was very scattered. All the facilities included in the study have not 
been thoroughly investigated with a complete set of laboratory tests and therefore some 
of them have a limited amount of information available. 

Facilities with ASR despite use of low-alkali cement 

The two most interesting cases are Långbjörn and Ramsele that show ongoing ASR in 
spite of the use of low alkali cement.  

Långbjörn. Downstream of the spillways there are energy dissipating blocks of concrete. 
(figure 1). As can be seen the blocks show severe cracking at the surface. Some of the 
blocks have a continuous access to water which makes it possible that secondary frost 
action has further increased the damages.  

The construction period was finalized in 1959. It is unclear when the ASR-damages first 
were seen, but there seem to be some previous repair works being performed. Three cores 
where drilled out from one of the energy dissipating blocks in the year 2009 for visual 
inspection. From laboratory tests with three thin sections from one of the cores, energy-
dispersive X-ray spectroscopy (EDS) and scanning electron microscope (SEM) it was 
found that the aggregates contains approximately 15% of reactive aggregates (sandstone, 
greywacke, mylonite) and 11% potentially reactive aggregates (meta sedimentary) . 
Deposits in cracks are defined as ASR-products and the alkali content of the cement paste 
was measured to a (Na2O)eq of 0.2 % which verifies that the low alkali cement Limhamn 
LH was used. 
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Figure 1. ASR-damaged energy dissipating blocks, Långbjörn (Photo: T. Sandström). 

Ramsele. The construction period was finalized in 1958. No previous repair works has 
being performed and it is unclear when the horizontal cracking first was visible. 
Laboratory tests according to Nilsson (2013) on a drilled out core from the bridge deck 
with thin sections, energy-dispersive X-ray spectroscopy (EDS) and scanning electron 
microscope (SEM) gave that the reactive aggregate type is sandstone and greywacke with 
a content of 24% and 3% potentially reactive meta sedimentary aggregates. Deposits in 
cracks are defined as ASR-products and the alkali content of the cement paste was 
measured to a (Na2O)eq of 0.3 % which verifies that the low alkali cement Limhamn LH 
was used. The cement content is 275 kg/m3 which gives a total alkali-content of less than 
1 kg/m3. That is far below the generally recommended limits (< 3 kg/m3).

Figure 2. ASR-damaged bridge deck, Ramsele (Photo: C-O. Nilsson) [Left] 
Thin sections in ultraviolet light (Photo: Kalinowski) [Right]. 
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A photo of the bridge deck and a thin section are shown in figure 2. Generally the bridge 
deck shows multiple layers of horizontal cracking. Since the bridge is not part of a public 
road there should be no addition of alkali from thaw salts, on the other hand this has not 
been verified. 

Facilities without ASR and use of low-alkali cement 

From Kalinowski & al. (2012) the three facilities with an age closing 50 years are Ajaure, 
Gardikfors and Överuman. In table 3 some data from testing is shown. 

Table 3. Results from testing in Kalinowski & al. (2012). 
Parameter Ajaure Gardikfors Överuman 
Cement content (kg/m3) ? 270 ?
Cement type Limhamn LH Limhamn LH Limhamn LH 
Age (yrs) 42 50 49 
Signs of ASR Map cracking Map cracking Map cracking 
Type of aggregate Amphibolite 

Gneiss 
Quartzite 
Greywacke 

Amphibolite 
Feldspar 
Quartz 

Amphibolite 
Greywacke 

Content of potentially 
reactive aggregates (%) 

20 1 1 

Expansion in modified 
RILEM III 
(μm/m) 

130 220 200 

(Na2O)eq 0.3 0.5 0.4 
Alkali content (kg/m3) ? 1.35 ?

None of the examined cores in Kalinowski & al. (2012) showed any signs of ASR, 
instead the probable reason for map cracking is plastic shrinkage from the construction 
period. Since very limited expansion took place after one year of exposure in the 
modified RILEM III-test a probable scenario is that ASR should not occur in the coming 
future either. Not even in Ajaure that shows a content of 20% potentially reactive 
aggregates. 

Facilities showing ASR with standard cement 

In the study some facilities showing extensive ASR where standard cement (not low 
alkali) is used are included for comparison. The facilities are also situated in the alpine 
area where potentially reactive aggregates are common. In table 4 results from different 
studies are compiled via contribution from Sjödin & al. (2012).  
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Table 4. Results from testing, Sjödin & al. (2012). 
Parameter Hotagen Rörhå 
Cement content (kg/m3) 325 305 
Cement type Std Std 
Age (yrs) 42 51 
Signs of ASR Multiple cracking 

Movements 
Squeezed gates 
Reinforcement corr. 
Dam replaced 2008 

Map cracking 
Multiple cracking 
Degradation 
Repaired several times 

Type of aggregate Quartzite 
Shale 
Granite 
Gneiss 
Limestone 

Porphyry 
Quartz 

Content of potentially 
reactive aggregates (%) 

? ? 

Expansion in modified 
RILEM III 
(μm/m) 
(Na2O)eq  0.8-1.1 ? 
Alkali content (kg/m3) 2.6-3.6 ?

Hotagen. Figure 3 shows an overview of the spillways and the cracked monoliths. The 
dam was considered too degraded to rehabilitate and was replaced in 2008 with a new 
downstream dam structure.  

Figure 3. Cracked monoliths at the Hotagen dam. (Photo: Hautakoski, 2007) 

Rörhå. Figure 4 shows a cracked monolith in the spillway. The structure has been 
rehabilitated with new external concrete two times. As can be seen from the figure also 
the latest repair has been cracked since the ASR is still ongoing behind the new cover. 
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One interesting detail with the site is that the main dam upstream (Lossen) of the Rörhå 
dam has been constructed at the same time, with the same aggregates, but with use of low 
alkali cement instead of standard cement. These concrete structures still do not show any 
signs of ASR.

Figure 4. Cracked monoliths at the Rörhå dam. (Photo: Rosenqvist, 2011) 

CONCLUSION 

From the results in the presented study the most interesting results are the examples of 
structures that show ASR in spite of the use of low alkali cement. The structures also 
show extensive cracking. Unfortunately the set of parameters tested is not complete. In 
the Långbjörn case no tests on air void content was made, and it could not be excluded 
that a combination with frost action initiated the reaction, nevertheless ASR is ongoing. 
For the Ramsele case samples from a cores showed ASR but unfortunately testing of air 
void content was not made. For both Långbjörn and Ramsele complementary expansion 
tests should be of great interest. 

The examples in Kalinowski & al. (2012) did not show any evidence on ongoing ASR 
after close to 50 years of exposure. Only one of the facilities had any significant amount 
of potentially reactive aggregates (Ajaure, 20%) and still no signs of ASR after long time 
of exposure. The choice to modify the RILEM-III method can be understood since 
exposure without high concentrations of alkali on drilled out cores is a more realistic 
environment. To interpret the results the modified method should be calibrated with e.g. 
test from Långbjörn and Ramsele were expansion obviously has occurred with low alkali 
cements. 

From the tests on concrete with reactive aggregates and standard cement it merely 
verifies the ongoing ASR expansion. In the received documentation the amount of 
reactive aggregates is not defined which would have increased the accuracy in the 
evaluation. On the other hand the Rörhå and Lossen structures are good examples on the 
difference in durability against ASR between choosing a low alkali and standard cement 
when using reactive aggregates. 
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The general opinion in Sweden is that ASR is a minor problem, but since the procedures 
to determine ongoing ASR is complicated the slow types of reactions can be veiled by 
other types of degradation like freeze-thaw when only performing ocular inspection. To 
verify if ASR is ongoing core drilling followed by laboratory testing (thin sections for 
tracking ASR-gel, content of reactive aggregates, alkali content, air void structure, crack 
width monitoring). Intervals between testing depend on the expansion rate. This also 
increases the possibility to select a suitable repair method for the degraded structures.  

Many Swedish dams built in the alpine area could contain potentially reactive aggregates, 
but since the use of low alkali cements has been widely spread ASR is so far not a major 
problem. This study shows that there still might be a potential for ASR after very long 
time. For dam structures where an extremely long service life time is expected it is 
essential to further investigate the phenomena. 
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