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1. INTRODUCTION 

1.1. PROBLEM FORMULATION AND RESEARCH QUESTIONS  

In the short discussion presented later in Sections 1.3-1.4 it is possible to 
identify several important research questions with respect to the case of 
attaching a concrete overlay on an old structure. Information is lacking 
regarding the general behaviour and long-term durability of the repaired 
structure including the interaction of properties of the overlay and the old 
concrete. There is a need for knowledge regarding the influence of bond 
strength on the behaviour of the concrete overlay. It is clear that, in reality, the 
bond strength varies considerably over the repaired structure.  

This work will however only focus on one main question. That question is; 
“does freeze/thaw action affect the long term durability of overlaid 
hydropower structures?” It is obvious that the main question leads to 
several other questions, which are to be investigated in this work, they are: 

Is durability of overlaid structures a problem today? 
Can a structure be regarded as freeze/thaw resistant if it is repaired 
with a freeze/thaw resistant material? If not, is it possible to detect a 
“weakest link”? 
Is the durability of the repair work sensitive to a given situation? If so, 
are there situations that can be considered as more aggressive than 
others?

The work conducted in this project includes evaluation of the behaviour of 
hardening thin concrete layers cast on a substrate. The work addresses main 
research questions related to bonding properties between new and old concrete. 
The general focus is on durability aspects in regards to repaired hydraulic 
concrete structures, in particular freeze/thaw resistance and absorption 
behaviour. 
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1.2. OUTLINE AND LIMITATIONS 

In the second Chapter the structures of the Hydro Power as well as the existing 
environment are defined. The most common reasons causing deterioration of 
concrete structures in the defined environment are also discussed here. 

The third Chapter consists of a short presentation on repair work and overlays 
in general. It also includes a literature study focusing on earlier work, dealing 
with factors influencing the bond between overlay and substrate. 

The fourth Chapter deals with the pore structure of concrete and theories on 
transport and fixation of moisture in pores and on the underlying mechanisms 
of damages due to freeze/thaw attacks. 

The fifth Chapter is a report from a field study. The field study included an 
investigation of hydropower structures that had been repaired at least 10 years 
prior to the investigation. The main purpose of this field study was to investigate 
the conditions of earlier repair works and to obtain knowledge about the general 
state of the hydropower structures. The intention was to gather knowledge that 
is not possible to obtain in other ways than being at the actual site. 

The sixth Chapter describes the experimental work, consisting of five different 
test series. The experiments are of different proportions, both in regards to the 
number of specimens and duration time. The methods, results and discussions 
are presented. The set up of each experiment is based on conclusions and 
observations presented in earlier Chapters. 

The seventh Chapter contains a review of the conclusions made in Chapters 4-5.  

The eighth Chapter concerns the possibility of future work in respect to the 
findings presented in this thesis. 
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1.3. GENERAL 

A sustainable society with competitive and efficient knowledge, production and 
service organizations needs a robust infrastructure to be able to function in an 
acceptable way. This infrastructure consists of buildings, roads, railways, 
harbours, airports, energy plants, dams and networks for distribution of energy 
and information. Parts of this infrastructure have an age of more than a century 
(e.g. bridges and dams) while other parts are being constructed at a high speed 
today (e.g distribution networks for energy and information). It is necessary 
that this infrastructure is designed, constructed, and maintained in a robust and 
cost effective way, Olofsson et al (2004). 

Evidently, in the nearest future, a considerable part of the present 
infrastructures will need to be repaired and upgraded. Various repair methods 
of different materials are available, from a thin coating, sealing the surface of 
the structure, to a construction acting as a supplementary load carrying 
structure. However, experience and knowledge of building material, design 
practice and construction methods as regards repair are considerably lower 
compared to original constructions. Available design codes, handbooks, 
guidelines and descriptions of execution are often not applicable to repair 
works.

Moreover, knowledge is lacking on the behaviour of the repaired structure 
concerning influence from mechanical loads and environmental exposures. The 
hydropower plants and affiliated dam structures in Sweden include a large 
amount of concrete structures, many of them built in the middle of the 20th

century, which means there is a growing demand for repair and, if necessary, 
upgrading of these concrete structures. Considering these hydropower 
structures the conditions are even more complicated than infrastructures in 
general. The new supplementing concrete layer/structure is often exposed to 
high one-sided water pressure, considerable risk of leaching and erosion, frost 
damage attacks and occasionally reactions from alkali-silicate acid of the 
aggregates. Thus, repair of concrete hydropower structures often involves 
particularly complicated procedures. 
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1.4. INTRODUCTION ON ISSUES OF OVERLAYS (AND BACKGROUND) 

Concrete topping (overlay on top of a substrate), see Figure 1.1, is one common 
method of repairing existing concrete hydropower structures. The outer part of 
the old concrete, i.e. the damaged layer, is removed and replaced by a new 
concrete cover with a thickness of 50 – 200 mm. The combination of newly cast 
concrete and the sometimes 50 – 60 year old concrete structures of the 
hydropower industry can imply problems e. g. regarding the interaction 
between the materials with different mechanical properties. Moreover, at 
present, there is a lack of knowledge regarding the long-term effects of the new 
topping on the old concrete regarding moisture transport, frost resistance etc. 
Another question is how criteria are designed for the topping that should endure 
a lifetime of at least 50 years in a harsh environment. 

Figure 1.1 Overlay – a new concrete is cast on an old structure. 

A concrete topping is a thin layer of concrete continuously bonded along one 
side to a rigid substructure, such as for instance overlays on bridges and parking 
decks, or as repairs of damaged dam structures, industrial floors etc. The 
purpose of the overlay is in general to protect the substructure from 
environmental loads such as abrasion, leaching and. penetrating of chlorides 
and water, deteriorating the material. Beside the latter, the overlay material also 
needs to transfer stresses induced by physical loads to the more rigid 
substrate/substructure.  

Even though the primary concern of the overlay material is not to carry physical 
loads it will, together with the substrate, produce a stress field parallel to the 
bond surface /interface. The magnitude of the produced stress field will 
primarily depend on the combination of the degree of restraint imposed by the 
substrate, the ambient environment and the mix composition of the overlay 
material. If the fracture strain of the overlay material is exceeded it will crack, in 
the worst case the crack (or cracks) will penetrate through the whole thickness 
of the overlay material, see Figure 1.2.  

Cracking will of course seldom lead to total/abrupt loss of interaction between 
the two materials. Cracking can, however, in long-term behaviour lead to a 
successive decreased loss of bond due to the increased exposure to 
environmentally, and/or physically imposed loads. 

4  (179) 
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The durability of the repaired structure (overlay and substrate) will partially 
depend on how well the overlay material is bonded to the substrate. Low initial 
bond strength increases the probability of interface failure with time. Low bond 
strength will, compared to high bond strength, result in larger crack widths. 
Locally debonded areas might propagate with time due to drying shrinkage 
and/or environmentally imposed processes such as absorption of water (at the 
exposed areas) in combination with freeze/thaw actions. 

Figure 1.2 Schematic illustration showing the various modes of failure 
that are characteristic for bonded concrete overlays exposed to 
imposed strain fields, Carlswärd (2006). 

The most common way to address the problem regarding the potential threat of 
overlay cracking is to use a sufficient type and amount of reinforcement in the 
overlay. In most cases a mesh of reinforcement bars are used. In some 
applications SFRC (Steel Fibre Reinforced Concrete) are used. Groth (2000) 
and Carlswärd (2002, 2006) investigated the affects of SFRC, the main reason 
for the use of steel fibres is the presumed capability of crack distribution. Other 
incentives for replacing mesh reinforcement with steel fibres may be of 
ergonomic or time saving nature, concrete report no 4 (1995).  

The strengthening of the substrate surface (interface) is another common way to 
control potential cracking by ensuring potential high initial bond strength.  
The strengthening of the interface surface is commonly attained by means of 
water jetting or by applying thin layers of chemical solution with gluing 
properties (primers). The latter is not common practice in the hydropower 
industry.  

5  (179) 
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It is important that the handling of the old concrete is made in a correct way and 
adapted to the concrete grade of the topping, the conditions at casting etc. 
However, at present, reliable recommendations of handling are lacking. In the 
Swedish code for civil engineering structures, BRO 94 (1994), it is sufficient to 
reach a recommended value of at least 1 MPa. Silfwerbrand (1987) showed that 
the bond strength could reach values up to about 3 MPa, for cases when the 
substrate surface has been water jetted prior to casting.  

Shrinkage is a crucial factor influencing the restraint stresses of the overlay. For 
instance, Bissonnette and Pigeon (1995, 1999), Banthia et al (1996) have 
presented interesting free shrinkage measurements on concrete mixes with 
various w/c ratios. Another important question is how to perform reliable tests 
for the examination of restraint stresses in overlays. Different uniaxial tests 
have been used, Kovler (1994), Banthia et al (1993) as well as ring tests, 
Grzybowski and Shah (1989, 1990), Shah et al (1998), Mesbah and Buyle-Bodin 
(1999) and Groth (2000). Plate shaped specimens may describe the situation 
more correctly and various test setups have been used, Kraai (1985), Wiegrink et 
al (1996), Opsahl and Kvam (1982), Olesen and Stang (2000). Carlswärd (2002) 
simulated the restraint stress situation by varying temperatures in the overlay 
concrete. 
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2. THE INFRASTRUCTURE OF THE HYDROPOWER INDUSTRY 

2.1. INTRODUCTION 

More or less the entire infrastructure of the Swedish hydropower industry was 
constructed during the 20th century, consisting of about 1800 hydropower 
plants of different sizes, Vattenfall AB (2008). Moreover, about 10.000 dams 
exist in Sweden, of which about 180 are made of concrete, see Figure 2.1. Most 
of the waterway structures, i.e. spillways, stilling basins, different types of walls 
etc are made of concrete.  

According to VAST (1991) a given hydraulic structure will exhibit certain 
properties depending on when it was constructed. The underlying reason for 
this “time dependency” of material properties is the industrialisation of the 
Nordic region, which took place in the 20th century. This industrialization led to 
certain improvements both in the material and construction sector.  

The development of the construction industry and the government finance was 
disrupted in the middle of the 20th century due to the Second World War. The 
period of WWII affected the properties of the hydraulic structures constructed 
during this time due to the poor economical situation. A general summary of 
expected properties of hydraulic structures with respect to the specific time of 
construction are presented in Table 2.1. 

It is difficult to present a correct value of the reinvestment cost for the 
infrastructure of the hydropower industry. An estimation made by Bernstone 
(2006) is that the current reinvestment value of the infrastructure is at least 
some tens of billions of Euros.  

The hydropower industry played a very important part by supplying cheap 
electricity that contributed to the welfare of the modern society. In Sweden 
today about half of all produced electricity originates from the hydropower 
industry. The energy sector, as well as every other industry sector today, is 
struggling to meet certain requirements regarding emissions of CO2 into the 
atmosphere. The relatively low production costs combined with the 
environmental friendly production chain of the renewable energy conversion of 
hydropower guarantees its prominent place in the future electricity market. This 
emphasizes the need for deeper knowledge regarding maintenance of the 
infrastructure of the hydropower industry. Therefore concrete repair work has 
an important part to play. 
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Table 2.1  The different epochs of concrete construction for dams, VAST 
(1991). 

Epoch General characteristics

Concrete used until 
1910

Un-reinforced concrete structures 

More cement in the upstream part than at the “downstream” 
side of the construction 

Plum rocks at the ”downstream” side 

Concrete from the 
20’s

Reinforced structures, smooth bars 

Relatively high w/c ratios, about 1.0 

Signs of separation and settling can be found in these 
constructions

Concrete from the 
30’s

Concrete breakers were used 

Relative low w/c-ratios are being used, compared to 1920’s  

The constructions are commonly water tight 

Concrete from the 
40’s

E-cement1 was used 

Rather large variation of the concrete’s quality  

Concrete from the 
50’s to present time 

Structures constructed of materials with a good quality 

Experiences gained from the first 50 years of building 

No significant change has happed from the middle of the 
20th centaury until now (2009) 

The production of low heat cement (LH) was finalized in the 
70’s

As shown in Figure 2.1, the majority of the infrastructure of the Swedish 
hydropower is relatively old. Some of the constructions are starting to reach the 
expected technical lifespan, and some have already exceeded it. This fact 
stresses the importance of strategic and organized maintenance. A strategically 
executed maintenance can cut costs and at the same time have a positive effect 
on the environment, provided that it is conducted in a correct manner.  

Maintenance of concrete structures often involves repair work. In fact, one 
could say that the central task of maintenance is the actual repair work.  

                                                            
1 Replacement cement usually consisting of ordinary Portland cement with a 
certain addition of filler material 
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If the hydropower industry seeks to cut costs and increase the lifespan of its 
concrete structures it is essential to choose a durable repair material and 
method for each given situation. If this is done properly it is the author’s 
opinion that, in combination with thorough planning and timing of the 
maintenance effort, gains with respect to the general public welfare can be 
achieved, in respect to safety, economical and environmental terms.

1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Year

0
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10

15

20
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um
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r o
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Figure 2.1 The year of completion of concrete dams in Sweden (>80 % 
concrete parts) according to Bernstone (2006) the average 
age is 69 years. 

Looking both through an international and national perspective, at present as 
well as in the past, a vast amount of work has been conducted concerning 
maintenance of concrete structures. The hydropower industry has financed 
some of the research work on concrete maintenance performed so far. Thus, 
independent of from where the financial support originates, there exists a vast 
amount of knowledge that can support the hydropower industry in the work 
with the strategic, economical and environmentally important maintenance 
work.

9  (179) 
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2.2. HYDROPOWER STRUCTURE  

A hydropower plant consists of one or more energy conversion units. The 
turbine uses the difference in kinetic energy of the water as it flows from the 
upstream water reservoir down through the hydropower plant on its way 
downstream. The turbines transform the energy to the generator by means of its 
shaft, and this process requires a rigid support with several types of concrete 
elements.  

After a smaller literature survey including international case studies, see 
Durand et al (1997), Schrader (1978), Moore (1987), Bruce and de Porcellinis 
(1989), Mirza and Durant (1997), the Elforsk database, other written reports on 
the topic written by VAST (1991), Bernstone (2006), Sandström (2008) and 
Fagerlund (1989), and from a number of field investigations (Chapter 5), it was 
possible to distinguish some structures, or certain parts of structures, that show 
signs of deterioration at a higher frequency than others. These structures are 
concluded to be: 

Spillways
Dam structures (mostly upstream face)  
Different types of walls (in the vicinity of the water line) 
Stilling basins (mostly under water)  

Hydropower structures are often relatively large compared to ordinary civil 
engineering structures or even structures in most other industries for that 
matter. Of course, there exist a number of different types of structures that are 
much more slender than the ones mentioned above, but these are often to be 
found in the powerhouses. Other examples of slender structures are bridges 
(decks, beams etc). However, structures like bridges and indoor structures are 
not included in the scope of this work. 

One feature of a hydropower structure is that its structural elements generally 
have a smallest cross section of about one meter. Of course there are exceptions, 
especially for retaining walls and such like. Even so, walls (and in some cases 
spillways) are examples of concrete structures that are cast against, and 
anchored to, the bedrock. In these cases the structures can be regarded as 
monolithic even though the smallest concrete section is not that thick, 
presuming that the anchorage and bond lead to “full” interaction, i.e. full 
restraint situation, between the underground and the concrete structure. In the 
Figure 2.2 some of the most typical types of structural elements are shown. 
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Figure 2.2 A typical design of a hydropower plant above ground during 
repair of the spillway structure. The three spillways are in 
direct contact with water. Two different types of walls can be 
seen. The size of these structures can easily be visualized by 
comparing them to the man (orange dot) to the right on the 
spillway in the middle. 

A hydropower structure of the dimensions mentioned above will in most cases 
act monolithically, meaning that it will not easily deform by external physical 
loading. However, a number of these structures show signs of clear 
deterioration. The conclusions from the survey above is that concrete structures, 
or parts of certain structures, that are in direct contact with water seem to show 
signs of deterioration more often than other parts of hydropower plants. 
Nevertheless, in reality, it is often only a part of a structural element that is 
damaged, which can lead to serious consequences if not dealt with in time and 
by proper means. 

The reason for deterioration is therefore most likely to be environmentally 
imposed, since it is not likely that the concrete is of lesser quality at the location 
of damage than at other locations in the structure.  

11  (179) 
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2.3. ENVIRONMENT AND ENVIRONMENTALLY IMPOSED LOADS 

The purpose of this section is to describe the environment in which the 
hydraulic concrete structure is situated. As already mentioned (and defined), a 
hydraulic structure in some way is in direct contact with water. Structures such 
as spillways, draft tubes and elements at the intake are also exposed to high 
velocity water flow while other parts, like dams are predominantly submitted to 
hydrostatic pressure alone.  

Since the majority of the Swedish hydropower industry is located in the 
northern part of the country, the temperature is truly a factor to consider. The 
relatively large variation in temperature is almost as characteristic as the 
presence of water. It is not uncommon that temperatures drop well below – 20 
C at wintertime and rise above + 20 C in the summer. As mentioned earlier, 

any environment including both constant presence of water and large 
temperature variations is to be regarded as a severe environment for concrete. 
This will be displayed further through laboratory studies, presented later on in 
this report.

Depending on when the structure was erected (see the Table 2.1), the quality of 
the work and the composition of the material, the rate of degradation will vary 
in a given situation. A combination of physical, chemical and electrochemical 
loads (or degradation processes) will deteriorate the cement based material, 
and/or the embedded reinforcement. These loads vary in duration and strength 
depending on several factors, and the actual combination determines the length 
of the technical/functional life of the concrete structure in question.  

Ekström (2001) compiled different kind of loads or degradation processes that 
can impose a threat to concrete structures see the Table 2.2. However, far from 
all of the mechanisms are presented in Table 2.2, several situations are to be 
regarded as common in the hydropower environment. Sandström (2008) 
identified the following deteriorating factors as more common than others: 

Cracking (of any known or unknown origin) 
Leaching 
Abrasion
Scaling due to freeze/thaw attacks 

In the following sections those phenomena are briefly described.
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Table 2.2 Different loads or degradation processes which are more or 
less common in a hydropower environment, Sandström 
(2008). 

Chemical
loads

Physical loads Electro-chemical
loads

Biological

attacks

Mechanical

attacks

Sulphate
attacks

Freeze/thaw 
attacks

Chloride induced 
corrosion 

Growth of 
vegetation 

Abrasion 

ASR (Alkali-
Silicate
reaction) 

Leaching Carbon dioxide 
induced corrosion

Exceptional 
impact or 
collision loads 

Exceptional 
overload

Moist/ thermal
induced volume 
changes

2.3.1 Cracks 
Unfortunately, when dealing with concrete, cracks seems to be more or less 
inevitable. It is neither possible, nor appropriate, to present a comprehensive 
section describing cracking of concrete within the scope of this work.  
Cracks are not a deteriorating process in itself. It is most often a symptom 
indicating that something is probably wrong with the structure. Generally, 
cracks are a consequence of any deformation leading to an excess of the capacity 
in tension of the concrete material.  

Even though shear and/or compression stresses of course act in some parts of a 
given structure/member, tension stresses generally appear at some other 
location in the member. Since the tension capacity is about 1/10 of the capacity 
in compression it is most likely that cracks are caused by these tension stresses. 
Cracking can appear in many different ways. Some cracks have a small width 
and are mainly located near the surface, barely visible to the eye. Other cracks 
are larger and penetrate the concrete much deeper than the previous and some 
even propagate through the whole concrete member. Cracks can appear in great 
numbers, orientated in a certain characteristic pattern or appear in total 
disorder, see Figure 2.3.  

It is also not uncommon that some structures only have a few cracks wide apart 
from each other, while in other cases only one single crack is visible. The way 
cracking appears and propagates depends on several factors, and some of those 
are:
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Amount and location of reinforcement 
Degree of restraint
Underlying cause of cracking 
Amplitude/strength of the underlying cause 
Geometry of the concrete member

It is of utmost importance to understand why cracks appear since it is only 
possible to make correct decisions regarding how to deal with the damaged 
structure, if the underlying cause of the damage is known. It is also important to 
notice that far from all cracks decrease the load bearing capacity.  

Even though the general concept is that cracking increases the rate by which 
water and/or other substances can penetrate the concrete, it is important to 
notice that not all cracks decrease the technical lifespan of the structure. This is 
more likely to be true for larger cracks and not as true for smaller cracks.  

The latter cracks self heal easier, when water penetrates the crack. If the crack is 
small enough, it will under certain circumstances completely self heal as it is 
shown in Figure 2.3. 

Figure 2.3  Characteristic cracking pattern, presumably caused by 
freeze/thaw attacks. Photo: Hassanzadeh (1999).
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Cracks that can be found on a hydropower structure may be the consequence of 
a number of different underlying causes. Cracks can be divided into two 
different “main” categories; (1) -construction dependent cracks, meaning that 
the cracks are caused by factors that are connected with the material properties 
of the concrete mix and/or due to improper execution at the construction site, 
(2) environmentally imposed cracks, of which most underlying causes are to be 
found in Table 2.2. Some examples of what can cause construction dependent 
cracks are: 

Early (plastic) shrinkage due to moisture transport from the semi fresh 
(plastic) concrete 
Segregation of aggregates  
Subsidence due to partial movement of the fresh concrete causing 
cracks (over reinforcement, changes in section) 
Thermal induced volume changes due to the hydration process in 
combination with restraint of some sort 
Long term (drying) shrinkage due to moisture transport from the 
hardened concrete structure  

The above listed causes, except the long-term drying/shrinkage, can be 
counteracted by measures on site. Luckily, long-term (drying) shrinkage is 
seldom a problem for most of the hydropower structures, as a large proportion 
of the structure is usually in direct contact with water. Some examples of what 
can cause environmentally imposed cracks are: 

Freeze/thaw attacks 
ASR (Alkali-Silicate Reaction) 
Exceptional impact or collision loads 
Thermal induced volume changes due to variations in the environment 
in combination with restraint of some sort 
Differential setting of the foundation  

As one can understand, it is difficult to completely protect a structure from 
cracking. Cracks or scaling due to freeze/thaw attacks are predominantly found 
near or in the vicinity of the water line of dam structures or walls. Another 
example of structures submitted to freeze/thaw attacks is any horizontal surface 
submitted to freezing at the same time as the structure “holds” water in some 
way.

A prerequisite for ASR to occur is that a given structure contains a certain 
amount of reactive aggregate and at the same time is subjected to absorption of 
water.
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As shown in Figure 2.4 the cracking pattern of ASR has a slight resemblance to 
the cracking pattern presented in Figure 2.3 caused by freeze/thaw action. The 
dark reaction product of ASR is the factor that separates the two cracking 
patterns from each other.  

Exceptional impact loads are of course rare. One of the few examples of when 
this might occur is at times when the spill gates open and vast volumes of water 
are transported through the spillways and downstream towards the stilling 
basin at high velocity. At these occasions it is possible that large blocks of rock 
get carried away with the current. The tumbling blocks can cause a lot of 
damage to the infrastructure along the way down stream. These damages can 
sometime be hard to locate since some of the damages can be situated far below 
the surface and at quite some distance down stream from the spillways.   

Figure 2.4 Cracking, presumably due to ASR exhibiting the characteristic 
cracking pattern for this type of attack, Photo: Hassanzadeh 
(1999).

Hassanzadeh (2008) argues that cracks that can be observed at some Swedish 
dam structures are solely the consequence of deformations caused by variations 
in the temperature of the ambient air. This conclusion is based on non-linear 
FEM calculations. Critics to this study claim that the observed cracks could also 
be caused by the volume changes related to the hydration process. However, if 
cracking can solely occur due to variations of the temperature in the ambient air 
it will be no easy task addressing this matter. 
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2.3.2 Leaching 
Ekström (2003) describes the underlying processes and how leaching inflicts on 
concrete structures, and a short summary will be presented here. Leaching can 
be defined as the process of dissolving and transporting substances from the 
cement paste. Water will dissolve and transport ions from internal surfaces 
(cracks, voids, pores) of the concrete structure to the surroundings, which can 
be the external surface of the structure but it can also be the pore walls or the 
walls of possible cracks.  

Leaching will lead to an increased porosity of the cement paste and the 
increased porosity results in a decrease of the strength of the cement paste. The 
increased porosity also causes an increased permeability, accelerating the 
leaching process. Furthermore, the softer the water is, the more pronounced the 
leaching will be, and it is interesting that the water from Swedish rivers is 
relatively soft. An overview of the leaching process is presented in Figure 2.5 

Figure 2.5 A schematic description of the process of concrete mixing, 
cement hydration and leaching. Soluble substances will 
dissolve and diffuse out from the structure into the up- and 
downstream side of the structure, Ekström (2001).

2.3.3 Abrasion and combined attacks 
It is hard to believe that floating debris and ice can cause damage to a healthy 
concrete surface. Perhaps, the damage, believed to be the cause of abrasion, is 
perhaps a combination of surface leaching, freeze/thaw attacks and abrasion.  

17  (179) 
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The latter is the opinion of the author, and it is somewhat based on the results 
from Ekström (2001) and Persson and Rosenqvist (2009). The leaching process 
causes lime (Ca(OH)2) to dissolve, deteriorating the cement paste. Leaching also 
implies a coarsening of the pores in the concrete (increases the radius of the 
pores), which in turn leads to a raise of the freeze point of the pore 
solution/water. A relationship between pore radius and freezing point is 
presented later on in Chapter 4.  

Persson and Rosenqvist (2009) investigated this phenomenon, and the damages 
observed in their study resemble damages observed on “real” structures. A 
comparison between the observed damages in the experimental study and a 
typical damage from a “real life” hydraulic structure is presented in Figure 2.6. 

Figure 2.6 To the left; damages reported to be caused by abrasion, Photo: 
Hassanzadeh (1999). To the right; damages observed in 
freeze/thaw tests performed by Persson and Rosenqvist 
(2009). 

2.3.4 Freeze thaw attacks 
From the description of the environment situation earlier in the chapter, it is 
easy to understand that freeze/thaw attacks can be quite common, see also 
Chapter 4 where freeze/thaw attacks are presented more in detail. Freeze/thaw 
attacks mainly appear as scaling on the surface of the concrete structure. As 
mentioned earlier, it is not entirely clear if the damages occurring in the vicinity 
of the water line are solely caused by freeze/thaw attacks.  

18  (179) 
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Besides, the visible freeze/thaw damages occurring, scaling on the concrete 
surface is another, perhaps even more severe, and much harder to detect, type 
of freeze/thaw attack that may occur. This latter type of attack is commonly 
denoted “internal” freeze/thaw attack, and the consequence of it can be 
devastating to the material. Internal freeze/thaw attacks are most likely to act 
on certain types of structures and in specific situations. The prerequisites for 
damage due to internal freeze/thaw action to occur are freezing temperature 
and the degree of saturation (amount of freezabe water) of the given concrete 
specimen, see further Chapter 4. 

As is shown later on in Chapter 6, the water uptake of concrete tends to increase 
noticeably when it is submitted to cyclic freezing and thawing. If these 
observations turn out to be applicable in “real situations” we have reason to be 
concerned about the conditions of our concrete dams. Which kind of 
mechanism causes the increased water uptake is not fully understood, but there 
exist a couple of theories that might explain it. This phenomenon can be 
observed through experiments, and results and discussions from such 
experiments are presented later in this report.  

The suggested situation is described schematically in Figure 2.7, and the 
phenomenon is rather devious. From the upstream side (the right side in Figure 
2.7) of the structure, continuous water uptake is occurring unobservable to the 
eye. Hence, the absorbed water near the surface of the upstream side will not 
necessarily freeze due to the transfer of heat from the unfrozen water in the 
reservoir.

Freezing is occurring from the downstream side (the left side). Hence, even 
though the temperature in the areas close to the surface of the structure’s 
downstream side might allow freezing to occur, but the moisture content in this 
area is most likely too small (due to diffusion) to cause any damage to the 
structure. Therefore, damage of this nature can most likely propagate without 
being detected for quite some time since the degradation will probably start 
within the actual structure closer to the surface of the upstream side and below 
the water line.  
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Figure 2.7 Schematic sketch of a possible scenario for internal 
freeze/thaw action. Damage is only possible in the ”yellow” 
area.

It is not possible to theoretically determine /calculate the moisture content in 
the structure described in the Figure 2.7. There are two reasons for that; the first 
is that the existing theories regarding transport of moisture cannot in a 
satisfactory manner handle temperature gradients. The second reason is that 
there are no theories taking the increase in absorption due to cyclic freezing into 
account. It would perhaps be in order to investigate the moisture state of 
structures in situations similar to the one described in Figure 2.7.  
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2.4. CONCLUDING REMARKS. 

The majority of the infrastructure of the Swedish hydropower is relatively old 
(see Figure 2.1). Some of the constructions are beginning to reach the expected 
technical lifetime, and some have already exceeded it. This fact stresses the 
importance of a strategic and organized maintenance (see Figure 2.1).  

Here a hydraulic structure is defined as a large (often monolithic) concrete 
structure that in some way is always in direct contact with water. The material 
property of a given hydraulic structure depends to some extent on when it was 
constructed (see the Table 2.1). The hydraulic structure is designed to function 
in severe conditions with large temperature differences over the year, constant 
contact with non-freezabe water, high hydraulic pressures and a high velocity of 
flowing water that can carry boulders and fragments of bedrock with its 
currents.

Thus, the most common causes of deterioration are believed to be: 

Freeze/thaw attacks 
Leaching 
Abrasion
Cracking

Any hydraulic structure can be damaged for a number of different 
reasons, and in a number of different ways, independent of its material 
properties. Most of the damaged structures need to be repaired 
regardless of the material properties of the existing structure and the 
cause of damage. The method most commonly used involves removal of 
the old and damaged concrete and replacing it with a new layer of 
concrete, i.e. a so-called concrete overlay. 
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3. OVERLAYS 

3.1. INTRODUCTION 

There are several damage mechanisms that cause the deterioration of the 
hydraulic concrete structures. Some of the more frequent factors, as mentioned 
in previous chapters, are: 

Cracking
Leaching 
Frost damage 
Abrasion/cavitations 

Irrespective of the origin of the damage it is common to adopt overlays as a 
technique to repair the damaged structure, also mentioned in earlier Chapters. 
The technique includes removal of the old and/or deteriorated concrete surface 
as a first step, preferably by means of water jetting, see the Figure 3.1. An 
advantage of water jetting, as compared to other removal techniques, is that it is 
a selective method in the sense that sound concrete will not be removed nor 
damaged in the process.  

Hindo (1990) presented a study where the bond strength of overlaid, water 
jetted and jack hammered substrates was assessed. The results were clearly in 
favour of water jetting, giving substantially higher bond strength in comparison 
with jack hammered substrates.  
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Figure 3.1 Removal of deteriorated concrete performed with water jet 
equipment. 

The required depth of concrete that needs to be removed varies from case to 
case depending on the extent of the damage. However, the common procedure 
is that the removal continues to a certain depth underneath the reinforcement 
bars, assuring the fresh overlay concrete to enclose the reinforcement at casting. 
In Bro 04 (2004) the Swedish Road Administration (sv. Vägverket) requires 
that if 30 % of the reinforcement bar is visible after removal, the removal shall 
proceed to a depth of 5 mm + the largest aggregate size of the repair material 
underneath the reinforcement bar (or bars).  

However, the removal shall never be less than 10 mm below the reinforcement 
bar. This “minimum” free distance is less conservative compared to other 
requirements set to control the minimum free distance. If less than 30 % of the 
reinforcement bar is visible no additional removal is necessary. 

After the damaged concrete has been removed it is important to clean the 
substrate thoroughly prior to overlaying. A surface that is not sufficiently clean 
will risk the adhesion between the two layers according to research results 
presented by Silfwerbrand (1987). More details on this issue are presented in 
Chapter 5. 
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The next step in the repair process is to cast a new concrete layer to replace the 
damaged concrete. The thickness of the overlay often depends on the required 
concrete cover of the reinforcement even though a certain depth may sometimes 
be required to fulfil static or geometric demands of the overlaid section 
according to Concrete report No. 13 (2008).  

When the overlay is in place it will together with the underlying substrate form a 
composite structure, see the Figure 3.2. The composite structure will be exposed 
to a number of loads during its lifetime. The different loads can be divided into 
two categories, environmentally and mechanically induced loads, respectively. 
Examples of environmental loads are mentioned earlier while the mechanical 
loads vary depending on the type of structure and situation.  

The environmental loads will successively reduce the (composite) structure’s 
load bearing capacity as the structure ages. Cracks might develop as a 
consequence of environmental and/or mechanical loads. Cracks will, depending 
on the properties (width and depth) and the extent, influence the rate of ingress 
of deteriorating substances that affect the structure’s function.  

Figure 3.2 An overlay on a spillway. A modern, water tight concrete on 
top and an old, not so water tight substrate concrete. 
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To ensure the interaction between the overlay and the underlying substrate the 
bond strength (the “glue effect”) is essential, both in regards to the transmitting 
of stresses, control of cracking and to the tightness of the composite material 
(structure).  

Bond strength and different factors affecting it have been researchers’ focus for 
many years. A lot of work has been performed, but there are still certain areas 
that need further attention. The subsequent part of this chapter contains a 
minor literature review of earlier work within the topic of bond strength.  
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3.2. FACTORS WICH INFLUENCE ON THE BOND STRENGTH BETWEEN 
OVERLAY AND SUBSTRATE - A LITERATURE REVIEW 

3.2.1 Compatibility between overlay and substrate 
Many researchers have studied the factors, which may affect the “compatibility” 
between the overlay and substrate, e.g. Emberson and Mays (1990), Emmons et. 
al (1993), Morgan (1995) and Skoglund (2006) just to mention a few. The term 
“compatibility” is generally used to describe how well the overlay interacts with 
the substrate with respect to chemical, physical and mechanical factors.  

This definition can be somewhat confusing because it results in situations in 
which an overlay and substrate can be compatible in some aspects but not in 
others. However, poor compatibility whatever the reason, will eventually lead to 
poor bonding, and in extreme cases to complete loss of bond between the layers. 
Therefore, from here onwards, compatibility and bond strength are used 
synonymously.  

Some researchers, such as Emberson and Mays (1990), Morgan (1995) and 
Cusson (1996), have focused on how the properties of the substrate and overlay 
material should relate to each other to obtain a successful composite structure. 
The most preferable relationships, according to the authors mentioned above, 
are presented in Table 3.1. 
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Table 3.1 The “rule of thumb” of different relationships between the 
material properties affecting the compatibility between the 
substrate and overlay according to the literature. 

Property
Target relationship between 
overlay (O) and substrate (S)

Strength  (compressive-, tension- and 
flexural-strength)

O  S 

Modulus of elasticity  O  S 

Poisson’s ratio 
Depending on the modulus of 
elasticity and type of repair work  

Thermal coefficient of dilation O  S 

Strength in shear and/or tension 
perpendicular to the bond surface  

O  S 

Shrinkage, short and long term (0 h to 16 
months)

O  S 

Capacity in tension O  S 

Creep 
Depending on situation, if creep is 
regarded to be a good or a bad 
thing

Resistance to fatigue O  S 

3.2.2 Methods to measure bond strength 
In the literature a number of different methods to measure the bond strength 
between overlay and substrate can be found. Some of the more commonly used 
methods are presented in the Table 3.2. It can be seen in table 3.2 that 
depending on the choice of method, the load configuration and hence, the mode 
of failure, will be quite different. This implies that the property measured with 
one method may not be the same as obtained with another. Considering that 
studies on bond described in literature are often conducted using only one test 
method means that conclusions on how the given investigated factor affects the 
bond strength may only be valid for that specific method. 
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Table 3.2 Different methods used to measure bond strength of a 
composite material found in the literature survey. 

Name of 
methods

Illustration of 
methods

Short description of the methods 

SS 13 72 31 The method is conducted in a laboratory. 
Steel plates are glued on each sides of the 
specimen. When the glue has dried the plates 
are fastened in the testing rig and then 
subjected to tension perpendicular to the 
bond surface.

A. Uniaxial 
tensile test  

SS 13 72 43 The method has two steps. First a circular cut 
is made through the overlay down into the 
substrate. A drilling machine does this. After 
the cut is made a certain type of cone is 
inserted into the circular cut. When the cone 
is attached to the overlay, a pulling force is 
applied. The force is directly recalculated to 
stress and it is monitored during the test.  

B. Slant shear 
test

BS 6319: Part 42 The method is conducted in a laboratory. A 
force is applied at an angle of 45 degrees from 
the interfacial zone. There is also a similar 
method where the force pulls the specimen 
instead.

C. Shear test No information 

D. Splitting test SS-EN 12390-6 A specimen with the dimensions according to 
SS-EN 12390-1 is submitted to compressive 
thin line load that is placed along the length 
of the specimen. The resulting orthogonal 
force splits the specimen. 

E. Flexural test SS-EN 12390-5 Applying a bending load at three or four 
points tests a prism with the dimensions 
according to SS-EN 12390-1. 

                                                            
2 BS = British Standard 
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In method A, a uniaxial load is applied perpendicular to the interfacial zone 
resulting in a measurement of the “pure” tensile bond strength, presuming that 
the force is acting exactly normal to the surface.  

In method B, a compressive force is applied at a certain angle, commonly at an 
angle of 45 degrees, towards the interfacial zone. This approach results in 
combination of shear and compressive stresses acting along the interfacial zone. 
If the direction of applied force is changed to a tensile force the interfacial zone 
will be subjected to tensile and shear stresses instead. The latter is perhaps 
more applicable with regards to situations that resemble infrastructure 
solutions. If the angle at which the force is applied is changed, the 
corresponding forces will vary from in between the two extremes, shear or 
tensile/compressive stress fields. 

In method C, the title shear test is somewhat contradictory to what the method 
implies, as the test does not solely produce shear stresses. The applied force will 
result in both compressive and tensile stress fields, as well as shear stresses. It is 
hard to find applicable cases where this method would be relevant. 

In method D, a compressive force is applied parallel to the interfacial zone. This 
force results in relatively small fields of compressive stresses closest to the 
supports. The rest of the interfacial zone will be subjected to tensile stress. This 
method has also several practical advantages compared to most other methods. 
One is that it is possible to use a variety of different shapes of test specimens. 
Another advantage is that the testing procedure is rather straightforward and 
not as time demanding as most other methods. 

In method E, a force is applied on the mid-point of a simply supported 
specimen. The position of the interfacial zone with regards to the neutral axis 
determines the amplitude of the stresses affecting the interfacial zone. This 
method results in the most complex set up of stress fields of all the described 
methods. Shear stresses will act perpendicular and parallel to the interfacial 
zone. Compressive stresses will also act in parallel to the interfacial zone. 
In conclusion, since each method produces specific stress fields it is probably 
not correct to compare results originating from different methods. The methods 
are also most likely not equally sensitive to certain properties of the interfacial 
zone. One example of a factor that will affect the result differently, depending on 
type of method, is the roughness of the interfacial zone. It is quite obvious that 
the roughness will have a stronger influence on the bond strength for method A 
compared to method B.  
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3.2.3 Factors influencing the bond strength 
As mentioned previously there are several factors influencing the potential of 
achieving a sound bond. Silfwerbrand and Beushausen (2006) present a
compilation of factors affecting bond strength. The authors also graded the 
factors with respect to the degree of influence as shown in Figure 3.3. 

Figure 3.3 Factors influencing the bond between overlay and substrate 
according to Silwerbrand and Beushausen (2006). 1 = minor 
influence, 2 = medium influence, 3 = major influence. 

The following section deals with some of the factors presented in Figure 3.3. 

The preparation of the surface of the substrate prior to the placement of the 
overlay concrete is essential for a good result. A properly conducted preparation 
of the surface of the substrate will lead to a clean surface with absence of micro 
cracks and laitance.

Silfwerbrand and Paulsson (1998) showed that almost twice as high bond 
strength might be obtained in cases where micro cracks can be avoided. The 
most common and advantageous way to achieve a “healthy” and crack free 
surface is, as mentioned earlier, by the use of water jetting.  
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Another extremely important factor according to Figure 3.3 is that the surface is 
clean and free of debris, dust and such impurities prior to the placement of the 
overlay. The significance of this factor has also been observed within the scope 
of this work, see Chapter 5. The observation suggests that a complete loss of 
bond can occur if the surface of the substrate is not cleaned properly prior to the 
placement of the overlay material. In some cases pre-wetting or bonding agents 
can be used to enhance the bonding effect. The use of bonding agents is however 
not common practice in infrastructural repairs in Sweden.   

It is noticeable that the influence of the surface roughness of the substrate is 
graded as having a minor influence on the bond (figure 3.3). This concurs with 
what Silfwerbrand (1997) observed using slabs as test specimens. This 
conclusion is supported by results from a previous study, Silfwerbrand (1987), 
in which slabs with different roughness were overlaid and the bond strength was 
assessed using a type E test method, see Table 3.2.  

Results showed that independent of the surface roughness of the substrate the 
failure load was more or less the same for all slabs in the study, including the 
failure load for homogenous reference slabs. Opposing results on the effect of 
surface roughness have been reported by Müller and Zilch (2006) and Austin et 
al (1998). In these later references, the bond strength was found to be 
significantly influenced by the substrate roughness. 

A possible reason for the diverting conclusions may be that different test 
methods have been used to assess the bond, implying that different properties 
are assessed according to the discussion in Section 3.2.2. For instance, Austin et 
al adopted a slant shear method (type B in the Table 3.2), which produces a 
combined compression/shear stress field. It is obvious that the compressive 
stress generated in this method will be favourable for rough surfaces.  

Thus, in order to be able to draw any conclusions on the potential effect of 
roughness, or any other factors, it is necessary to put the bond strength 
evaluation into a relevant context. In other words, the type of method should be 
selected to represent the stress state in the real overlay conditions as closely as 
possible.

Silfwerbrand and Beushausen (2006) argue that the slant shear test (method B 
in Table 3.2) is a method that describes real conditions better than the more 
commonly used tensile test (method A in Table 3.2). However, this would imply 
that the surface roughness still may play a more significant role for real overlays 
than what is revealed by the grading described in the same article (Figure 3.3). 
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The possible influence of the choice of test method is contradicted by results 
presented by Júlio et. al. (2004). Two different methods (A and B in the Table 
3.2) were used to study the influence of roughness.  
The results showed a good correlation between the two methods. Interestingly, 
the study showed that smoother surfaces, created by sandblasting or wire 
brushing, resulted in higher bond strengths than rougher surfaces created by 
partially chipped surfaces for both methods.  

The effect of the moisture condition of the substrate was investigated in the 
same study using a type B method. Two conditions of the surface of the 
substrate prior to the placement of the overlay were investigated: (1) dry and (2) 
pre-wetted. The results showed that there was no significant difference in bond 
between the two moisture conditions. 

In the investigation conducted by Wells et al. (1999) method A (Table 3.2) was 
used to determine the effect of different removal techniques on the bond 
strength. The results showed that shot blasting that created the coarsest 
roughness of the surface of the substrate resulted in the highest bond strength 
values. The study also showed that a rough and dry surface achieved slightly 
higher bond strength than a rough and pre-wetted surface. This was however 
not the case for smoother surfaces, where the pre-wetted surface was found to 
give higher bond strengths. 

The effect of the moisture condition has also been studied by Courard et al. 
(1995). Results from the study showed that the effect the moisture content of the 
substrate inflicts on the bond can be described as a clockwise function. Another 
study conducted by Zhu (1989) also focused on the effect of the moisture 
conditions of the substrate.  

The literature review in Zhu’s work on previous work showed that the effect of 
the moisture condition is somewhat contradictory, meaning that it is impossible 
to unambiguously conclude how the moisture state of the substrate will 
influence the bond strength. Zhu used method E in his own experiment. The 
results showed that a dryer surface lead to a higher bond strength compared to a 
wet surface. One explanation of this seeming contradiction to the results from 
Courard can perhaps be that Zhu did not have as dry surfaces as Courard had in 
his experiments. 

The moisture dependency on the bond strength that was observed in the studies 
mentioned above is probably dependent on the properties of the fresh overlay 
material as well as the hardened properties of the substrate. The affect of the 
moisture content of the substrate will most probably affect the bond strength 
differently depending on the pore structure of the same and the w/c-ratio of the 
overlay material.  
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Due to the absorption capacity of a substrate, it is suggested that it is perhaps 
possible that pre-wetting of a dense substrate (low w/c ratio) has a less 
significant affect on bond strength compared to a more porous substrate (high 
w/c-ratio).

The Swedish Design Code BBK 04 (2004) does not permit any adjustment to 
the load transmitting capacity due to pre-wetting. The Swedish Road 
Administration, Bro (2004), requires that the surface of the existing structure 
(substrate) is pre-wetted at least 2 days prior to the placement of the overlay 
material.

3.2.4 The Overlay Material 
When an overlay of fresh concrete is placed on an existing concrete structure, 
two different materials will form one composite structure. The composite 
structure will consist of the overlay, the connecting joint and the underlying 
substrate. The overlay and the substrate will have different properties 
depending on variation in the composition of the two concrete materials, such 
as:

Amount of cement 
Type of cement 
Amount of mixing water 
Volume of cement paste (mixing water and cement) 
Volume fraction of aggregates 
Slump of the overlay 
Largest size of aggregates (Dmax)

When mixing water is added to the dry mix consisting of cement and aggregates 
some constituents in cement will instantaneously start to react due to cement 
hydration. The rate of hydration is rapid initially, but will then successively 
decrease with increasing time.  

The porosity of cement-based materials depends on the degree of hydration in 
addition to the w/c-ratio. Since the infrastructure of the hydropower industry is 
rather old the degree of hydration in the concrete structures can be assumed to 
be 1.0 or very close to 1.0, meaning that the pore structure of the substrate is 
more or less fully developed.  

As the fresh overlay concrete matures, it will develop its own pore structure with 
time. In most, but not in all cases the overlay material will have a smaller 
maximum aggregate size (Dmax). A smaller Dmax requires a larger part of cement 
paste than a composition with a larger Dmax.
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In order to get a good result from the repair work the composition of the overlay 
material needs to be satisfactory. Regarding the selection of largest aggregate 
size it is stated in Svensk Byggtjänst (1987) that the largest acceptable size of 
aggregate, according to common practice in Sweden, should be no more than ¼ 
of the thickness of the overlay.  

This means that a fully hydrated overlay will have a larger volume of pores per 
volume of ready concrete presuming that the w/c ratio and the amount of air 
entraining agent are the same for the two coherent materials. The pore structure 
of the overlay material will vary with time depending on the degree of hydration 
of the same. Hence, the moisture capacity as well as the absorption property of 
the overlay material will vary with time while the same factors will be constant 
for the substrate material. 

The workability (slump) of the overlay material has to be sufficient so that it will 
completely fill all cavities/irregularities of the surface of the substrate, leaving 
no pockets of air or water between the substrate and overlay. A sufficient slump 
or workability can increase the bond strength due to an increase of mechanical 
interlocking.  

Dmax is also of importance in this context since large aggregates can block 
smaller irregularities, preventing the whole surface from being covered with the 
overlay material. What can be considered to be a sufficient slump is however not 
clear. It will probably vary depending on the given situation with regard to 
surface roughness, the possibility of vibration and so forth. 

Since most of the hydropower structures are old, all of the chemical shrinkage 
(hydration) of the concrete forming the structure has taken place. In addition, 
the shrinkage caused by moisture loss (of mixing water) to the ambient air 
ought to be negligible in most, if not all cases, due to the moist/wet 
environment.  

This means that the only two phenomena that can cause volume changes of the 
existing concrete structure (substrate) are when the absorbed water freezes 
and/or by pure temperature related volume changes (coefficient of thermal 
dilation). However, the overlay will always shrink as it hardens, causing a 
tension in the bond interface. The shrinkage of the overlay material is caused by 
a combination of: 

Moisture loss of the mixing water (drying shrinkage) 
Chemical shrinkage 
Carbonation 
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The shrinkage caused by carbonation and moisture loss will start at the surface 
of the overlay and penetrate down towards the substrate. It is quite possible that 
the moisture in the pores of the overlay will block the ingress of CO2, and 
therefore hinder the carbonation process. However, the rate of carbonation is 
much slower than the moisture loss from the overlay. A study conducted by
Svendsen and Torblaa (1989) focused on carbonation of hydropower structures. 
The result showed that the ingress rate was approximately no more than 
maximum 10 mm after 35 years.

Based on these observations it might be concluded that shrinkage caused by this 
complex phenomenon, in most cases can be neglected for the present 
application. The chemical shrinkage that will act on the total volume of the 
overlay as long as the hydration process is ongoing can probably not be 
neglected in most of the cases.  

The shrinkage of the overlay, or rather the net volume change of the two 
coherent materials, can result in overlay cracking and in extreme cases to 
debonding. However, proper curing of the overlay and creep effects will 
effectively reduce such potential negative affects. The influence of shrinkage of 
overlays has been the focus of many researchers.  

For instance, Silfwerbrand (1987) presented a model with the purpose of 
predicting the differential shrinkage while Carlswärd (2006) investigated the 
crack preventing effects of steel fibre reinforcement in self compacting concrete, 
using both experimental work and finite element method calculations.  

Models describing the differential shrinkage are not quite within the scope of 
this work. For a more thorough presentation of such models the reader is 
recommended to read the work of Beushausen (2005). There are a number of 
different models presented for the prediction of stresses due to differential 
shrinkage amongst other useful information regarding the topic.

3.2.5 Long-term effects 
There is remarkably little to be found regarding long-term effects in the 
literature. In most of the earlier works found tests were carried out one or in 
some cases two months after manufacturing.  

There are of course some exceptions; Talbot et al. (1994) conducted experiments 
showing that smoother surfaces (of the substrate) tend to lead to a decrease in 
bond strength with time compared to coarser surfaces. These results concur 
with what Morgan (1991) saw in his experiments. But it contradicts the results 
from a study performed by Saucier and Pigeon (1991), who investigated the 
bond strength of composite specimens stored in different environments up to 
about 18 month after manufacturing.  
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Silfwerbrand (1990) conducted a field study of 2-6 year old repairs on bridge 
slabs. The testing of the repair work was done by tensile pull out tests. The 
substrates of the bridges had all been water jetted prior to the placement of the 
overlays. The results showed high tensile strengths, in general above 1.5 MPa for 
repair work done 2-5 years prior to the investigation. However, the repairs 
conducted 6 years prior to the investigation showed lower bond strength, in 
general approximately 1.0 MPa. The underlying reason (or reasons) for the 
observed decrease in bond is somewhat unclear.  

One possible explanation could be that the differential shrinkage was more 
pronounced after 6 years, affecting the bond negatively. The conclusion drawn 
from the study was that a good/sufficient bond could be achieved without the 
use of dowels if the preparations are done carefully and thorough.  

The results were verified in a later study, Paulsson and Silfwerbrand (1998), in 
which a thorough study of a 9-year-old repair on a bridge situated in the middle 
of Sweden was included. Results indicated that the bond strength even 
increased with time. It was further shown that no damage was caused by wear 
or freeze/thaw action, and that the ingress of chlorides was negligible.  

Not much has been found in the literature regarding the possible effects of 
moisture uptake of an overlaid structure in combination with freezing and 
thawing. It is quite possible that water/moisture can be absorbed in the 
interfacial zone in a way that can cause a decrease in bond strength when the 
specimen is subjected to freezing. This decrease in bond strength could occur at 
lower degrees of saturation compared to the critical degree of saturation of each 
coherent material as Fagerlund (2006) points out.  

Emberson and Mays (1990) conducted a study where overlaid concrete 
specimens were placed in water. One of the coherent materials and the bond 
zone was submerged in water. The specimens were then stored in a freezer, 
submitted to freeze/thaw cycling. Unfortunately, not many details about the 
experiments were found in the literature. However, the results did not indicate 
any significant decrease in bond strength due to freeze/thaw action. These 
findings are hard to accept and since much information regarding the 
experimental setup was not presented, it is impossible to discuss the results in a 
reliable way. 

This specific type of exposure is of significant interest to the hydropower 
industry considering that it resembles the situation that the industry is facing 
when dealing with repair work of hydraulic structures. Thus, it is believed that 
similar experiments should be conducted to assure that freeze/thaw attacks will 
not cause any harm to repaired structures. 
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3.3. CONCLUDING REMARKS 

A lot of work has been done so far regarding overlays. However, the main part of 
the research has focused on short-term compatibility between overlay and 
substrate and not so much on long-term effects, which is important for the 
hydropower industry. In the literature, the testing has often been conducted on 
relatively young specimens, which have been stored in non-aggressive 
environments. In all studies found the bond strength is used as a measure of 
compatibility. Many different methods to measure bond strength exist. The 
most common methods seem to be the splitting test, tensile pull out tests and 
slant shear tests.  

Based on the literature study, it can be concluded that different test methods 
may give contradictory results when assessing the effect of various properties. 
For example, the slant shear test seems to capture the effects of surface 
roughness and variations in w/c-ratios better than variations of the moisture 
content of the substrate, while the opposite seems to apply for the tensile pull 
out tests. Either way, all methods will probably capture good or bad adhesion.  

The substrate influences the bond strength through its roughness, moisture 
content, and compressive strength. Unfortunately, no study investigating the 
possible correlation between the mixing composition of the overlay material and 
the moisture state/content of the substrate was found in this literature survey. 
When it comes to effects of the moisture content of the substrate, no study was 
found that actually measured the moisture content prior to placement of the 
overlay and/or during the hydration of the same.  

The results from the field investigations conducted on repaired bridge 
decks/slabs cannot be assumed to be comparable with what can be observed at 
repaired hydro structures. One main difference is that hydropower concrete 
structures have large surface areas that are in direct contact with water. 
At the same time the structures are submitted to cyclic freezing and thawing and 
high velocity flowing water that carries debris.  

In the literature, only a few articles were found that investigated long-term 
effects, some focusing on effects of cyclic drying and wetting, some in 
combination with freeze/thaw cycling. The results from these studies show that 
cyclic freezing in combination with wetting has no decreasing effect on the bond 
strength. The author finds these results remarkable.  

One possible explanation may be that the saturation level adopted in the 
studies was not sufficient to resemble the situation matching the 
environment in which a hydraulic structure is situated. No earlier work 
was found that focused on the freeze/thaw resistance of overlaid 



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

39  (179) 

structures. This topic is obviously a very important issue for the 
hydropower industry, and it will thus be more thoroughly investigated in 
this present work. 
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4. THEORY OF THE PORE STRUCTURE OF CONCRETE AND THE  
FREEZE/THAW PHENOMENON 

4.1. THE PROCESS OF HYDRATION AND THE DEVELOPMENT OF PORE 
STRUCTURE

In this section the pore structure of cement-based materials will be presented 
and discussed. When cement reacts with the mixing water it hydrates. The 
cement hydration starts instantaneously as mixing water is added. The most 
important product of the hydration is commonly called cement gel and it 
consists of calcium silicate hydrate (CSH). According to Czernin (1969), it takes 
a couple of hours after adding mixing water before the hydration process 
reaches a certain level of cement gel, at which the “grains” of produced cement 
gel connect. The time elapsed from adding mixing water until the grains connect 
is called time of setting. As the hydration proceeds from the time of setting, 
load-bearing capacity is achieved. A sketch describing the hydration is 
presented in the Figure 4.1. 

Figure 4.1 A similar sketch can be found in the Swedish Handbook of 
Concrete (1994). 

A) Mixing water is added, grains of cement are “located” at a 
certain distance from each other depending on the w/c-ratio. 

  B) After a couple of hours (days) the grains of cement are 
partially hydrated. The concrete mix is highly sensitive to 
freezing and moisture transport. 

  C) After a couple of months (or years) the grains of cement 
reach a much higher degree of hydration than in B.
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Pores can actually be divided into three categories, excluding any eventual 
porosity of aggregates and compaction pores. The different types of pores are, in 
rising order of pore size:

Gel pores
Capillary pores
Air pores (“superficial” pores achieved by the use of an air entraining 
agent with the purpose to achieve a certain resistance to freeze/thaw 
action) 

In addition to the pores described above, there will always be some amount of 
“natural” pores in concrete. These pores are often large and the volume is 
generally about 1.5-2.0 % of the total volume of the concrete and will not be 
considered further in this report.  

The particles of cement gel, which are formed from the fresh state colloidal 
mass, are rigid and very finely porous. Principally, the grains of cement will 
approximately double in volume during the hydration process. This is however 
not entirely true in all cases since even this aspect of the hydration process is 
also controlled by the w/c ratio. This will be dealt with more thoroughly later on 
in this Chapter.

Depending on the concentration of particles (w/c ratio) some small spaces 
between those hardened particles will exist. In general, these spaces, which are 
called capillary cavities or capillary pores, are much larger compared to the 
pores in the cement gel.

The volume of those pores varies depending on, as just mentioned, the w/c ratio 
but also on the degree of hydration ( ), see Equation 4.2. The third category of 
pores that can be found in “modern concrete” includes the superficially 
produced air pores; those pores are by far the largest of the three. The three 
types of pores are presented in a schematic manner in Figure 4.2. 
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Figure 4.2 Schematic presentation of gel-, capillary- and air pores. Note 
that the scale is not correct. The mean size capillary pores are 
approximately about 100 times larger than gel pores. Air 
pores are generally about 100 times larger than the mean 
capillary pores.

Lindmark (1998) refers to earlier work conducted by Powers and Brownyard 
(1948), where it is stated that Portland cement needs to physically as well as 
chemically bind about 39 per cent mixing water by its weight (w/c 0.39) to fully 
hydrate.

In the literature it could however be found that this ratio varies between 0.39 - 
0.42. Since there ought to be some variation in the composition of the Portland 
Clinker it is not unlikely that the total amount of water that reacts with cement 
varies between those values. Here it will be assumed that ordinary Portland 
cement reacts with approximately 0.39 per cent mixing water by its weight. 

The following Equations, 4.1-.45, describe the development of the pore structure 
in cement-based materials (pastes). The equations are also to be found in the 
work of Lindmark (1998). Probably the most commonly used term in the 
glossary of concrete technology is the w/c ratio. The w/c ratio tells us what to 
expect of the hardened properties of the concrete in terms of strength and 
durability. 
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C
W

c/w 0
 (4.1) 

Where,

W0 = Total amount of  ”free” water [kg] 
C = Cement [kg]

About 25 per cent of the mixing water (non-evaporable water, wn) by the weight 
of cement is chemically bound when the process of hydration is fully completed 
(  =1.0). The remaining part (up to 0.39) is physically bound as gel water.  
The physically bound water is so tightly bound to the gel pores that it cannot 
react with un-hydrated grains of cement. From the above we get: 

C.
nw

250
 (4.2) 

Where,

 = Degree of hydration [-] 
wn = Non-evaporable water [kg] 
C = Cement [kg]

The chemically bound water (wn ) decreases its volume with about 25 per cent
by volume (or about 60 ml per fully hydrated kilogram of cement) as it reacts 
with the cement. This shrinkage is normally referred to as the chemical 
shrinkage. The total porosity of the cement paste (concrete) can be described as 
the fraction of water in excess of hydration divided by the volume of the paste. 

c/w.
.c/wPpaste 320
190

 (4.3) 

Where,

Ppaste = total porosity [l/l]  
 = Degree of hydration [-] 

0.32 = density ratio of water and Portland cement [-]



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

45  (179) 

In the Swedish Handbook of Concrete (1994) and according to Vuorinen (1969), 
the “radius” of gel pores are generally to be found in the interval of 7 - 10 Å. The 
effects of the very small pore sizes of the cement gel will be dealt with later on in 
this chapter. Theoretically, at  = 1.0 and for w/c ratio of 0.39 will all the 
cement hydrate, leaving no mixing water or space for capillary pores. According 
to Powers (1962) the porosity of the hydrated cement gel is approximately 28 %. 
Adding w/c = 0.39  to the Equation 4.3 to describe the gel porosity and we will 
get:

cw
Pgel /32.0

20.0
  (4.4) 

Theoretically, for w/c ratios less than 0.39 there will not be enough water for the 
cement hydration to be completed (  < 1.0), provided that the system is closed 
to external/additional water, see the Figure 3a. The spaces between the 
hydrated grains of cement (CSH) are called capillary pores and they are much 
larger compared to the small gel pores. The size of the capillary spaces decreases 
as hydration continues. The size and volume fraction of these capillary spaces 
will depend on w/c and , meaning that the capillary spaces will decrease with 
time as the process of hydration progresses, see the Figures 3a-b.  

According to Verbeck (1966) the mean “radius” of the capillary pores varies 
between 50 – 1000 Å. It is perhaps not completely wrong to estimate the 
“mean” capillary pore radius to approximately 600 Å for w/c-ratios between 
0.40-0.55 at  = 1.0. In practice and according to the exposure classes defined 
in EN 206-1 (2004), concrete intended for constructions at waterways 
(spillways, pillars, walls and such) shall have w/c-ratios between 0.40 – 0.55, 
where the higher w/c-ratios are more commonly used than the lower ones, see 
also Chapter 2.

As will be shown later on, most of the transport and fixation of moisture will be 
done through/by the capillary pores. Furthermore, these relatively large pore 
radii will allow freezing of the pore water in a “normal” Nordic climate, which 
will be shown later on in this Chapter (Table 4.1). The aspects just mentioned 
underline the significance of the w/c-ratio with respect to hardened properties 
of the cement-based material. The capillary porosity, Pcap, for any w/c ratio at 
any given degree of saturation is given by subtracting the Equation 4.4 from 4.3. 

c/w.
.c/w

Pcap 320
390

 (4.5) 
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By plotting the Equations 1.3-1.5 we can visualize the pore volume fractions in 
different pastes at any given degree of hydration. Figure 4.3a describes the 
development of gel pores as the degree of hydration increases for w/c 0.39 
pastes. At the same time, there will be a corresponding decrease in the volume 
fraction of capillary pores. Figure 4.3b describes the same for w/c 0.60 pastes. 

Figure 4.3a “The Power’s Model”, describing the porosity for w/c-ratio 
0.39 at different degrees of hydrations, to be compared to 
figure 3b. At  = 1.0 the total porosity is synonymous with the 
gel porosity.
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Figure 4.3b “The Power’s Model”, describing the porosity for w/c-ratio 
0.60. At  = 1.0 the capillary porosity is quite similar to the gel 
porosity.

It has been demonstrated that the w/c ratio controls the porosity of the cement 
paste and therefore the porosity of the concrete. This is true provided that 
neither air-entraining agent nor porous aggregates are used in the given mix. 
The total volume of capillary pores are dependent on the w/c ratio and the 
degree of hydration, see Figure 4.3a-b.  

Principally, the total volume of capillary pores, and the mean pore radius 
(assuming spherical or cylindrical shapes), of cement-based materials with low 
w/c-ratio will be less than for the same with a higher w/c-ratio. The pore 
structure, hence w/c ratio, is paramount in all aspects in concrete technology. 
The pore structure of any material determines not only the strength of the given 
material but also the fixation and transport of matter/moisture as well as the 
freezing point of the absorbed water within the material. 

Any water in excess of the amount representing w/c ratio of 0.39 will partially 
fill the capillary spaces in between the hydrated cement gel. Depending on the 
moisture state of the surroundings, the amount of excess water in the material 
will decrease, increase or be constant. 
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4.2. TRANSPORT AND FIXATION OF MOISTURE 

The ambient air always holds some amount of moisture. The amount of 
moisture the air can hold is largely dependent on the temperature. The 
maximum level is called the vapour content at saturation (vs). The moisture 
state of air is most commonly called the relative humidity and it can be 
expressed as: 

sv
v

 (4.6) 

Where,

= Relative Humidity [-] 
v = Vapour Content [g/m3]
vs = Vapour Content at Saturation [g/m3]

Cement-based materials can hold much more moisture in the pore structure 
compared to an equal volume of air, meaning that in a confined space the 
material can in some cases control the moisture state of the ambient air. 
However, for outdoor conditions the ambient air controls the moisture state of a 
given structure of concrete. Depending on the RH (Relative Humidity) of the 
ambient air/environment the concrete will either lose or gain moisture content 
until a condition of steady state sets in.  

Transport to (adsorption) or from (desorption) a porous material can be 
achieved by diffusion. Moisture can also be transported into a material by 
capillary suction or by externally induced pressure, such as hydrostatic 
pressure. The gain in moisture content of a material is more widely called 
absorption and is independent of the underlying mechanisms causing the same.  

As mentioned earlier, moisture that is fixated in the pores of the cement-based 
material by adsorption is caused by diffusion. According to Dent’s theory it is 
possible to calculate the thickness of the adsorbed layers of water molecules on 
the pore “walls” at any given RH by the following Equation: 

)1)(1( 122

1

kkk
k

w
w

m

 (4.7) 

Where,
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k1 and k2= Constants describing the adsorption tendency of the water 
molecules  
w = Amount of adsorbed water molecules at the given RH [kg/kg material]
wm = Mono molecular capacity, the amount of adsorbed water equal to one 
layer of water molecules [kg/kg material] 

As RH increases the amount of water molecules adsorbed to the pore wall also 
increases. At a certain RH and depending on a given size of the pore, the 
thickness of the adsorbed layers of molecules of water will connect, forming a 
curved water surface (menisci). 

According to Burström (2007) the curved surface causes a strong attraction to 
the un-adsorbed molecules of water. This phenomenon will allow condensation 
to occur on the water surface (i. e. capillary condensation) instead of onto the 
pore wall. The prerequisite for menisci and the following capillary condensation 
to occur can be described by this Equation: 

kradstr  (4.8) 

Where,

r = radius of the pore [Å] 
tads = thickness of adsorbed layer [Å] 
rk = Kelvin radius (menisci) [Å] 

Principally, if RH is kept constant, the capillary condensation will continue until 
every pore with the corresponding size/radius is filled. If RH is increased it will 
enable capillary condensation of larger pores. The smaller the pore the sooner 
capillary condensation will take place with respect to RH. Powers & Brownyard 
(1948) conducted tests with specimens of cement-based mortars, showing that 
no capillary condensation occurs prior to RH 45 %.  

Using the Equations 4.7-4.8, while assuming the average thickness of the 
adsorbed layers of molecules of water to be 2.7 Å will result in that pores with 
radius of approximately 10 Å will condensate at RH = 45 %. This concurs with 
the earlier stated sizes of the gel pores. Since the average RH in the ambient 
outdoor air is around 70 % we can conclude that gel pores, and the smallest 
capillary pores are completely filled at normal moisture conditions.  

Let us consider the three types of pores presented earlier in Figure 4.2. In 
Figures 4.4a-b, those pores are once again sketched having a circular shape, 
representing a moisture state corresponding to two arbitrary RH.  
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Figure 4.4a At a certain RH the thickness of the adsorbate causes capillary 
condensation in the smallest pores (gel pores). 

The gel water is so tightly bound in the small pores of the cement gel that, in a 
normal Scandinavian climate (RH and C), it cannot evaporate nor react with 
un-hydrated cement grains. However, the gel water can be evaporated if, for 
example, a specimen is dried in an oven at 105 C long enough at normal 
pressure. In figure 4.4b the RH is increased compared to the situation in Figure 
4.4a. The thickness of the adsorbate will now cause the adsorbed layers to 
connect; forming menisci, which allows capillary condensation to fill the 
smallest and the medium sized capillary pores. 

Figure 4.4b At a certain RH (RH = Y%) the thickness of the adsorbate has 
increased causing capillary condensation in the smaller 
fractions of the capillary pores. 
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At this point it is prudent to present/define a way to describe the amount of 
water absorbed by a given porous specimen. It is of great importance to be able 
to measure the amount of absorbed moisture/water (and/or the capacity of the 
same), especially when dealing with freeze/thaw resistances of porous 
materials. One common way used to describe the amount of absorbed water in a 
material is the degree of saturation (S). S is the volume absorbed liquid (VW)
divided by the total pore volume (VP). The amount of absorbed water at a given 
time can be defined as the degree of saturation of the material, Fagerlund 
(1977): 

SAct=Vw/Vp (4.9) 

The volume of absorbed water (Vw) is the total amount of absorbed water (we),
which will dry out at 105 C. The ”open porosity” (Vp) includes all type of pores 
and cavities in the specimen that physically can hold/bind water. As a material 
continues to absorb water SAct will increase. Experimentally S can be determined 
by drying at 105 C at normal atmospheric pressure and vacuum treatment: 

105

105

.

.

mm
mm

S
sat

act  (4.10) 

Where,

S = Degree of saturation [-] 
mact. = Mass of the specimen at a given state [kg] 
msat. =  Mass of the specimen after saturation by vacuum treatment [kg] 
m105 = Mass of the specimen after drying at 105 C  until constant mass is 
obtained [kg]

Using sketched pores presented in Figure 4.4a-b as an example, the gel pore and 
the small capillary pore in Figure 4b is completely filled (S =1.0) while the air 
pore in the same figure is partially filled. The dry area of the air pore is assumed 
to be A, as molecules of water covers the walls of the pore the “free” radius 
decreases, in this example we can assume that at RH = Y % the “free” radius is 
0.8r. The degree of saturation of the arbitrary air pore is therefore: 

36.064.0
A

AAS  (4.11) 

The total volume of pores, the size distribution of the pores and the distance 
between the pores define the pore structure of the cement-based material.  
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For modern cement based construction materials and according to Fagerlund 
(2006) SCR is usually to occur in the “over-capillary range”, see Figure 4.6. 
Hence, the cement-based material need to be in direct contact with water for 
quite considerably amount of time before the moisture content can reach this 
critical level of saturation.  

Figure 4.6 Different moisture ranges described as an absorption isotherm 
by Fagerlund (2006). Damage due to Internal freeze/thaw 
attacks usually occurs in the over-capillary range.

When a porous specimen is in direct contact with water, the absorption can be 
divided into two phases. The two phases can be called the capillary phase and 
the over capillary phase. The absorption curve of a given porous material, placed 
in water at approximately 20 C, is presented in figure 4.7. The blue line (1) 
shows the capillary uptake of water. The slope of line (1) is dependent on the 
pore size distribution and the volume of pores (Vp) of the material. The time 
until the capillary suction reaches point (A), capillary saturation from figure 4.6, 
is dependent on the slope of the line and the initial moisture content prior to 
capillary suction. 
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Figure 4.7 The absorption curve of a given cement-based specimen 
placed in water. 

When capillary saturation is reached, point (A), there are still some entrapped 
air bubbles in the pore system. As mentioned earlier, damage due to internal 
freeze/thaw attacks generally occurs after capillary saturation is reached. This 
will result in that it will take a considerably longer time to reach critical levels of 
saturation for specimens with entrained air.  
The rate of absorption is noticeably decreased since it is now, from point (A) 
and forward, controlled by the diffusion of the entrapped air through the 
capillary water. 

In reality, a concrete structure is large and “dense” enough to exhibit internal 
and external differences with regards to moisture content/concentration. For 
example, a wall can have a certain external environment (temperature and RH) 
on one side and a completely different environment on the other side. These 
internal and external differences will cause a transport of moisture (and 
matters) within/through the structure. Moisture can be transported/driven 
through a porous material (or structure) in vapour or liquid state. Moisture in 
the state of vapour will be transported through diffusion.  
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According to Nilsson (2006), moisture in the liquid state will be transported due 
to capillary suction or due to an external difference in pressure, in this context 
usually due to difference in hydraulic pressure. 
External differences in pressure cause water to be “pushed” through the 
structure or specimen. Hydraulic pressure is one example of this driving 
potential and Darcy’s law can describe the flow through a given specimen: 

L
pKqv  (4.12) 

Where,

qv = Flow rate of water [m/s] 
K = Coefficient of permeability [m2]

 = Viscosity of the fluid [N s/m2]
L = Length or thickness of specimen [m] 

p = Pressure difference [N/m2]

According to Nilsson (2006) the driving potential of capillary suction is the 
differences in negative pressure caused by menisci/surface tension causing a 
flow of water and/or condensate of adsorbed moisture. Here hydropower 
structures are defined as a concrete structure that, in some way, is in direct 
contact with water. The water uptake is therefore mainly controlled by capillary 
suction, while the moisture outlet, (desorption) is controlled by diffusion on the 
“downstream side”, see Equation 4.15. The liquid/moisture flow (Jl) can be 
calculated by using the following equation, see also Figure 4.5. 

x
wpPk

lJ  (4.13) 

Where,

Jl = Moisture flow [kg/m2 s]
kp = Permeability [kg/m] 
pw = Pore water pressure [N/m2]

 = Viscosity [N s/m2]
x = Flow distance [m]

The pore water pressure can be calculated using Laplace’s law, Fagerlund 
(1999), see also Figure 4.5. 
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r
PPw

cos2
0  (4.14) 

Where,

pw = Pore water pressure [N/m2]
P0 = Atmospheric pressure [N/m2]

= Inclination between fluid and pore wall  

Figure 4.5 Schematic description of the water uptake due to capillary 
suction and further explanations to equations 4.13-4.14. 

As mentioned earlier, transport (adsorption and desorption) occurs due to 
diffusion. The driving potential of diffusion is the difference in concentration of 
molecules of water (RH at constant temperature) in the system of pores. Fick’s 
first law can be used to describe the transport of moisture due to diffusion (Jv):

x
vJ vv  (4.15) 

Where,

Jv = Moisture flow [kg/m2 s]
v = Vapour diffusion coefficient [m2/s]

v = Moisture content [kg/m3]
x = Flow distance [m]
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A large part of the hydropower concrete structures are in direct contact with 
water and therefore subjected to the transport mechanisms just mentioned. The 
combination of water uptake and the harsh climate in which most of the 
infrastructure of the hydropower industry are situated explain why damage due 
to freeze/thaw attacks is so common. Principally, the environment just 
described is a prerequisite for internal freezing to occur.  
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4.3. FREEZE/THAW ACTION 

According to Neville (2008), freezing in combination with capillary water 
uptake leads to an increased rate of absorption compared to solely capillary 
suction of water in an environment having a constant temperature above 0 C.
There is at least one theory that perhaps can explain why this is possible. The 
theory is called the ice lens theory and it is briefly presented in the next section.  
Another explanation can be that the air in the pore “contracts” as the 
temperature drops, causing some sort of “pump” affect. A third possibility can 
be that temperature differences can lead to moisture convection. Simple 
experiments with the purpose of investigating the effects that freeze/thaw cycles 
have on capillary uptake have been conducted in this study, and the results are 
presented later on as well, see Chapter 6. 

As mentioned earlier, the pore structure of the cement paste is paramount in 
most, if not all, “durability” aspects. The pore structure is the single most 
important factor that determines the frost resistance of the cement-based 
material.  The total volume and size distribution of the system of pores in the 
cement paste controls the water uptake of the material. The critical degree of 
saturation, SCR, depends on the temperature of freezing and on the pore 
structure of the material, which is explained later on. The underlying physics of 
ice crystallisation in porous materials is complex. The factors, on which the ice 
crystallisation depends, are described by both Lindmark (1998) and Fridh 
(2005). Only the effect of the ice formation inflicts on the cement based material 
will be dealt with here. 

Freeze/thaw action is commonly divided into two categories. We distinguish 
between internal or external freeze/thaw attacks, even though the underlying 
cause of damage in the two cases is the same. The external attack is commonly 
denominated as “surface scaling”. The deterioration caused by surface scaling is 
accentuated in marine environments and/or in the presence of de-icing salts. 
This type of attack is often called salt-frost attack.  

However, salt-frost attack on concrete structures is not within the scope of this 
work since the Swedish rivers consist of fresh water with negligible 
concentrations of chlorides. This aspect is therefore not dealt with here. The 
effects and mechanism regarding salt-frost scaling have been investigated 
earlier and is reported elsewhere, see the work conducted by Lindmark (1998) 
and Utgenannt (2004).  

From here and further on, freeze/thaw action is always synonymous with 
internal freeze/thaw action, even if some of the content is still applicable to salt-
frost attacks. Damage caused by freeze/thaw action is the consequence of the 
volume increase of the absorbed water as it freezes.  
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For a given material, damage will occur at different degrees of saturation 
depending on the “peak” freezing temperature. This certain degree of saturation 
is defined as the critical degree of saturation (SCR) as Fagerlund (1977) describes 
it.

SCR=VCR/Vp (4.16) 

Here, Vp is the same as it was described earlier (Equation 4.9). The Critical 
Volume (VCR) is the maximal amount of (freezable) water at a certain 
temperature that a specimen can absorb without any risk for damage. When VCR

is transgressed the specimen will collapse often after only one or a few cycles of 
freezing. The collapse of the porous material can be visualized and even 
quantified by the distinct decrease of the modulus of elasticity of the material. 
This critical level or relation in volume of absorbed water is called the critical 
degree of saturation (SCR).

Water expands about 9 per cent in volume as it freezes, this expansion can 
inflict high pressures on the surrounding material.  
In certain extreme situations the material will collapse due to the stresses 
developed by the expansion of the water as it transforms to ice. The 9 per cent
increase by volume would theoretically suggest that no deterioration could 
occur at lower Sact. than: 

917.0
09.1
1

TheoS  (4.17)

This theory is often referred to as the closed container theory. However, Powers 
(1945, 1949) found that specimens subjected to freeze/thaw cycles collapsed 
prior to SCR = 0.917. He and his co-workers presented the theory called the 
hydraulic pressure theory.  

The hydraulic pressure theory is based on the pressure arising as water turns 
into ice and, due to the increase in volume, “pushes” excess water away from the 
forming body of ice. The pressure is dependent on the rate of the growth of the 
ice body, the permeability of the surrounding paste as well as length of the 
cavity in which the flow occurs, see Figure 4.8. 
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Figure 4.8 Schematic figure describing the principle of the hydraulic 
pressure theory, Utgenannt (2004). Pressure on the pore 
walls caused by the flow governed by the growth of ice bodies 
in water filled cavities. 

If the hydraulic pressure arising from the growth of ice bodies exceeds the 
tensile strength of the surrounding matrix the material will collapse. Fagerlund 
(1986) presented a model on how to calculate the hydraulic pressure:

)(109,0
_
af

Kdt
dW

p f
h (4.18) 

Where,

ph = Hydraulic pressure [Pa] 
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dt
dWf

)(
_
af

 = Rate .of ice formation [m3/m3 s]

Wf = Amount of freezable water [m3]

K =Coefficient of permeability [m2/Pa s] 

= A function that is dependent on the mean distance between the ice body 
and the closest available air space/pore [m2]
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In order to protect the cement paste (or concrete) from harmful hydraulic 
pressures air entraining agents are used. A cement-based material having no 
extra air added by the use of entraining agents will reach critical levels of 
saturation much sooner than a cement-based material with extra air added. 

Hence, according to Equation 4.18 there is a critical mean distance ( ) between 
the growing ice body and the closest air pore acting as a pressure vessel. The 
right amount of air entraining agent (air bubbles) can however decrease the 
hydraulic pressure as it reduces the flow distance for the excess water. The 
reduced flow distance adds to the resistance to freeze/thaw actions of the 
material.

_
a

Powers and Helmuth (1953) conducted experiments with specimens of cement 
paste containing different amounts of air entraining agents, hence different 
spacing factors. In general, the larger the spacing factor is, the larger dilatation 
is to be expected. The dilatation corresponds to the hydraulic pressure acting 
within the specimens pore structure. For specimens having small spacing 
factors contraction during freezing is observed, not expansion, which perhaps 
would be expected if hydraulic pressure were purely the only acting mechanism. 
The contractions shown in the Figure 4.9 can however be explained by another 
mechanism that the literature often referred to as the growth of microscopic ice 
lenses. 

Figure 4.9 Experiment conducted by Powers and Helmuth (1953) 
showing contraction and expansion at freezing for paste with 
different spacing factors; here denoted as L. 
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However, the theory of the hydraulic pressure could not totally explain all that 
was observed during these experiments. Later on, Powers and Helmuth (1953) 
presented another, complementary theory. In the literature this “later” theory is 
often referred to as the microscopic ice lens growth. 

The theory is from the field of soil mechanics and dates back to the 1930s. The 
fundamental mechanism of this theory is that ice has a lower degree of free 
energy compared to unfrozen water at the same temperature. If the unfrozen 
water has a higher temperature than the ice body the difference will be even 
greater. This difference in potential causes the unfrozen water to move towards 
the ice lens. In soil mechanics this phenomenon is called frost heave.  

Further, in the literature there is also a distinction between macroscopic ice lens 
growth and microscopic ice lens growth. Macroscopic ice lens growth has a 
much stronger resemblance to frost heave than microscopic ice lens growth. In 
concrete, or cement paste, the microscopic ice lens growth causes water to move 
from cement gel towards the growing ice bodies in the coarser pores. When this 
phenomenon occurs, it causes shrinkage of the specimen if the distance of the 
spacing factor is short enough, see Figures 4.9-10. 

Figure 4.10 Schematic presentation of what ice lens growth is believed to 
cause during freezing, Utgenannt (2004). 

The probability of macroscopic ice lens growth occurring in a concrete structure 
seems however to be somewhat limited. According to Powers (1955) 
macroscopic ice lens growth is most likely to occur during winter concreting.  
Macroscopic ice lens growth is more likely to occur within the first couple of 
hours/days after casting, when the amount of freezable water is still relatively 
high.
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Later Fagerlund (2001) and Fridh (2005) suggest that macroscopic ice lens 
growth can occur in old concrete structures with low quality (large 
porosity/permeability) and in direct contact with water that are not able to 
freeze. The theory of frost heave is schematically presented in Figure 4.11. 

Figure 4.11 A schematic presentation of the theory of frost heave, 
Fagerlund (2001).

Both Fridh (2005) and Fagerlund (2001) suggest that certain hydropower 
structures, such as dams, are an example of structures where macroscopic ice 
lens growth might be possible, see Figure 4.12. Literature on cases or reports 
concerning macroscopic ice lens growth in hydropower structures (or any other 
structures for that matter) has however not been found.  
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Figure 4.12 Ice lens growth in a dam structure to be compared with the 
theory of frost heave in certain soils, see also the Figure 4.10  

Independent of a destructive mechanism, the prerequisite for internal 
freeze/thaw attacks to occur are first, a temperature that allows freezing to 
occur and secondly, a porous material, that contains a certain (critical) amount 
of a freezable fluid that will expand during freezing. The freezable fluid is always 
fresh water in this context. The pore size combined with the degree of saturation 
(moisture state) will cause a depression of the freezing point of the absorbed 
water in the cement-based material, as will be explained in the next section.  
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4.4. FREEZE POINT DEPRESSION 

It is important to note that far from all of the absorbed water will freeze at SCR,
or at any other degree of saturation or temperature for that matter. The pore 
water pressure (menisci) in the material is the reason for the depression of the 
freezing point of the absorbed water. Freezing starts in the largest pore and as 
temperature drops ice bodies can form in smaller pores.  
The exception here is if the “peak” temperature at freezing is extremely 
(unnaturally) low. In a literature survey conducted by Fridh (2005) she refers to 
an earlier study where unfrozen water was found in specimens at - 55 C.

Powers (1965) claims that any concrete having a w/c ratio low enough (less 
than 0.35 by weight) and has been moisture-cured for at least a year prior to 
freezing will not be damaged due to freezing. The reason for this is that the 
paste (concrete) will not contain any freezable water in the pore structure. 
However, it seldom gets colder than below – 40 C in the Nordic countries, 
meaning that, depending on the pore structure, there will most certainly exist 
some amount unfrozen water in the concrete even on the coldest of days.  

According to Lindmark (1998), any possible leaching of the ions of pore liquid 
solution will alter the point of temperature at which freezing will occur. The 
leaching effect on the freezing temperature is however considered to be of minor 
importance. The effect of the pore liquid solution is however negligible 
compared to the effects caused by the size of the given pore. In a textbook 
Fagerlund (2001) presents an analytical method to describe the relationship 
between the size of a pore and the freezing point. 

p
H
v

rH
v

T
T s

kh

M

)(
1ln

0

 (4.19) 

Where,

T = Freezing point [ K] 
T0 = 273 K

 = Surface tension = 0.075 at 0 C [N/m] 
vM = Molar volume 0.018 [m3/kmole]
H = Enthalpy; H = MH2O(334+2 )103 [J/kmole] 
MH2O = 18 [kg/mole 

 = Temperature [ C] 
(rh)k = Kelvin radius [m] 

p = Capillary pressure [Pa] 
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And,

tkrr h )(  (4.20) 

Where,

r = Pore radius [m] 
t = Thickness of adsorbate [m]

In order to calculate the thickness of the water molecules adsorbed to the pore 
wall the following equation is used: 

3/1

0

10 1107.19
TT

t (4.21)

By using equations 4.19-4.21 it is possible to determine the temperature at 
which adsorbed water will freeze in pores with different pore radii, see figure 
4.13. It is important to note that the depression of freezing point presented in 
figure 4.13 is strictly theoretical. It does not take the effects of the pore water 
solution or the effects of super cooling effects into account. 

The amount of freezable water cannot be obtained directly from the calculation 
used above since it would probably lead to an over estimation of the content of 
freezable water in a specimen. 
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Figure 4.13 Freezing point depression for absorbed water in pores with 
different radii calculated by using equations 4.19-21. See also 
the Table 4.1. 

Air pores (air bubbles) created by the entraining of air admixtures have 
relatively large radii (>0.01 mm), usually about 100 times larger than capillary 
pores, allowing freezing to occur. However, these air pores are situated 
separately from each other and they can only become water filled if the material 
is submerged in water during a long time, VAST (1991). The purpose of air 
entraining admixtures is that the bubbles are supposed to act as expansion 
vessels when the absorbed water in the capillary pores freezes and pushes the 
excess water away from the growing ice body. 
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Table 4.1 The relationship between pore radius according to Vuorinen 
(1969) and the calculated freezing point according to 
Fagerlund (2001). 

Pore radius [Å] Freezing point

10 Å (radius of gel pores) Not likely to freeze under normal 
conditions

50 Å (capillary pores, lower boundary) (-)30 - (-)35 C

6 103 Å (mean radius of capillary pores) Close to 0 C

65 103 Å (capillary pores, upper 
boundary)

Close to 0 C

The sketch of three arbitrary pores used as examples earlier in Figures 4a-b is 
used once again. The moisture state in all three figures is constant. In figure 
4.14a the temperature is a few degrees above 0 C.

In figure 4.14b the temperature is now some degrees below zero. The absorbed 
water in the largest pore (Air pore) freezes, but causes no damage due to the 
relatively small degree of saturation of the pore. 

In figure 4.14c, the temperature has now decreased considerably compared to 
the earlier situation described in 4.14b. The absorbed water in the capillaries 
now freezes. The expansion taking place during the ice formation is larger than 
the available space, causing the surrounding matrix to rupture. 
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(a)

(b)

(c)

Figure 4.14a-c A schematic sketch of the course of events of absorbed water in 
different pores during freezing 

In conclusion, at normal conditions it is only the water in the capillary pores 
that is able to freeze in the temperature interval of 0 to -30 C. Even though the 
gel pores are water filled, the physically bound gel water cannot freeze at normal 
conditions.  
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Air pores on the other hand have much greater pore “radii” allowing ice to form, 
but since under normal conditions they are empty (or almost empty), the 
eventual ice formation cannot cause any pressure on the surrounding matrix. 

4.4.1 Affects of freeze/thaw action on composite materials 
The hydropower environment represents a number of different situations, 
affecting the water uptake of the composite material as well as how it will be 
affected by freeze/thaw actions. A composite material consists of two materials 
having most likely two, but perhaps three different critical degrees of 
saturations, SCR, (including the interface).  

One example of this difference in material properties is that in reality, some of 
the oldest existing structures consist of concrete without superficial air pores. 
Here the assumption is made that the composite material will, independent of 
type of structure, absorb water capillary. Moisture will then be transported 
through the overlay by joints/ cracks of some sort (figure 4.16) or, solely 
through the overlay (figure 4.16).  

Figure 4.15 An exaggerated illustration of a composite material with 
cracks and/or joints in the overlay allowing water to come in 
contact with the substrate more easily. 

In this section discussions on how water uptake and freeze/thaw action can 
affect a composite material are presented. The composite material is defined as 
two cement based materials joined together by casting a material (overlay) on 
top of another (substrate). Here, the substrate material is always supposed to be 
a hydraulic structure and the overlay is the repair material.  
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The hypothesis presented here is closely connected with the three different 
situations presented in Chapter 2, which are quite significant for any Hydraulic 
structure.

There are more or less four possible failure modes that can lead to a disrupted 
interaction between the coherent materials in the composite, leading to a loss in 
the ability to transmit load. Two of the proposed failure modes exclude any 
effects of the interface between the two materials, and two include them.  

Saucier and Pigeon (1992) state that the interface connecting the two materials 
has a strong resemblance to the Inter Facial Zone (IFZ) that is found between 
aggregates and paste in concrete. According to Lindmark (1998) the IFZ
between aggregates and the surrounding matrix of cement paste is the weakest 
link in regards to freeze/thaw attacks. So perhaps, it also might be possible that 
there is a critical degree of saturation at the interface connecting the two 
materials.

It is possible that this assumed degree of saturation of the interface could differ 
noticeably from the other degrees of saturations for the two materials. If this is 
the case it is possible that there are 3 critical degrees of saturation in a 
composite material. If one of those is exceeded, it will probably lead to a failure 
in load transmission capacity through the interface. 

Another possible failure mode is that the interface separating the two materials 
can fail/rupture due to stresses caused by differential expansion/contraction of 
the two materials.  
It is possible that this failure mode can occur if a high quality overlay material 
shrinks during freezing and the substrate of lesser quality simultaneously 
expands during freezing (the theory of hydraulic pressure). 

It is fair to assume that the quality of the overlay material is not less than the 
quality of the concrete of the existing structure (substrate). EN 206-1 defines the 
composition of the concrete that is to be used in a hydropower environment, see 
Chapter 2.

The meaning of sufficient quality in this context is any cement-based material 
with a relatively low w/c ratio (not more than 0.55), containing a sufficient 
amount of air entraining agent. The quality of the existing structure (substrate) 
will then have a quality equal to, or less than, the concrete in the overlay. As 
described earlier, this difference in quality can often be dependent on when the 
original structure was constructed.  
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As mentioned earlier, previously conducted work states that there is a strong 
resemblance between the interface separating the composite materials and the 
weak IFZ that exists between aggregates and the cement paste.  

If the interface is more susceptible to freeze/thaw attacks than at least one of the 
two composite materials; the critical degree of saturation, Scr, of the interface 
might perhaps be reached before the same is reach for any of the two materials. 
This will be investigated in an experiment, presented later on in this thesis.  

Figure 4.16 shows a situation where freezing and capillary suction is only 
possible through the overlay material. The overlay has no cracks or other 
cavities, but the pore system within the material can transport the water to the 
substrate. In reality, this situation is common, not just in hydropower 
environments.  

However in a hydropower environment many of the structures are more or less 
constantly in direct contact with water, which is not as common in other 
environments/situations. The freezing of water in contact with the surface 
affects the effective time of suction since when it freezes, it will act as a lid of 
frozen water on top of the composite material. During the warmer periods the 
transport of water through the overlay will solely depend on the thickness 
(permeability) of the overlay. 

Figure 4.16 A composite material where the water uptake is only possible 
by capillary suction through the overlay 
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In the colder periods it is however possible that other effects, such as 
microscopic and macroscopic growth of ice lenses could enhance the suction of 
water, causing an increase in degree of saturation of the substrate with time. 
This is theoretically possible if an overlay material consists of a relatively small 
volume fraction of capillary pores compared to the pore system, in the vicinity of 
the interface between the two materials, or in the substrate.  

Hence, there will be a larger amount of freezable water in the substrate (or at 
the interface) compared to the overlay. In some specific situations (at a certain 
temperature) it is possible that none or some small amount, of the absorbed 
water in the overlay will freeze, while at the same time and temperature, there 
will be some greater amount of frozen water in the capillaries in the substrate.  
In Figure 4.16a an attempt is made to illustrate a composite material. Partially 
filled cylindrical capillary pores (blue and white) and gel pores. The pores are 
presented as cylinders with different radii. To the left in Figure 4.17a the 
composite moisture content is illustrated.  

The rectangle above the composite is supposed to represent a certain volume of 
water on top of the specimen. As temperature drops to a certain temperature 
below 0 C, the water on top of the composite as well as the absorbed water in 
the capillary pores freezes (turquoise). The illustrations in the Figures 4.17a-b 
do not include air pores or the expansion of the water as it freezes. Nor do the 
figures illustrate any eventual effects of the hydraulic pressure. 

Figure 4.17a A given composite material, to the left; the state of moisture in 
the gel and capillary pores respectively. To the right, at a 
certain temperature below 0 C the water on top of the overlay 
as well as the water in the capillary pores freezes (turquoise) 
while the tightly bound water in the gel pores remains 
unfrozen (blue) in both the substrate and overlay. 
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Figure 4.17b illustrates what might happen in the process of thawing. Taking the 
theories of the microscopic ice lens growth and/or a possible pumping effect 
into consideration, it is possible that some amount of the unfrozen water in the 
gel pores (blue) in the overlay might be able to move towards the ice 
body/bodies in the substrate (green layer on top of the turquoise).  

At this point there will be a change in the pore pressure in the overlay, which 
correlates with the volume of water that is attracted by the microscopic ice lens 
growth and/or a possible pumping effect in the substrate. Furthermore, it is also 
possible that the hydraulic pressure simultaneously forces any possible unfrozen 
water further into the substrate. 

When the temperature rises again, the ice lid on top of the composite will thaw 
before the ice body/bodies in the composite. The change in pore water pressure 
due to the movement of water from the gel pores to the ice body/bodies will 
possibly lead to an increased suction of the water on the surface of the overlay. 
Hence, it is possible that the degree of saturation in the overlay can be constant, 
or marginally increasing as the degree of saturation in the substrate noticeably 
increases with time. 

Figure 4.17b To the left; as the composite partially freezes the absorbed 
water in the overlay can move to the substrate causing the 
degree of saturation to increase. To the right; when the frozen 
water on top of the composite thaws some of it will be sucked 
into the overlay. 

This hypothesis includes both the theory of the growth of ice lenses as well as 
the theory of hydraulic pressure and/or a possible pumping action. The 
likelihood of this hypothesis occurring has been investigated here by a series of 
simplified experiments.  

73  (179) 



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

The composite test specimens consist of two different combinations of coherent 
materials. One combination consists of the same high quality material in both 
the substrate and the overlay. The other set of specimens consists of a substrate 
with a lesser quality. The roughness of the surface of the substrate is constantly 
kept smooth. The method and the results of the experiment are presented in a 
subsequent chapter. 

A similar situation to the one described is the wall or dam situation, also 
described earlier. The different environments on each side of the structure 
define this situation. On one side (upstream) is a water reservoir, intake or 
outlet. It can be assumed that the water has a, more or less, constant 
temperature over the year. On the other side (downstream) is the ambient air 
with relatively large temperature variations over the year. When the 
temperature drops, freezing will commence at the downstream side, as capillary 
suction will continue from the upstream side, see Figure 4.18. 

Figure 4.18 A wall or a dam; to the left subjected to freezing from the 
“downstream” side. To the right; constantly subjected to 
capillary suction. To be compared with Figure 4.6. 
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In this situation both ice lens growth and hydraulic pressure are proposed to be 
feasible phenomenon’s with respect to the risk damage caused by freeze/thaw 
attacks. The situation affects the uptake of water, which increases the pressure 
inflicted on the material of the structure due to the expansion of the growing ice 
within the pore structure.  

An experiment with the purpose of simulating this situation has been conducted 
in this study. The test composite specimens consist of two different 
combinations of materials. One combination consists of the same high quality 
material in both the substrate and the overlay. The other set of specimens 
consists of a substrate with a lesser quality. In both sets the surface of the 
substrate has two types of surface roughness, one rough and one smooth. 
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5. FIELD STUDY 

5.1. SCOPE 

5.1.1 Purpose 
In the autumn of 2007 a field study was conducted. The field study included 
investigation of hydropower structures that had been repaired before. The 
purpose of this field study was to investigate if the durability of overlaid 
structure is an issue. At the same time, it is desirable to obtain knowledge about 
the general state of the hydropower structures, knowledge that is not possible to 
obtain in other ways than actually being on site. 

5.1.2 Aim  
Besides observing and documenting the general condition, there are two 
primary aims in this study. The first is to study the bond strength between the 
overlay materials and the substrates. The second aim is to determine the degree 
of capillary saturation in both overlay and substrate materials. 

5.1.3 Limitations 
Within the scope of the study the work is restricted to hydropower structures 
and to previously conducted overlays. The overlay should preferably be at least 
10 years old and cement-based. The investigation consists of measurement of 
bond strength between the overlay materials and the substrates. The bond 
strength will be used as a measure describing the condition/success of the 
investigated repair works. The measured degree of saturations will be used 
when determining the risk of freeze/thaw attacks to occur. 
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5.2. METHOD 

5.2.1 Bond strength 
Bond strength was tested according to standard SS 13 72 43 
”Vidhäftningshållfasthet”. This method is commonly used for testing the bond 
between shotcrete and rock in tunnels. Briefly described, firstly a circular cut is 
performed through the thickness of the overlay into the substrate. Secondly, the 
equipment used for testing the bond strength has a shrink cone that grips the 
material within the circular cut. The pulling force is applied and the bond 
strength is the stress at which the concrete ruptures. If the fracture is in the 
overlay or in the substrate material the bond strength is reported as being 
higher than the failure stress obtained during the test. 

Figure 5.1 To the left; drilling the circular cut prior to the bond strength 
test. To the right; the bond strength equipment. 

5.2.2 Degree of saturation 
The method used when determining the degree of saturation was as follows. The 
same drilling equipment used to make the circular cut prior to the testing of 
bond strength was used to make a core. The surfaces of the core were first dried 
with a towel, and then split at the bond line.  
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Each part of the core was then moisture sealed in several layers of plastic foil 
and tape. The time elapsed from the start of the drilling until the core was 
removed from the existing structure was approximately 6-7 minutes. This is 
important to know because the cooling water from the drill wetted the core 
specimen, which might have led to an increase of the moisture content of the 
specimen compared to the “natural” state. Back in the laboratory, about one 
week after the specimens were brought back from the different sites they were 
unpacked one by one.  

After the plastic foil was removed, each specimen was weighed prior to being 
submerged in water for 6 minutes. After 6 minutes the specimen was weighed 
again and the possible gain in mass due to water absorption was noted.  This 
was done to investigate if the cooling water from the drill had affected the 
degree of saturation of the specimens. The assumption made was that; if the 
specimen had absorbed water during the 6 minutes submerged in water it 
would mean that the moisture state of the specimen would have been in the 
capillary range. If so, the cooling water would most likely have altered the 
moisture state of specimens. 
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5.3. STRUCTURES INCLUDED IN THE FIELD STUDY AND OBSERVATIONS   

5.3.1 Structures 
Due to accessibility issues the only structures included in this study were 
spillways. This was in a way unfortunate because all spillways are not in contact 
with water to the extent that was wanted. Initially, the study included the 
spillways of eleven different hydropower stations situated in the northern part 
of Sweden, but for different reasons only six spillways were investigated further 
in the study. A compilation of the structures and the repair works are presented 
in Table 5.1.  

Table 5.1 General information about the structures investigated in this study. 

Site General information Information about the concrete 

1 The hydropower station was taken into 
operation in the middle of the 1950s. The 
repair work was conducted in 1991.The 
overlay has an approximate thickness of 
180 mm and the surface of the overlay 
was vacuum treated. The underlying 
reason for the repair work is not known. 

The quality of the overlay material 
was K 40. The initial w/c-ratio was 
0.50 prior to the vacuum treatment. 
The top layer of the overlay after 
vacuum treatment had the 
approximate w/c-ratio of 0.45-0.43.

2 The hydropower station was taken into 
operation in the beginning of the 1960s. 
The repair work was conducted in 1995. 
The underlying reason for the repair work 
was a deficient quality of the original 
concrete. The old and deficient concrete 
was removed by hammer jacking.

The quality of the overlay material 
was K 40. 

3 The hydropower station was taken into 
operation in the beginning of the 20th

century. The repair work was conducted 
1996. The underlying reason for the repair 
work is not known. 

The original structure partially 
consists of concrete with LH-cement 
(Low Heat cement). The overlay 
material used was a conventional 
construction concrete. 

4 The hydropower station was taken into 
operation in the late 1940s. The repair 
work was conducted in 1991. The 
underlying reason for the repair work is 
not known. 

No information 

5 No information No information 

6 The hydropower station was taken into 
operation in the late 1950s. The repair 
work was conducted in 1994. The 
underlying reason for the repair work was 
believed to be deterioration of the 
concrete by abrasion. The surface of the 
structure was treated by water jetting. 

A commercial repair material was 
used. At the site it could be observed 
that a part of the spillway was 
repaired with what looked like a 
“conventional” concrete. Due to this 
mix in repair material this site will be 
divided into two separate parts. 
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5.4. RESULTS 

In this section the results from the testing of the bond strength and the 
measurement of the degree of saturation are presented as well as the additional 
observations that were made on the different sites. 

5.4.1 Bond strength 
The bond strength was tested at several locations on every spillway included in 
the study. As mentioned earlier, the testing was conducted according to 
standard SS 13 72 43. The results are presented in the Table 5.2. 

Table 5.2 Results from testing bond strength. The result is the mean 
value of all tests performed on the actual spillways. 

Site
Strength
[MPa]

Tests Fracture Comments 

1 2.5 ± 0.2 2

Both fractures were in the 
overlay

The overlay was thicker 
than the effective length 
of the shaft of the 
drilling equipment used 

2 0.5 ± 0.2 2

Both fractures were partially 
at the bond/substrate 

The repair work 
consisted of several 
large patch repairs not a 
complete overlay 

3 1.7 ± 0.3 5
Four cores fractured in the 
bond zone and one at the 
substrate (1.2 MPa). 

No comments. 

4 1.1 ±0.5 3

Two cores fractured in the 
substrate and one at the bond 
zone (0.6 MPa)  

The repair material used 
was fiber-reinforced. It 
was hard to retrieve 
samples from the 
substrate due to the 
quite excessive amount 
of reinforcement.  

5 1.3 ± 0.4 2
One core fractured in the 
substrate (1.0 MPa) and the 
other at the bond zone 

The repair material used 
was fiber-reinforced. 

6a 1.7 ± 0.9 3
One core fractured in the 
overlay (2.6 MPa) and the 
other two at the bond zone 

The repair material used 
was a commercial 
product.

6b 0.5 ±0.6 4

One core fractured in the 
substrate (1.3 MPa) and the 
other in the bond zone. One 
core had no adhesion at all. 

The overlay material 
used was a conventional 
construction concrete.



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

According to The Swedish Road Administration (2004) the mean bond strength 
between the overlay and the substrate shall be: 

s.4RB 1  (5.1) 

Where,

BB  = Mean value of the tested bond strength [MPa] 
R = Required bond strength according to The Swedish Road Administration is 
1.0 MPa 
s = Standard deviation, no value less than 0.36 MPa is allowed for s 

Using the requirement stated by the Swedish Road Administration it is only the 
repair work on the sites 1 and 3 that meet the requirements. 

5.4.2 Degree of saturation 
The results from the measured degrees of saturations are presented in the Table 
5.3.

Table 5.3 Results from the measurements of the degrees of saturations.  

Degree of sat. Site

Overl. Subs.

Specimens Comments  

2 0.86
Not
measured

1
No specimens from the substrate could 
be retrieved due to heavy reinforcement 

4 0.97 0.82
2 overlay 

1 substrate 

The specimens were taken out near a 
construction joint. The high degree of 
saturation of the overlay material 
suggests that no air entraining agent was 
used here 

5 0.95 0.85
2 overlay 

1 substrate 

The specimens were taken out near a 
construction joint. The high degree of 
saturation of the overlay material 
suggests that no air entraining agent was 
used here 

6a
Close 
to 1.0 

Close to 
1.0

3 overlay 

1 substrate 

The repair material was a commercial 
product containing some sort of polymer. 
It is possible that parts of the polymer 
diffused during the drying treatment, 
affecting the results. The test was done at 
two separate occasions, at both occasions 
the degree of saturation was measured to 
be very close to complete saturation (1.0) 
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5.4.3 Observations 
The spillway at all locations except the fifth (nr 5 in Table 5.1) had some sort of 
joints between sections/areas of the overlays. The spillways were in most cases 
not visibly in direct contact with the upstream reservoir, but the joints acted as 
water carriers. In general, the condition of the spillways could be observed as 
good and no obvious signs of deterioration. However, some local deviations 
could always be observed, in Figure 5.2 a typical situation is shown.  

Figure 5.2 A construction joint in the original structure, subjected to 
constant supply of water. A partially deteriorated overlay can 
be observed to the left on the top of the Figure.

As just mentioned, other similar observations could be observed at all but one 
location in the field study. In Figure 5.3 two other examples are presented.  
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Figure 5. 3 Joints acting as water carriers, allowing water to penetrate 
large depths of the overlay, submitting the substrate to water 
uptake.

Other notations made during the field study were: 

The extent of the degradation of the surface of the concrete structures 
The presence of ASR (Alkali Silicate Reactions) 
Signs of not properly performed workman ship 

A large part of the concrete structures that are commonly in contact with water 
showed clear signs of ongoing deterioration of the surface. One example of how 
this deterioration process expresses itself is shown in Figure 5.4. 
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Figure 5.4 A photo of a surface of a concrete structure showing clear 
signs of surface deterioration.   

Concrete structure along one of the rivers included in this field study showed 
signs of what most likely is ASR. The signs of ASR were a more common feature 
than what was presumed to be before the start of the study. Historically, people 
within the hydropower industry have claimed that ASR is not a problem for the 
Swedish hydropower structures. Still it is far from unusual to observe this 
degradation process at certain areas.  

One of the structures showing signs of what most likely is ASR is presented in 
Figure 5.5. ASR related problems might be an increasing problem. The ASR 
signs were discussed with one of the leading geologists in Sweden. It was said 
that fast developing ASR usually starts to be noticeable to the eye about 10-20 
years after construction. For slow developing ASR it is not unusual that the 
deterioration starts to be visible about 50-60 years after construction. 
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Figure 5.5 Characteristic cracking pattern of ASR on a dam structure. 

Observations of poor workmanship were observed at several sites. At one site it 
was quite clear that the surface of the substrate was not properly rinsed and 
cleaned prior to the placement of the overlay, see Figure 5.6. This was probably 
the case at some other sites as well, but no clear information exists at this point 
to verify this accusation. 

Figure 5. 6 Core sample; the dark part of the core shows sandblasting 
sand that was not rinsed off prior to the placement of the 
overlay. In this case resulting in total loss of bond. 
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5.5. DISCUSSION AND CONCLUSIONS 

The results and observations from the field study do not unambiguous answer 
the research question stated before in Chapter 1. It is the author’s opinion that 
the condition of the majority of the repair work that was investigated in this 
study was poor. If the poor conditions are a consequence of freeze/thaw action 
is however not clear. Since no reference values taken from the time when the 
repair work was conducted were found, it is impossible to draw any conclusions 
with regard to any possible long-term effects on the bond. 

The results from the testing of the bond strength show that the bond strength, 
according to The Swedish Road Administration (2004) is below what can be 
accepted at four out of six sites. If this result is representative of all the repair 
works conducted within the hydropower industry the situation is quite serious. 
There is an obvious risk that overlays with partial absence of bond to the 
substrate can be “washed away” at times with an intense flow of water. The fact 
that so many of the investigated repair works showed so poor quality can not be 
considered as any thing less than distressing.  

Silwferbrand and Paulsson (1998) observed a mean bond strength value of 2.2 
MPa after 10 years of service life in their field investigation on overlay slabs on 
bridge decks. The corresponding value at different sites in this study are in 
several cases well below 2.2 MPa, see Table 5.2. This comparison raises some 
“interesting” questions. Is the Swedish Road Administration so much better at 
conducting repair works than the hydropower industry? If not, are the observed 
differences of the performance perhaps caused by differences in environment? A 
suggestion here then is that we need to adjust the predicted service life of our 
repair works. 

The same as above can also be said about the extent of worn/deteriorated, and 
not yet repaired surfaces, observed during the field study. If the numbers of 
observed worn surfaces are representative for the whole hydropower industry it 
emphasizes the need for correct repair techniques as well as the selection of 
correct repair materials. It is important to mention that worn surfaces alone 
generally do not inflict on a given structures bearing capacity. 

In three out of the four investigated sites the degrees of saturation measured are 
so high that it has to be assumed that the overlay material does not contain any 
air entraining agents. If this is the case and in light of what is mentioned in the 
above two paragraphs, it shows that the contractors are in need of some sort of 
guidance when it comes to construction statues. It is important that the repair 
works in the future are executed with a higher rate of success. Both the 
workmanship on the site as well as the requirements regulating the properties of 
the repair materials seem to be in need of improvements. 
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6. EXPERIMENTAL WORK 

6.1. INTRODUCTION TO THE EXPERIMENTAL WORK 

The experiments conducted in this study are based on three cases. The cases 
originate from actual situations that are likely to be found at the waterways at 
most of the hydropower plants. Some of these are discussed in Chapter 2 and 
some have been observed during the field study presented in Chapter 5.  

Each situation is supposed to resemble a repaired structure, having an overlay 
material on top of the substrate. The discussions and conclusions that are 
presented after each experiment are sprung from the theories presented in 
Chapter 4. 

6.1.1 Experiment 1 
The first situation used in the experimental work is supposed to resemble a 
situation where the placing of the overlay is successfully executed, meaning that 
the overlay exhibits no cracking and it covers the substrate completely, see 
Figure 6.1.  

The purpose of this experiment was to investigate whether a composite material 
consisting of a freeze/thaw resistant overlay material and substrate material 
containing no air-entraining agent can be damaged due to freeze/thaw actions, 
if the water uptake of the materials is solely possible through the surface of the 
overlay. The water uptake of the composite structure take can therefore only 
occur through the overlay material, see Figure below.  

Figure 6.1 A situation describing a composite material consisting of an 
overlay and a substrate. Freezing and water uptake can only 
occur through the overlay. 
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Two scenarios are examined in this experiment. In the first scenario the surface 
of the specimens were covered with water. Then the test specimens were placed 
in a freezer with cyclic temperature behaviour. This series is denoted as (CF) 
from here onwards. The specimens were submitted to freeze/thaw cycles with 
the surface covered with water. The experiment ran for more than 170 days 
corresponding to approximately 170 freeze/thaw cycles.  

During the experiment the water uptake was measured with time. Specimens 
were removed and tested at certain points in time. At each test, two specimens 
were used.

In the second scenario the surface of the specimens was covered with water and 
stored at room temperature (18-20 C) in moisture sealed capsules. This series 
is in future denoted as (RT). The water uptake was measured with time. After 
being stored with the surface of the overlay covered with water the test 
specimens were removed and placed in a freezer for 5 (some for 20) freeze/thaw 
cycles. After being subjected to freeze/thaw cycling the specimens were removed 
and testing was conducted.

The second scenario (RT) is presumed to be less severe than the first scenario 
(CF), and it resembles a short-term situation more than (CF). The relatively few 
freeze/thaw cycles in (RT) probably resembles the reality more than (CF). By 
observing and comparing the rate of absorption of water and the eventual 
degradation of the two composite specimens in the two scenarios it is expected 
to retrieve useful information regarding freeze/thaw attacks on composite 
materials.

6.1.2 Experiment 2 
The second situation is similar to the first. The difference is that the overlay 
does not completely cover the substrate, allowing water to be in direct contact 
with the substrate. This scenario is supposed to resemble overlays containing 
cracks (or joints) running through the whole thickness of the overlay, see Figure 
6.2.

The cracks can act as water containers or canals, transporting water from the 
surface of the overlay down to the substrate and the bond zone. It is also 
possible that this scenario can occur if construction/dilatation joints are 
present, as shown for example in Chapter 5. 

The purpose of this experiment is to investigate whether the bond strength 
between two materials (overlay and substrate) is affected by freeze/thaw action, 
if water is allowed to be in direct contact with the interfacial zone (IFZ).  
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Figure 6.2 An overlay with cracks or joints allowing water to be sucked 
into the substrate as well as into the interfacial zone. 

This experiment is divided into two parts. In the first part (2.1) a composite 
material consisting of an overlay and a substrate with the same freeze/thaw 
resistant mix composition was used.

The test specimens in the first part were of cubical shape and the volume of the 
composite specimens was approximately 1 liter. After curing, the specimens 
were placed in a water tank for almost two months (50 days), subjecting all 
sides as well as the edges of the interfacial zone of the specimen to water uptake. 
The purpose of the preconditioning was to let the moisture content of the 
specimens reach the over capillary range, see Chapter 4. This moisture state is 
one of the prerequisites for the occurrence of damage due to freeze/thaw action. 
The moisture state of most of the hydraulic structures that are in direct contact 
with water is believed to be somewhere near, or even in, that range. 

It is important to investigate whether the interfacial zone that is connecting two 
freeze/thaw resistant materials can be susceptible to freeze/thaw action, causing 
a decrease in bond strength. Since the test specimens in the first part were not 
subjected to any additional absorption of water after the start of the test, it could 
be argued that some sort of fatigue property with respect to freeze/thaw cycling 
of the interfacial zone was investigated. In attempt to weaken the interfacial 
zone, the surface of the substrate materials was made smooth (sawn) and water 
was poured on the surface prior to the placement of the overlay material. This 
was done with the purpose of enhancing any possible effects of the freeze/thaw 
actions.  

In the second part of this experiment (2.2) another set of test specimens was 
manufactured as well as a different set up. The quality of the coherent materials 
was varied, having one set of substrate materials without any air-entraining 
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agent (S2-2). This set up exposed two sides of each specimen to uptake of water 
during the time the test specimens were subjected to cyclic freezing and 
thawing.  

The set up was supposed to resemble the situation described earlier in Figure 
6.2. This is believed to have been achieved by the water pockets, simulating 
cracks through the overlay, see Section 6.2.3.  

6.1.3 Experiment 3 
The third and final situation is supposed to resemble a structure having one side 
in direct contact with unfrozen water exhibiting small temperature variations. 
The other side of the structure is subjected to relatively large temperature 
variations of the ambient air. Example of different types of structures are dams 
and walls, see Figure 6.3. Both homogeneous and composite test specimens 
were used in this part of the experimental work. 

Figure 6.3 The actual situation of experiment 3 is a structure that is 
constantly subjected to capillary suction on the upstream side 
of the wall, where the temperature is more or less constant 
throughout the whole year. On the downstream side of the 
wall, the temperature varies, allowing freezing to occur. 
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This experiment was divided into two parts. A test apparatus was assembled to 
resemble the situation shown in Figure 6.3. The purpose of this experiment was 
to investigate if this specific situation affects the water uptake of concrete.  
The aim was to retrieve quantitative measurements of the difference, if any, of 
the uptake of water depending on w/c ratio and the temperature conditions of 
the ambient air. 

Another situation was also investigated within the scope of this work. In that 
situation the absorption behaviour was studied when the concrete specimens 
was subjected to a constant temperature gradient. The same test apparatus as 
mentioned above was used. The results will unfortunately not be presented in 
this work. The results will however be presented at the presentation at the 
seminar of this work. 

In the Experiment 3.2 the same situation as in 3.1 was studied. The same 
apparatus as in Test 3.1 was used, but here a composite material consisting of a 
substrate and an overlay. The overlay materials that were used had a low w/c-
ratio and AEA (air entraining agent).  

The substrate material had a higher w/c-ratio and no AEA. The same mix 
compositions as in the first experiment (1) were used and it is presented later 
on, see Table 6.1. The purpose of this experiment was to investigate how/if a 
composite material consisting of the combination of the materials just 
mentioned can be subjected to damage caused by freeze/thaw in the actual 
situation.
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6.2. MATERIALS 

6.2.1 Definition of test specimens 
A homogeneous test specimen is any specimen consisting of one single type of 
cement-based material. A composite test specimen or material is any specimen 
consisting of two coherent cement-based materials. An interfacial zone (IFZ) 
connects the two coherent materials.  

See Figure 6.4, showing the two principal types of test specimen used in the 
experimental work. The composition of each material can vary. Each composite 
specimen consists of an overlay material (repair material) and a substrate 
material (existing structure).  

Figure 6.4 A schematic sketch of the two types of test specimens used in 
the experimental work. IFZ = the connecting Interfacial Zone. 

The test specimens used were relatively small. In the first experiment the 
volume of each test specimen is about 0.25 litres. In the second experiment 
about 1 litre and in the third experiment the volume of each test specimens is 
about 0.45 litres. 

6.2.2 Experiment 1; Mix Compositions, properties and 
manufacturing

The composite test specimens consist of two different combinations of 
commercial materials. Dry materials were delivered in bags and only water was 
added to the dry mix. One combination consists of the same high quality 
material in both the substrate (S1) and the overlay (O).  

The other set of specimens consists of a substrate with a lesser quality (S2). The 
two mix compositions that were used in this experiment are presented in Table 
6.1.
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Table 6. 1 The approximate mix compositions for the commercial 
materials O/S1 and S2 used in experiment series 1.

Fractions Materials O and S1 Material S2

Approximate w/c-ratio 0.30 0.40

Water 150 kg/m3  210 kg/m3

Cement 430 kg/m3  510 kg/m3

0-4 aggregates 1400 kg/m3 1300 kg/m3

Air content 7-8 % 2-3 %

The hardened properties of test specimens used in this experiment (and in test 
3.2) exceed what was initially intended. The compressive and tensile strengths 
turned out to be approximately 25 % higher than what was considered, see 
Table 6.2. This mistake was somewhat unfortunate since the compressive 
strengths (w/c ratios) of these test specimens do not properly match the 
compressive strengths (w/c ratios) of the materials normally used in this 
context.

Table 6. 2 The hardened properties of S2, O and S1.

Properties Material S2 Material O 
and S1 

28 days compressive strength3 50 MPa 70 MPa 

Scaling4 0.13 kg/m2 0.01 Kg/m2

Open porosity, Vp5 18 % 15 % 

28 days splitting strength (stored at RH 80 %)  7.0±0.6 MPa 7.9±0.8 MPa 

28 days splitting strength (saturated) 5.7±0.5 MPa 6.7±0.4 MPa 

4 months splitting strength (stored at RH 80 %) 7.0±0.6 MPa 7.4 ± 0.3 MPa- 

4 months splitting strength (saturated) 7.3±0.5 MPa 6.0 ±0.7 MPa 

                                                            
3 According to Standard 12390-3 
4 Freeze thaw resistance according to Standard SS 13 72 44 
5 Determined by drying and by vacuum treatment, the method used is presented 
later on 
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The dimensions of the test specimens used in experiment 1 were 40x40x160 
mm3. A photo of a composite test specimen is presented in Figure 6.6. Two sets 
of prisms with the dimensions of 40x40x160 mm3 and some cubes of different 
dimensions were manufactured. One set consisted of the O/S1 mix composition 
and the other of the O/S2 mix composition.  

The dimensions of the test specimens were intentionally kept small to reduce 
the running time of the experiment. The shape of the specimens was chosen to 
fit the used methods to examine any possible affect of the freeze/thaw action 
they were to be subjected to.

Homogenous prisms of mix compositions S1 and S2 were first manufactured. 
The moulds containing the prisms were moisture sealed during the first day 
after casting.  
Then the moulds were removed and the specimens were placed in a water tank 
for 6 days. After the water curing the specimens was moved to a climate 
chamber, at which they were stored at 20 C and RH 80 % for two months.  

After the 2 months the specimens were sawn in halves, resulting in the new 
dimensions of approximately 20x40x160 mm3 (txwxl), the thickness (t) varies 
due to some inaccuracies from when they were sawed in half. The top part of the 
prisms was first grinded so that both the top and the bottom surfaces were 
smooth and level. The grinding removed about 1,0-1,5 mm of material, resulting 
in the thickness of the prisms being approximately 40 mm.

The thickness/height of each of the two coherent materials (overlay and 
substrate) varied due to variations in the sawing process. The total thickness of 
the test specimens was always kept to approximately 40 mm. The blade of the 
saw used cuts out about 3-4 mm of material. Taking the amount of removed 
material into account the thickness of the substrate will be less than the 
thickness of the overlay, see Figure 6.5.
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Figure 6.5  The manufacturing of the substrate material, upper sketch; 
the prism before grinding and sawing. The thicknesses of the 
substrates are about 18 mm in all composite test specimens 
Lower sketch, specimen after grinding, with the marked saw 
cut.

After the specimens were sawn in halves they were placed in the climate 
chamber for storage for an additional 3 days. Then, the specimens were placed 
back in the moulds (with the sawn surface facing upwards). The fresh overlay 
material (O) was cast on top. The moulds, now containing the composite test 
specimens, were moisture sealed for one day and after that the moulds were 
removed and the specimens were placed in a water tank for 6 days. The 
specimens were then, once again, moved into a climate chamber for 
approximately one month of storage at 20 C and RH 80 %. 

Figure 6.6 A composite test specimen with the approximate dimensions of 
40x40x160 mm3.
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After this the preconditioned specimens were sealed with thick elastic tape and 
insulating rubber, typically used in standard SS 13 72 44. Furthermore, epoxy 
was applied around the edges. The epoxy was used to reduce/prevent moisture 
exchange from all sides but the surface of the overlay, see Figure 6.7. After a 
final storage of 3 days in a climate chamber at 20 C and RH 70 %, insuring the 
glue set properly, water was poured on top of the specimens and the test could 
start.

Figure 6.7 A sealed composite test specimen, only allowing water to 
penetrate the surface of the overlay. 

6.2.3 Experiment 2; Mix Compositions, properties and 
manufacturing

This experiment series consists of two different setups, test 2.1 and test 2.2. The 
materials used in this part are not commercial products as in the first part; they 
were mixed in the laboratory. The mix compositions of the two coherent 
materials are presented in Table 6.3. As before, the letter S stands for Substrate 
material and the letter O stands for overlay material. 
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Table 6.3 Mix composition of materials used in experiment 2.1 and 2.2. 
The hardened properties are presented in Table 6.4. 

Fraction Materials S1-2, O2 and 
O3

Material S2-2

w/c-ratio 0.5 0.7

Cement 350 kg/m3 295 kg/m3

Fraction 0-8 846 kg/m3 751 kg/m3

Fraction 2-8 418 kg/m3 260 kg/m3

Fraction 8-16 561 kg/m3 495 kg/m3

Air content 4-5% 2 %

It took more than one batch of each specific mix to manufacture all of the test 
specimens. Unfortunately some unintended differences in the hardening 
properties of the batches could be observed, which resulted in four materials 
instead of the intended two. The overlay materials (O2 and O3) and one of the 
substrate materials (S1-2) was of high quality and the same mix composition as 
the one used in the first part (2.1) of this experiment was used, see Table 6.3.  

The differences in the properties were however relatively small and in this 
context presumably negligible because the overlay materials (O2 and O3) as well 
as the substrate material (S1-2) exhibited the essential frost resistant property. 
The resistance to freeze/thaw actions was tested according to SS 13 72 44. The 
other substrate material (S2-2) was of a lower quality, containing no air 
entrainment agent. The hardened properties of the materials are presented in 
Table 6.4.

Table 6.4 The properties of the different materials used in the 
experiments 2.1-2.2. 

Properties S1-2 S2-2 O2 O3

28 days compressive strength 41 MPa 40 MPa 32 MPa 41 MPa

VP6 17 % 16 % 19 % 19 %

Scaling after 56 freeze/thaw cycles 0.01 -7 0.01 0.01

Measured air content 4.0 % 2.0 % 5.0 % 4.0 %

                                                            
6 Mean value from 6 specimens 
7 Not measured 
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In experiment 2.1, cubes with the dimensions 100x100x100 mm3 were 
manufactured. The mix compositions of the two coherent materials (overlay and 
substrate) were the same (S1-2), and were presented earlier in Table 6.3.  
The moulds were removed one day after casting. The cubes were then placed in 
a water tank for one month and were then sawn in halves, now having the 
dimensions 100x100x50 mm3.

The cube halves were placed back in the moulds and the overlay was poured on 
top. In an attempt to weaken the interfacial zone and at the same time make it 
more accessible to water uptake the surface of the overlay was extensively pre-
wetted, the surface was totally covered with water at casting. One day after 
casting the overlay the moulds were removed and the composite test specimens, 
now having the dimensions 100x100x100 mm3 were, once again, placed in the 
water tank. This time they remained submerged for almost 2 months (50 days) 
prior to the start of the experiment. The process of making the specimens is 
presented in Figure 6.8.  

Figure 6.8 Composite specimen; the cube to the left is sawn in half. Then 
the half is placed in a mould and fresh concrete is poured on 
top (middle) creating the composite test specimen (right). 

The manufacturing of the specimens used in experiment 2.2 was quite similar to 
the making of the test specimens used in 2.1. The moulds were removed one day 
after casting. The cubes were then placed in a water tank for one month (28 
days). After one month of curing, submerged in water the cubes were placed in 
the climate chamber (RH 80%, 20 C) for an additional month. After 28 days of 
water curing the compressive strength was measured.  

After being stored in the climate chamber the cubes were sawn in halves and 
grinded, resulting in the dimensions of approximately 100x90x50 mm3. The 
cube halves were then placed back in the climate chamber for one week.  
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After that week the cube halves were placed in moulds with the sawn surface 
facing upwards and the overlay concrete was poured on top.  

The shape and dimensions of the test specimens used in this part of the 
experiment are presented in Figure 6.9a. Prior to the casting of the overlay 
material rubber sheeting was placed at the ends of the short side, preventing the 
fresh overlay concrete from sticking to the sides of the substrate material.  
After one day of curing the composite specimens were removed from the moulds 
and placed in a water tank for three weeks. Then, after three weeks of storage 
the specimens were placed in the climate chamber again, for an additional 
month of preconditioning at RH 80 % and 20 C.

After the preconditioning, the specimens were placed up side down, having the 
substrate material on top and the overlay on the bottom. The reason for this is 
to ensure that the substrate material not be subjected to excess water due to any 
possible leakage. The specimens were partially sealed with elastic tape and 
insulated with rubber sheeting. Each specimen had water pockets on two sides. 
A sketch of a specimen prior to the start of the experiment is presented in Figure 
6.9b. The purpose of the water pocket was to continuously supply the two edges 
of the interfacial zone with water.  

a) The shape and dimensions of 
the composite specimen after 
casting. 

b) A test specimen prior to the start of the 
experiment 2.2. Red areas represent elastic 
tape, green rubber sheeting and blue 
represents water. 

Figure 6.9 A sketch describing the test specimen used in second part (2.2) 
of the experiment. 
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6.2.4 Experiment 3; Mix Compositions, properties and 
manufacturing

This experiment series consists of two different set ups, experiment 3.1 and 
experiment 3.2. The materials used in experiment 3.1 are not commercial 
products as in experiment 1; they were mixed in the laboratory.  

In experiment 3.1 four homogenous materials were used. Two materials had the 
w/c ratio 0.50, one with and one without air entraining agent (AEA).  

The other two materials had w/c ratios of 0.60 and 0.70. The mix compositions 
of the different materials are presented in Table 6.5. One “Slab” of each material 
was manufactured. The slabs had the approximate dimensions of x120 mm3.
The slabs were moisture sealed for one week.  
After one week cores were drilled out of the slabs. The cores had the diameter of 
75 mm. All cores were placed in a water tank for a month. After a month of 
water curing the specimens were placed in a climate chamber (20 C, RH 80%) 
for 2 months. After this final stage of “curing”, the experiment begun.

Table 6.5 The mix compositions of the materials used in the experiment 3.1. 

Material 1 Material 2 Material 3 Material 4 

w/c ratio 0.50 0.50 0.60 0.70

AEA Yes No No No

Cement 340 kg/m3 340 kg/m3 340 kg/m3 340 kg/m3

Water 170 kg/m3 170 kg/m3 204 kg/m3 238 kg/m3

Aggregates 8-16 550 kg/m3 550 kg/m3 520 kg/m3 495 kg/m3

Aggregates 0-8 1230 kg/m3 1230 kg/m3 1170 kg/m3 1105 kg/m3

Aggregates 2-5 80 kg/m3 80 kg/m3 70 kg/m3 66 kg/m3

In the experiment 3.2 the same commercial product as in experiment 1 was 
used. The mix compositions and the hardened state properties are presented 
earlier, see Tables 6.1 and 6.2. Firstly two slabs of substrate material (S2) were 
manufactured with the dimensions of 500x600x50 mm3.

Two different surface roughnesses were created, the surface of the first slab was 
smooth and the surface of the other slab was rough. The surfaces are shown in 
Figure 6.10. Placing a sheet of ribbed cardboard in the bottom of the mould 
made the rough surface of the slab. The ribbed cardboard had the relief of 
approximate 3-4 mm. 
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The substrate slabs were first water cured for three weeks and then cured for an 
additional one and a half months in a climate chamber (RH 80% at 20 C). The 
surface of the substrate slabs was wired brushed and not pre-wetted prior to the 
placement of the overlay material (O).  

The composite slabs were moisture sealed and cured for one week. After the first 
week of curing, cores with the diameter of 75 mm were drilled out of each 
composite slab. The cores were placed in a water tank for approximately one 
month. After curing, submerged in water, the specimens were placed in a 
climate chamber (RH 80 %, 20 C) for more than one month. 

Figure 6.10 Photos of the two surfaces; to the left, the rough surface. To 
the right; the smooth surface. The diameter and height of the 
box in the photo to the left are 70 mm and 25 mm respectively. 

The thickness of the overlay (O) was reduced prior to the start of the 
experiment. The final thickness of the overlay was approximately 30 mm and 
the final thickness of substrate material (S1) was approximately 50 mm. 
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6.3. METHODS 

The methods used to test and quantify the possible degradation of the different 
specimens are presented in this section. A general presentation of the different 
setups of the experiments is presented as well. Ruptured test specimens were 
sent to an external laboratory for structural analysis. The structural analysis is 
not presented here; see instead Section 6.5.1.

6.3.1 Freeze cycling 
The same freeze cycling was used in all the experiments. The cycling varied 
between + 20 C to - 20 C. The temperature cycle is presented in Figure 6.11. 

Figure 6.11 Temperature cycle of the freezer used in all of the experiments. 
The green curve is the measured temperature inside the 
freezer. 

6.3.2 Fundamental frequency 
The equipment “Grindosonic – MK5”was used to determine the fundamental 
frequency of the test specimens. This equipment is commonly used to determine 
the dynamic modulus of elasticity (Edyn.) of different building materials, see 
Figure 6.12.  

This method was used in all experiments to monitor any possible degradation of 
the materials. The method is advantageous when studying long term 
degradation since the testing is non-destructive. 
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Figure 6.12 The “Grind-o-sonic” used to determine the fundamental 
frequencies of the test specimens. 

The relationship between the fundamental frequency ( ) of a given material and 
the dynamic modulus of elasticity (Edyn.) can be expressed as:

d

Idyn

kmL
cE

3

2

 (6.4)

Where,

c = factor depending of the mode of oscillation (-)
kd = factor depending on the dimensions of the specimen (-)
I = moment of inertia [m4]
L = length of specimen [m]
m = weight of specimen [kg] 
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6.3.3 Splitting strength  
The splitting test was performed as a deputy method to quantify the bond 
strength in the experiments 1, 2.1-2.2. A “line load” was placed along the 
interface of the two coherent materials (Figure 6.13).  
In this work the bond strength is defined as the splitting strength when the line 
load is applied, as exact as possible, along the interfacial zone. The splitting 
strength of homogenous material is determined in the same way. When the 
composite specimen ruptured the degree of saturation of each material was 
determined respectively. 

Figure 6.13 The splitting test, conducted on an arbitrary specimen. The 
“line load” is applied along the interface.

The splitting strength ( s), i.e. the bond strength can be expressed as:

L
F2

s  (6.3)

Where,

s = Splitting strength [MPa]
F = Fracture load [N]
L = Length of specimen x thickness [mm2]
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6.3.4 Tensile strength test 
To quantify the bond strength in experiment 3.2, the testing of tensile bond 
strength was conducted according to standard SS 13 72 31 “Draghållfasthet hos 
provkroppar”. Prior to testing, mounting brackets were glued on each end of the 
test specimen, see Figure 6.14. The brackets were, after three days of curing, 
mounted on the testing rig. A constantly increasing force was applied, pulling 
the brackets apart.  

Figure 6.14 The test set up for the uniaxial testing of tensile bond strength. 

The tensile strength is the applied tensile stress at rupture, applied 
perpendicular to the interfacial zone divided by the cross-sectional area of the 
specimen. If the rupture is located at the interfacial zone the result is denoted as 
the bond strength of the composite specimen. If the specimen ruptures 
anywhere else but the interfacial zone, the result is denoted as the tensile 
strength of the ruptured material. The only information retrievable regarding 
the bond strength of the composite specimen is that it is greater than the tensile 
strength of the ruptured material. 
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6.3.5 Measurement of the degree of saturation of the specimens 
The degree of saturation as well as the porosity of the materials was determined 
according to the following. First the specimen was pre-dried in an oven at 50 C
for 5 days. After the pre-drying the specimen was saturated by first being 
submitted to vacuum treatment for at least one day. Then the container in 
which the specimen was stored was filled with water, submerging the specimen.  

After being submerged in water for at least two days the saturated specimen was 
weighed in air and submerged in water. After that the specimen was placed in 
an oven again and this time at 105 C for at least one week. As described earlier 
in Chapter 4, the degree of saturation can be described according to the 
following equation:

105

105

mm
mmS

Sat

A
A  (6.1)

Where,

SA = Degree of saturation [-]
mA = mass of a given specimen [kg]
mSat = mass of saturated specimen [kg]
m105 = mass of dried specimen [kg]

The porosity (VP) can now be described as: 

Sub

105

Sat

Sat
P mm

mmV  (6.2)

Where,

VP = Open porosity [-]
MSub = mass of specimen submerged in water [kg]
mSat = mass of saturated specimen [kg]
m105 = mass of dried specimen [kg] 
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6.4. EXPERIMENTAL SETUPS  

6.4.1 Experiment 1 
As described earlier, two sets of composite specimens were manufactured, more 
than 90 specimens all together. Both sets consisted of the same overlay material 
(O), resistant to freeze/thaw attacks according the standard to SS 13 72 44. The 
substrate material in the first series (S1) was the same material as (O). The 
substrate in the second test series (S2) was not as resistant to freeze/thaw 
attacks as (S1). The mix compositions and the properties of the materials, as 
well as the manufacturing procedures have been presented earlier in this 
Chapter.

Half of each series was placed in a freezer with cyclic temperature variations 
between + 18 C to - 20 C (CF). The temperature cycle of (CF) is presented 
earlier in Figure 6.11. The other half of the series was placed in a room having a 
temperature of about 18-20 C (RT). The test procedure differed depending on 
whether the specimen was subjected to absorption when stored in constant 
room temperature (RT) or if the specimen was stored in the freezer, subjected to 
cyclic freezing and thawing while subjected to absorption (CF). The procedure of 
testing used after the specimens were subjected to cyclic freezing and thawing 
was:

1. Specimens subjected to cyclic freezing and thawing were removed from 
freezer at certain point in time

2. Specimens were stripped of tape, glue and rubber
3. Specimens were sawn into two pieces with the dimensions 40x40x80 

mm3

4. Finally, Splitting test and determination of splitting strength and S were 
performed

At the same time as specimens (CF) were removed for testing, the specimens 
that were subjected to absorption when stored in constant room temperature 
(RT) were also removed, moisture sealed and placed in the freezer for 5  (or 20) 
freeze/thaw cycles. After 5 cycles the specimens were subjected to the same 
procedure as the one presented above.

After the specimens were removed from the freezer the testing began. The 
testing consisted of measuring the fundamental frequency, splitting strength 
and measurement of the degree of saturation of the two coherent materials 
(overlay and substrate) all in accordance with what has been described earlier.
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The “open porosity”, VP (see Chapter 4), for a specimen will depend on the 
thicknesses (volume) of the two coherent materials (overlay and substrate). 
Since the thicknesses of the two materials varied somewhat, the values of the 
degree of saturation, S, presented in Table 6.7 and Figure 6.15 are to be 
regarded as approximate. 

Figure6.15 The approximate degree of saturation calculated from the 
measured increase in weight, the green dots on the curves 
show at what time and degree of saturation the test specimen 
had at testing of bond strength. 

The thicknesses for both coherent materials are presumed to be the same for all 
specimens, which in reality was not the case. At the beginning of the 
experiment, after storage in the climate chamber and before water was added on 
top of each specimen, the open porosity (VP) and the degree of saturations of the 
materials O, S1 and S2 were determined, see Table 6.6.

110  (179) 



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

111  (179) 

Table 6.6 Pore structure of the materials and the degrees of saturation 
at the start of the experiment. The last two rows are the 
approximate values of the two different types of composite 
specimens used. 

Material Porosity
(Vp)

Approx.
volume of 
specimen

Approx. pore 
volume of 
specimen

S at 
start

O 15 % 140,8 cm3 21,1 cm3 0,72

S1 15 % 115,2 cm3 17,3 cm3 0,67

S2 18 % 115,2 cm3 20,7 cm3 0,81

O/S1 15 % 256 cm3 38,4 cm3 0,70

O/S2 16,3 % 256 cm3 41,8 cm3 0,76

By using the values presented in Table 6.6 it is possible to calculate 
approximately how many units of S 1 gram of absorbed water represents. For 
each gram of absorbed water, the degree of saturation of the composite material 
O/S1 increases about 0,026 units of S. The increase of the degree of saturation 
for composite material O/S2 is about 0,024 units of S for each gram of absorbed 
water. The increase of the degree of saturation in each coherent material 
(overlay and substrate) is however impossible to determine without destroying 
the composite material. Attempts to determine the degree of saturation for each 
material is done at each point of testing.

By continuously weighing three reference specimens in each series, absorption 
curves for the two sets of composite test specimens (O/S1 and O/S2) were 
compiled as the experiment progressed. The increase in weight with time due to 
water absorption and the values of porosity presented in Table 6.6 are used to 
determine the approximate degree of saturation presented in Figure 6.15. These 
curves are, as it turned out, inaccurate; since the insulation material absorbed 
water during the test, affecting the measurement of the mass of the specimens.  

More accurate curves describing the amount of absorbed water were compiled 
after each specimen was stripped and weighed. These curves are presented in 
Figure 6.23a-6.23d. The different degrees of saturation of the coherent 
materials at testing are also presented later, see Tables 6.10a and 6.10b.The 
underlying reason is that the insulating rubber adsorbed some unknown 
amount of water during the run of the experiment.  
However, this had no big negative effect since these values were only used as an 
aid when determining at what time the specimens should be taken out and 
tested.
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6.4.2 Experiment 2.1 
The composite specimens in this experiment were cubical, having sides with the 
length of 100 mm. The thickness of the overlay and the substrate material was 
approximately 50 mm and ± 3 mm respectively and the approximate volume of 
one litre each. The mix compositions and the properties of the materials, as well 
as the manufacturing procedures have been presented earlier in this chapter.  

The specimens were submerged in water for 50 days after curing. During the 
water storage the absorption rate of the specimens was monitored. In that way it 
was possible to follow the increase of the moisture content of the specimens. 
The water uptake was measured by weighing the specimens. After the 50 days of 
water storage the gain in weight was barely noticeable. The assumption was 
then made that the moisture level of the specimens was in the over capillary 
range, see Chapter 4. After 50 days of water storage, the specimens were 
moisture sealed in two layers of plastic before they were placed in a freezer with 
a cyclic temperature behaviour as described earlier, see Figure 6.11.After being 
stored in water the test specimens were moisture sealed. 

One set, consisting of three specimens, was tested directly after the 50 days in 
the water tank. Another set of three specimens was moisture sealed and stored 
in a climate chamber (20 C, RH 80%) during the experiment. These three 
specimens were used at the end of the experiment as references. The bond 
strength was tested after 0, 1, 3, 8, 14, 25, 50 freeze and thaw cycles. The 
specimens (sets of three specimens) were tested after being submitted to 
different numbers of freeze/thaw cycles.  

The testing included determination of degree of saturation and bond strength. 
The methods used are described earlier in this chapter. Also, the splitting 
strength of the coherent materials was documented. First the line load was 
applied on the bond line. Then, after splitting the two coherent materials apart 
the splitting strength of each coherent material were tested. After the splitting 
tests the degree of saturation was measured.

6.4.3 Experiment 2.2 
In this part of the experiment certain parts of the specimens were submitted to 
water contact throughout the whole experiment. Thus, water was in direct 
contact with the bond zone, and small parts of each coherent material nearest 
the bond zone. The run time of the experiment was approximately 5000 h (or 
more than 200 freeze/thaw cycles). The mix compositions and the 
manufacturing process is described earlier in this chapter.  
The freezer as well as the temperature cycle used in this experiment was the 
same as in all other experiments. After different numbers of freeze/thaw cycles 
two specimens at the time were removed for testing.  
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The testing included measurement of the bond strength, the fundamental 
frequency of each coherent material and finally the degree of saturation of each 
coherent material. All test specimens were grouped four by four and placed on 
isolating Styrofoam sheets, having the thickness of approximately of 25 mm. A 
hood consisting of sides made of Styrofoam and a top of plastic foil was placed 
over each group of test specimens; preventing moisture loss during the 
experiment, see Figure 6.16.  

Figure 6.16 Two groups consisting of four test specimens, one group 
having the top hood removed. 

During the first 5 weeks the water level of all specimens was inspected daily and, 
if needed water was filled into the water pockets. Later on the inspections were 
not as frequent, about 2-4 times a week. 

6.4.4 Experiment 3.1 
As mentioned, an attempt was made to resemble the situation presented earlier 
in Figure 6.3. A special apparatus was constructed for this purpose. A schematic 
sketch of the apparatus is presented in Figure 6.17. The dimensions of the steel 
container are approximately 49x54x8 cm3. The dimensions of the test apparatus 
were determined by the available space in the freezer. The mix compositions 
and the properties of the materials, as well as the manufacturing procedures of 
the test specimens have been presented earlier. 
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Figure 6.17 Schematic sketch of the test apparatus and the test specimens. 

The apparatus is a container made out of steel. A commercial thermo element 
was placed in the bottom of the container. Twelve steel pins were welded 
perpendicular to the bottom surface. The container was partially filled with 
water and on top of the container a 100 mm thick block of Styrofoam was fitted. 
Twelve corresponding holes with the appropriate diameter for the test 
specimens were drilled through the block of Styrofoam; see Figure 6.18. 

Figure 6.18 Test apparatus where the test specimen on top of the 
apparatus was used in experiment 3.2.  
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The temperature and moisture distribution during the test is interesting. Thus, 
the air temperature in the freezer as well as the temperature of the water in the 
container was measured as is shown in Figure 6.19. 

Figure 6.19 Temperature of the ambient air in the freezer, as well as the 
temperature of the water in the container.

The temperature of the test specimen was also measured. A concrete specimen 
consisting of two different materials was used to determine the temperature at 
two points, see Figure 6.20. A 12 mm hole was drilled through the substrate 
material into the overlay material. The total length of the hole was about 65 
mm. The hole was then filled with a mortar with the following composition; 
water:cement:sand (weight ratio, 1:2:1). Thermo elements were placed in the 
hole and the specimen was first stored in water for one month and then stored 
in 80 % RH at a temperature of 20 C for one week. 
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Figure 6.20 Test specimen with temperature gauges placed about 15 mm 
and 50 mm from the surface facing the unfrozen water.

The temperatures measured at the two positions in the test specimen during the 
experiment are presented in Figure 6.21. 

Figure 6.21 Temperature at two locations inside the test specimen during 
the freeze cycle. 
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6.4.5 Experiment 3.2 
The situation described earlier in Figure 6.3 is still considered where the 
simulated structure is assumed to have been repaired, forming a composite 
material/structure. An overlay material faces upstream, being in direct contact 
with non-freezable water. The purpose of the experiment is to investigate if 
water can be transported through the dense overlay material into the substrate 
material, enabling damage due to freeze/thaw actions. Two sets of test 
specimens were used. The only thing distinguishing the two series was the 
surface roughness of the substrate.  

The mix compositions and the properties of the materials, as well as the 
manufacturing procedures of the test specimens have been presented earlier. 
The same apparatus as in test 3.1 was used. As the experiment progressed the 
fundamental frequency, as well as the rate of absorption of water was 
continuously measured. After 70, 140 and 160 freeze/thaw cycles the tensile 
bond strength was tested. At each point of testing three specimens were used.  

One specimen was used to determine the degree of saturation of the two 
coherent materials. The other two specimens were used to determine the 
tensile/bond strength. Prior to the testing of the tensile strength, the two 
specimens were placed in a climate chamber (80 % RH at 20 C) for at least one 
month, or until the no decrease in mass could be observed.  

The purpose of this course of action was to eliminate any possible (or most of 
the) effect of the moisture content. The mass of the specimen did not reach the 
exact mass as the reference specimens had prior to the start of the experiment. 
This observation is believed to be the cause of hysteresis effects. The observed 
difference in mass was however rather small, no more than a few grams at most. 
The observed difference in moisture content is believed to have little or no affect 
on the tensile strength of the specimens. 
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6.5. RESULTS 

6.5.1 Experiment 1 
The reference/starting bond strength used in Figures 6.22a-b are O/S1 = 10,5 
MPa and O/S2 = 5,7 MPa. In Figure 6.22a the bond strength of the composite 
specimens stored at cyclic freezing and thawing while being subjected to 
absorption of water (CF) is presented. In Figure 6.22b the bond strength of the 
composite specimens after being stored at constant room temperature, 
subjected to absorption of water prior to 5 freeze/thaw cycles (RT) is presented. 

(a)

(b) 

Figure 6.22a-b Bond strength of the composite test specimens O/S1 and O/S2.
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The reference values of the bond strengths are presented in Table 6.7. The bond 
strengths that are presented below shall be compared to the properties 
presented in Table 6.2. The start values are the bond strength values retrieved at 
the beginning of the experiment (0 h/0 cycles).  

The end values are reference values retrieved at the end of the experiment 
(4000 h /170 cycles). “Absorption no freezing” implies that the specific 
reference specimens were subjected to absorption (water on the surface of the 
overlay materials) for approximately 4000 h prior to the splitting test. “Freezing 
no absorption” implies that the specific reference specimens were subjected to 
approximately 170 freeze/thaw cycles, having no water on top of the overlay 
materials, prior to the splitting test. 

Table 6.7  Reference values of bond strength for specimens stored in 
different environments.

Specimens Start
values

(RH 80 %)

End values 

(RH 80%)

End values 

(absorption
no freezing)

End values 

(freezing no 
adsorption)

O/S1 10.5 Mpa 10.2 MPa 10.1 MPa 10.9 MPa

O/S2 5.7 MPa 8.3 MPa 8.4 MPa 8.8 MPa

After the splitting the specimen along the interface of the overlay and the 
substrate was conditioned as described earlier to determine the degrees of 
saturation of each material respectively. The results are presented in Figures 
6.23a-d.

The different degrees of saturation of the coherent materials in the series O/S1 
(RT) are presented in Figure 6.23a. As can be observed, the degree of saturation 
does not seem to vary with time. This means that the specimen absorbs water 
very slowly in this particular situation. 

The different degrees of saturation of the coherent materials in the series O/S2 
(RT) are presented in Figure 6.23b. The degrees of saturation of the two 
coherent materials in this series are also more or less constant throughout the 
experiment. 

The different degrees of saturation (S) of the coherent materials in the series 
O/S1 (CF), are presented in Figure 6.23c.Here, S of the overlay material 
increases in the beginning of the experiment, while S of the substrate material is 
quite level. At the end of the experiment S of the substrate increases while S of 
the overlay material decreases. 
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The different degrees of saturation of the coherent materials in the series O/S2 
(CF) are presented in Figure 6.23d. For this series, S of the overlay material 
shows little variation throughout the experiment while S of the substrate 
steadily increases. 

(a)

(b)

Figure 6.23a-b Measured degrees of saturation of the overlay materials in the 
two different scenarios. O1 = on top of substrate S1 and O2 = 
on top of substrate S2.
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(c)

(d)

Figure 6.23c-d Measured degrees of saturation of the overlay materials in the 
two different scenarios.

After approximately 2984 hours (124 days / freeze/thaw cycles) the specimens 
O/S2 (CF) started to show signs of deterioration.  
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Even though, the relative splitting strength of the series O/S1 (CF) had 
decreased more than the same for the series O/S2 (see Figure 6.22a), the 
specimens O/S1 showed no signs of damage. The deterioration of the specimens 
could be observed visually as well as by the decrease of the fundamental 
frequency of the test series consisting of specimens O/S2. The signs of damages 
presumably due to freeze/thaw action can be observed in Figures 6.24 and 
6.25a-b. 

Figure 6.24 Change in the relative fundamental frequency measured on 
specimens O/S2 that were stored in the freezer, constantly 
subjected to water uptake. 

No damage was visible on the visible surface of the overlay of the partially 
sealed specimen. After stripping the specimen it was clearly visible that the 
substrate was damaged while the overlay material seemed unharmed. After 
turning the test specimen to inspect the bottom part obvious signs of 
deterioration could be seen, see Figure 6.25b. 
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Figure 6.25a A test specimen turned upside down. Signs of damage 
presumably caused by freeze/thaw attacks on the substrate 
material S2. The damages are predominantly located at the 
corners, and along the edges, of the specimen. 

After the specimen was weighed and the fundamental frequency was measured, 
the specimen was cut into two parts with the approximate lengths of 80 mm 
each. The two pieces were then used to determine the splitting strength, all 
according to the working order that was presented earlier in Section 6.4.1. 
Figure 6.25b shows one of the pieces after the conducted splitting test. This type 
of damage was observed for the majority of the following test specimens in the 
test series. 

Figure 6.25b Specimen O/S2 (CF) after the splitting test. The specimen was 
subjected to 124 freeze/thaw cycles prior to the splitting test. 
The overlay material (marked with a blue line) was more or 
less undamaged while the substrate material was completely 
destroyed.
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In order to further investigate the possible effect of the freeze/thaw action one 
test specimen (S/O2) was sawn perpendicular to the interfacial zone. The 
specimen was then sent to the Swedish Cement and Concrete Research Institute 
(CBI), who conducted the microscopic analysis of the material. The microscopic 
analysis of the test specimen included: 

Determination of w/c-ratio and possible variations of the same along 
the cross section of the specimen 
The structure of the pore system, the volume of pores (the gel pores are 
excluded) and the spacing factor 
Identification of possible micro cracking and visualization of the same 

According to the analysis the w/c-ratio of the material S1 and O was equal to, or 
less than, 0.35, while the w/c-ratio of the substrate material S2 was about 0.40, 
which concurs with what is presented earlier in Table 6.1. There was no 
significant difference in the w/c-ratios to be found at different levels of the 
specimen’s cross-section. The air content of the material S1 and O was 
approximately 10-11 % with the spacing factor 0.28 mm (see Chapter 4). The 
corresponding air content and spacing factor of the material S2 was 
approximately 2 % and 0.55 mm, respectively. The high air content in 
combination with the small spacing factor indicates that the materials O and S1 
ought to have a good resistance against freeze/thaw attacks while the frost 
resistance of material S2 is poor. These results confirm the difference in quality 
between the two materials. The effect of the differences in air content and the 
spacing factor are visualized below. The green circular bodies in Figures 6.26a-d 
are air pores and the thin green lines are micro cracks. 

The centre of the image presented in Figure6.26a is about 15 mm from (above) 
the interfacial zone. The width is 4.8 mm. Air pores are visible (green circular 
bodies). It is possible to observe some micro cracking in the zone closest to the 
aggregates. The thin line that is located in the centre of the image presented in 
Figure 6.26b is the IFZ  (bond zone) separating the two coherent materials. The 
width of this image is 9.5 mm. Air pores of the overlay material are clearly 
visible as well as the presence of micro cracking in both materials. The presence 
of micro cracking in the substrate material is far more extensive than in the 
overlay material and along the IFZ.  

In Figure 6.26c, the interfacial zone is located in the upper part of the image. 
The width of the image is 4.8 mm. The rather extensive micro cracking of the 
substrate material is clearly visible. The centre of the image that is presented in 
Figure 6.26d is located approximately 8 mm below the IZF. The width of the 
image is 4.8 mm. The image shows that extensive micro cracking has occurred. 
As can be observed when comparing a) to d), there is a distinct difference in the 
presence of micro cracking in the two coherent materials.
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(a)

(b)

125  (179) 



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

(c)

(d)

Figure 6.26a-d Microscopic images of the cross section of specimen O/S2 
subjected to freeze/thaw attacks while being in constant 
contact with freezable water on top of the specimen (overlay). 

126  (179) 



T Sandström         Durability of Concrete Hydropower Structures When Repaired With Concrete Overlays

6.5.2 Experiment 2.1 
The degree of saturation was measured on three sets of specimens subjected to 
0, 14 and 50 freeze/thaw cycles, all together 9 specimens. The degree of 
saturation of both the “overlay” and “substrate” of the specimens was 
independently measured at 0.78 ± 0.1. This degree of saturation can be 
considered as rather low in this context. 

The results from the bond and splitting tests are presented in Figures 6.27-6.28. 
The relative change in bond strength is presented in Figure 6.27. As can be 
observed, the bond strength drops to approximately 75 % of the start value after 
only one freeze/thaw cycle. After the first freeze/thaw cycle the bond strength 
increases, and after 25 cycles the bond strength is higher than the start value. 
The relative bond strength compared to the splitting strength of the 
homogenous (overlay and substrate) materials is presented in Figure 6.28. The 
bond strength is the measured splitting strength at the vicinity of the bond zone. 

Figure 6.27 Relative bond strength after different numbers of freeze/thaw 
cycles. 
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The reference value of the bond strength was measured at 2.1 MPa. A value 
obtained directly after the test specimens were removed from the water tank 
prior to freezing.  As mentioned earlier, one set of test specimens were moisture 
sealed and stored at a constant temperature in a climate chamber (T 20 C and 
RH 80%) during the run of the test series. The bond strength of those specimens 
was measured at 2.2 MPa, confirming that the reference specimens showed no 
gain in bond during the course of the experiment. 

Figure 6.28 Bond strength of the sealed specimens, divided by the splitting 
strength of the coherent materials after different numbers of 
freeze/thaw cycles 

The ratio of bond strength and splitting strength was 0.72 directly after the test 
specimens were removed from the water tank, prior to freezing. The ratio was 
about the same (0.68) for the reference specimens stored in a climate chamber 
and not submitted to freeze/thaw attacks, during the run of the experiment (not 
presented in Figure 6.28). The ratio bond strength/splitting strength is less than 
1.0 during the whole experiment; while the bond strength presented earlier in 
Figure 6.27 is continuously increasing it indicates that the strength of the 
coherent materials increases more than the bond strength between the same. 
Perhaps the observed increase in bond is caused by the increase in strength of 
the coherent materials.
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6.5.3 Experiment 2.2 
The bond strength was measured by the splitting test method as described 
earlier in this chapter. The results from the measurement of the bond strength 
are presented in Figure 6.29. There are two sets of bars, one set contains the 
results from bond strength for the material combination O1/S1 and the other set 
represents the material combination O2/S2. Both sets of bars describe the 
relative bond strength with respect to the reference values from specimens 
tested after 0 freeze/thaw cycles. The bond strength reference values for series 
O1/S1 is 2.7 MPa and 2.6 MPa for series O2/S2.

Figure 6.29 Relative bond strength; measured by using the splitting test 
on specimens that had water in direct contact with a small 
part of the interfacial zone, and small parts of each coherent 
material near the bond zone as they were submitted to 
freeze/thaw cycling. 

As can be observed in Figure 6.29 above, the bond strength of the composite 
specimens in this test series is steadily decreasing with time and the number of 
freeze/thaw cycles they are subjected to. All measurements of the bond strength, 
tested on all combinations of materials, are presented in Figure 6.30. 
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Figure 6.30 Values of the bond strength related to the number of 
freeze/thaw cycles of all combinations of coherent materials 
used in this part of the experiment. 

The degree of saturation of both the substrate material and the overlay material 
was measured after each splitting test. By taking the measured open porosity for 
each coherent material and by using the measured volume of a number of the 
coherent materials (after splitting) it is possible to make an approximation of 
the degree of saturation for each specimen at the time of the bond strength 
measurement. The volumes presented in Table 6.9 are average values taken 
from ten parts of each coherent material.

Table 6.9 Data used for the calculations used to approximate the degree 
of saturation of each specimen prior to the bond strength test.

Material Volume [ml] VP [%]

S1 465 ± 25 17

S2 465 ± 25 16

O1 440 ± 8 19

O2 440 ± 8 19
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The graphs in Figure 6.31 represent the different degrees of saturation for each 
tested composite specimen prior to the testing of the bond strength. The values 
are approximations based on the values presented in Table 6.11. 

Figure 6.31 Degree of saturation for each tested composite specimen in 
relation to the number of freeze/thaw cycles. 

However, the total degree of saturation is probably not as important as the 
degree of saturation of each coherent material. If any of the coherent materials 
reaches its critical degree of saturation it will collapse and the interaction 
between the two coherent materials will most likely be lost. However, the 
measurement of the fundamental frequency, conducted on each coherent 
material, after the splitting test, showed that none of the coherent materials had 
collapsed during the experiment, see Figure 6.32. The degrees of saturation for 
each coherent material are presented in Figure 6.33. 
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Figure 6.32 Fundamental frequency of each coherent material, measured 
after 25, 50, 100 and 150 freeze/thaw cycles. 

Figure 6.33 Degrees of saturation for each coherent material in relation to 
the number of freeze/thaw cycles, measured after the bond 
test.
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The correlation between the moisture content of a given concrete specimen and 
its strength is commonly known, see Swedish Handbook of Concrete (1994). The 
correlation between the measured bond strength and the calculated total degree 
of saturation is presented in Figure 6.34. The total degree of saturation is the 
sum of saturation of both the substrate and overlay material. As can be seen in 
the figure, the correlation between the bond strength and the moisture content 
is clearly not as not strong here, meaning that some other mechanism possibly 
affects the bond between the two coherent materials 

Figure 6.34 Correlation between the total degree of saturation and the 
bond strength.

The difference in the degrees of saturation between the substrate and the 
overlay was examined to see if it could possibly influence the bond strength, see 
Figure 6.35. The indicated separate relationship for each mix of overlay and 
substrate is interesting yet explanation could not be found.
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Figure 6.35  Bond strength related to the difference in degree of saturation 
between substrate and overlay.

6.5.4 Experiment 3.1 
As mentioned earlier, one set of test specimens was subjected to capillary 
suction at constant room temperature (RT), approximately 20 C . The other set 
of test specimens was subjected to capillary suction and cyclic freezing and 
thawing (CF). The uptake of water was measured by simply weighing every test 
specimen at different points in time.

Solely, the mass of absorbed water of each test specimen does not give us 
enough information, since it does not take the pore volume of the specimens 
into account. It is much more important to know how much of each specimens 
open porosity (Vp) is filled with time. This is done as described earlier in the 
chapter and is denoted as the degree of saturation (S) in Figure 6.36  

As can be observed in the figure, the specimens had different degrees of 
saturation at the start of the experiment. The results are presented in Table 
6.10.
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(a)

(b)

Figure 6.36 Absorption of water by specimens with a) w/c 0.50, with and 
without AEA and b) w/c 0.6 and 0.7 without AEA  
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In Figure 6.36a the absorption curves of specimens with w/c 0.50, with and 
without AEA are presented. The affect of the AEA is clearly visible, even though 
the specimens containing AEA absorbed more water than compared to the 
specimens having no AEA. The degree of saturation is still noticeably lesser for 
the specimens with AEA, totally absorbing approximately 14 grams of water per 
kilogram material in CF. The corresponding absorption for specimens without 
AEA was approximately 12 grams of water per kilogram material 

Figure 6.36a shows the absorption curves of specimens with w/c 0.60 and 0.70 
without AEA. Even here the effect that freeze/thaw cycling inflicts on the 
absorption of the specimens clear is presented. Interesting is that specimens 
with w/c-ratio 0.60 absorbed more water in CF than specimens with w/c-ratio 
0.60 did at RT

Table 6.10 Porosity and the degree of saturation at the start of the 
experiment.

w/c 0.50 (AEA) w/c 0.50 w/c 0.60 w/c 0.70  

Porosity 18 ± 0.1 % 14 ± 0.1 % 17 ± 0.1 % 19 ± 0.1 % 

S at start 49 ± 4 % 71 ± 3 % 70 ± 4 % 68 ± 1 % 

6.5.5 Experiment 3.2 
In this section the results from the measurements of the fundamental 
frequencies, tensile bond strength and the absorption of water are presented. 
Testing was conducted at 40, 140 and 160 days of freeze/thaw cycling. At each 
point of testing three specimens were used. One specimen was split apart at the 
interfacial zone. The degrees of saturation of the two materials O and S2 were 
then measured respectively. The two other specimens were used to determine 
the tensile bond strength. 

The rate of absorption was continuously monitored during the first 150 days of 
freeze/thaw cycling. The monitoring was conducted simply by weighing the 
specimens. The absorption of water is presented as the change in weight with 
respect to the start weight of each specimen.  

The absorption properties of the two different specimens are expressed per 
kilogram of material and it is presented in Figure 6.38a-b. In Figure 6.38a the 
absorption of water by the composite test specimens with different physical 
properties of the interfacial zone are presented. 
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In Figure 6.38b the rate of absorption of the two different test specimens are 
present. The relatively high values at the start indicate capillary suction. After 
approximately 60 h the rate of absorption has decreased so that is it close to 
zero.

Figure 6.38a Amount of absorbed water by the composite test specimens 
related to the time of suction, based on the change in mass of 
the composite specimens. Mean values of six test specimens.

Figure 6.38b Rate of absorption of the composite test specimens based on 
the change in mass of the composite specimens (each point is a 
mean value of six specimens). 
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The fundamental frequency presented in Figure 6.39 is the relative fundamental 
frequency compared to the results prior to the start of the experiment. The 
results are mean values of measurements conducted on 6 different test 
specimens.

Figure 6.39 Change in the measured relative fundamental frequency with 
respect to the number of freeze/thaw cycles. 

As can be observed in Figure 6.39 above, no change in the fundamental 
frequency was detected, even though a noticeable decrease in the tensile 
strength of the substrate material was measured. The measured bond/tensile 
strength is presented in Table 6.11. 

After 70, 140 and 160 freeze/thaw cycles, two specimens from each series were 
place in a climate chamber (RH 80%, T 20 C). The specimens were stored until 
no change in mass could be observed. After storage for about four weeks in the 
climate chamber, the tensile testing was conducted. As mentioned earlier the 
tensile bond strength was measured according to standard SS 13 72 31.  
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Table 6.11 Measured bond/tensile strength. Each result is a mean value 
of two tested specimens. 

REFERENCE SPECIMENS
Type of surface 

Quantitative value [MPa] Relative value Fracture

Smooth 4.6±0,2 1.0 Substrate

Rough 3.8±0,5 1.0 Substrate

AFTER 70 FREEZE/THAW CYCLES 
Type of surface 

Quantitative value [MPa] Relative value Fracture

Smooth 2.8±0.1 0.6 Bond

Rough 2.8±0.8 0.7 Substrate

AFTER 140 FREEZE/THAW CYCLES 
Type of surface 

Quantitative value [MPa] Relative value Fracture

Smooth 2.9±0.2 0.6 Substrate

Rough 2.6±0.4 0.6 Substrate

AFTER 160 FREEZE/THAW CYCLES 
Type of surface 

Quantitative value [MPa] Relative value Fracture

Smooth 2.6±0.3 0.6 Substrate

Rough 2.88 0.7 Substrate

After 70, 140 and 160 freeze/thaw cycles, specimens were removed from the 
freezer. One of the specimens from each series was directly used for 
measurements of the degree of saturation. The results from the measurements 
are presented in Figure 6.40.

                                                            
8 Only one specimen was tested 
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Figure 6.40 Degree of saturation of the specific materials, after different 
numbers of freeze/thaw cycles.
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6.6. DISCUSSION AND CONCLUSIONS 

6.6.1 Discussion based on the observation made in Experiment 1 
The degrees of saturation in Figures 6.23a-6.23d are derived from the measured 
changes in mass and are calculated by using Equation 6.1. Independent of how 
the specimens were stored (RT or CF), the degree of saturation of the overlay 
material seems to be more or less constant throughout the duration of the 
experiment. However, there is one exception. There is a small decrease of the 
degree of saturation of the material O (CF) that can be observed in Figure 6.23c. 
This is quite remarkable since the surface of the overlay of the material O/S1 
was the only surface of the entire specimen that was in direct contact with water 
throughout the entire test series!  

The decrease of the degree of saturation in the overlay can perhaps be caused by 
one of two things. One possibility is that transport of moisture is towards the ice 
body on top of the specimens during the freezing. If so, this phenomenon could 
be explained by the theory of macroscopic growth of ice lenses, see Chapter 4. 
However if this mechanism acts alone, it does not explain the observed increase 
of the degree of saturation in the substrate of the materials stored at (CF). 

For the specimens stored at room temperature (RT), the degree of saturation is 
more or less constant in the substrate materials during the experiment. 

Another possibility is that hydraulic pressure mechanism can perhaps transport 
moisture towards the substrate material, causing a decrease in the degree of 
saturation in the overlay material and an increase of the degree of saturation in 
the substrate material. If this is true, it is perhaps possible that the hydraulic 
pressure drives moisture from the overlay material towards the substrate 
material at a higher rate during freezing, than what the overlay material can 
absorb from the surface during thawing.

The increase of the degree of saturation of the substrate materials can be the 
consequence of one of two things, transport through the overlay, by one or more 
of the mechanisms described above and earlier in Chapter 4, or by leakage 
along/through the edges. Leakage however seems very unlikely since the degree 
of saturation of the overlay materials show no increase of saturation, which 
would be expected if it were the case.  

Furthermore, it is not very likely that the bulk of the test specimens in the 
experiment were poorly sealed at the edges. However, it is impossible to be 
entire sure of what caused the observed transport. Still, if leakage is the 
underlying cause of the observed transport and the following deteriorating of 
the substrate material S2, it underlines the importance of having a “crack free” 
overlay in these environments. 
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In Figure 6.22a the bond strength of the specimens stored at room temperature 
(RT) is plotted as a function of the time the specimens were in contact with 
water prior to being subjected to 5 (or 20) freeze/thaw cycles and the splitting 
test.

In Figure 6.22b the bond strength of specimens stored in the freezer (CF) is 
plotted as a function of the number of freeze/thaw cycles the specimens were 
subjected to prior to testing. The bond strength increases in the beginning of 
each series, especially in the series S/O2, and with time the bond strength 
decreases from the peak values. Specimens S/O1 never reach the reference value 
of the bond strength (10.5 MPa). The bond strength of the specimens S/O2 
never falls below the reference value of the bond strength (5.7 MPa). 

The “peak” in the bond strength is clearer for specimens O/S2 than for O/S1. 
The “peak” is also larger for the series stored in the freezer, subjected to cyclic 
freezing than for the series stored at room temperature. Since only a small 
volume of water is absorbed in the beginning of the experiment, the “peak” in 
the bond strength can probably be explained by internal 
movement/redistribution of moisture in the specimens, somehow resulting in 
an increase of bond and splitting strength of the specimens.  

One reason for the relatively large increase in bond strength of the specimens 
O/S2 can be that the hydration process was still present for material S2 during 
the course of the experiment, as Table 6.8 (column 3-4) indicates. The bond 
strength of the reference specimens presented in Table 6.9 also shows that it is 
likely that the hydration process is still present for material S2. If this is the case 
it could perhaps explain the large increase in bond strength shown in Figures 
6.22a-6.22b. The reference bond strength of specimens O/S1 is about 50 % 
higher than the splitting strength of the homogenous material itself and it is of 
course hard to find any reasonable explanation for this observation!

In Figure 6.24 we can see a drop in the fundamental frequency after about 2500 
hours (or the same, approximately 100 freeze/thaw cycles). This drop in the 
fundamental frequency suggests that the substrate material with lesser quality, 
S2, collapsed. The most likely reason for the collapse is that the critical degree of 
saturation of the material S2 was transgressed. The photos presented in Figures 
6.25a-6.25b visualize this.  

As can be observed in Figures 6.25b-d, the interfacial zone and its immediate 
vicinity were not as damaged as the material S2 itself. The relative bond 
strength is however close to 1.0, as it is presented in Figure 6.22b. The reason 
for the bond strength values is probably due to the more freeze/thaw resistant 
overlay material being less damaged, as is shown in Figures 6.25a-6.25d.  
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This means that the splitting test used to determine the bond strength in this 
experiment was perhaps not the optimal method to use.  

Another interesting observation in Figures 6.25b-6.25c is that the cracks tend to 
propagate perpendicular through the interfacial zone, rather than parallel to the 
same. The cracks are with most certainty caused by the expansion of the ice 
crystallization of the absorbed water in the substrate material during freezing. 
This would not be the case if the interfacial zone were more susceptible to 
damage due to freeze/thaw action than the surrounding materials, which has 
been stated in the literature. Presumably, the cracks originate in the substrate 
and propagate up towards and through the interfacial zone. 

6.6.2 Discussion based on the observation made in Experiment 2 
In the first part of this experiment, the composite specimens that had been 
stored submerged in water for 50 days were moisture sealed prior to being 
submitted to freeze/thaw cycles. The test began approximately one week after 
the observed rate of water uptake had decreased so much that barely any change 
in weight was noticeable. The measured degree of saturation showed that it was 
relatively low, about S = 0.79 which probably is too low to cause any internal 
damage due to freeze/thaw action, see Chapter 4. 

The bond strength of the reference specimens, not exposed to freezing (having 
the same degree of saturation as all the other specimens) was tested prior to 
starting the experiment and after the end of the experiment. No change in the 
bond strength could be observed. The specimen exposed to cyclic freeze/thaw 
cycling showed a noticeable decrease of the bond strength already after the first 
freeze/thaw cycle, the bond was measured to 70 % of the reference strength.  

Furthermore, from the third freeze/thaw cycle and from then on, the bond 
strength increased and at the final testing, after 50 cycles, the bond strength was 
higher than the reference bond strength. The moisture content was constant 
throughout the run of the experiment and the reference series showed no 
change in bond strength. Furthermore, the splitting strength of the coherent 
materials increased more than the bond strength during the experiment. 

One possible conclusion of the observed increase of splitting strength as well as 
bond strength during the experiment (Figures 6.27-6.28) may be due to internal 
redistribution of moisture. This is however hard to confirm, but on the other 
hand there are not many other feasible explanations for this phenomenon. The 
results obtain in experiment 2.2 are different, showing a decrease in bond 
strength related to the number of freeze/thaw cycles. 
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The bond strength of the composite specimens in the experiment 2.2 slowly, but 
surely, decreases with time as can be observed in Figures 6.30-6.31. The bond 
strength at first decreases as the total degree of saturation of the specimen (the 
degree of saturation of the whole composite specimen) increases, which 
normally is to be expected.  

After approximately 1200-1400hours (50-60 days or 50-60 freeze/thaw cycles) 
of the run of the experiment the total degree of saturation starts to level out, as 
can be observed in Figures 6.31 and 6.33. This probably indicates a change in 
the moisture state of the specimens. The specimens started out in the capillary 
range, then after about 50-60 freeze/thaw cycles the moisture state changes into 
the over capillary range (see Chapter 4). 

As also can be observed in Figure 6.31, the degree of saturation is not only 
levelling out, but it is starting to decrease with time. Having that in mind when 
observing the changes of the degree of saturation for each specific coherent 
material presented in Figure 6.33 we can conclude that the reason for the 
decrease in moisture content of the composite specimens is a loss of moisture 
from the overlay materials. Normally, this would probably be the case, but since 
the composite specimens were turned upside down in this experiment, meaning 
that the moisture sealed overlay materials were placed underneath the substrate 
material, (see Figure 6.9a-b) this observation is most interesting. The reason for 
the possible drying that can be observed has not yet been explained.

From the point in time, when the total degree of saturation starts to decrease, 
the bond strength is still continuing to decrease. This observation is quite the 
opposite of what normally would be expected. The reason for the decrease in 
bond strength can be a number of different factors.  

Since no decrease in the fundamental frequency of the coherent materials was 
detected the opinion of the author is that there are two factors that are more 
likely than others, to cause the decrease in bond strength while the degree of 
saturation is decreasing.  

One of the factors is that the interfacial zone is damaged with time, causing a 
decrease in the “effective bond area”. Unfortunately this was not investigated 
thoroughly enough in the study. The other factor is that the loss of moisture 
from the overlay material could perhaps cause an adverse moisture profile in 
the composite specimen, having a “negative” effect on the bond strength. 
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In Figure 6.35 the bond strength is presented as a function of the differences in 
moisture content of the coherent materials of the composite specimens. The 
graphs show that, for coherent materials with matching properties, large 
differences in moisture content have a small effect on the bond strength.  
On the other hand, for coherent materials with different properties, a small 
difference in moisture content has a large impact on the bond strength.  

As also can be observed in Figure 6.35, the difference in moisture content of the 
coherent materials seems to have a negative effect on bond strength for the 
composite materials consisting of coherent materials with mixed properties. The 
Author’s has no real opinion in regards to this particular observation. However, 
the behaviour of the composite specimen consisting of coherent materials with 
matching (freeze/thaw resistant) properties is quite the opposite. Here, it seems 
as though the difference in moisture content might have a positive effect on the 
bond strength. The underlying reason for this observation is difficult to explain.

Comparing the results from the two experiments 2.1 and 2.2, described above, 
the following conclusion can be made: in experiment 2.1 the bond strength of 
sealed composite specimens, where any external moisture transport is 
prohibited, is increasing with the number of freeze/thaw cycles. This conclusion 
is based on the presumption that the critical degree of saturation is not reached 
for any of the coherent materials.

No external exchange of moisture was possible and no change in the degree of 
saturation of the coherent materials was observed. One of few possible 
mechanisms that could have caused the observed increase in bond strength is 
that the freeze/thaw cycles affected the internal moisture condition of each 
specific coherent material. The freeze/thaw cycling is therefore assumed to have 
affected the specimens in a way that increased both the splitting strength of 
each coherent material and the bond strength between the coherent materials.  

In experiment 2.2, a partially open system is studied. The meaning of a partially 
open system is that some moisture is permitted to move through the substrate 
material as well as at a small area at two edges close to the bonding zone. Here, 
the bond strength decreases with time as the number of freeze/thaw cycles 
increase.  

Composite specimen consisting of coherent materials having more or less the 
same properties as the composite materials used in the experiment 2.1 shows a 
decrease in bond strength as the moisture content decreases. The same trend 
was observed for composite materials consisting of coherent materials with 
deviating properties. The underlying reasons for the observations are believed 
to be complex and need further investigation to be fully understood.  
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However, the results show that the durability of a composite material is 
noticeably affected by the location/environment, with respect to temperature 
and how the given composite material absorbs water.

The results also show that the bond between an existing structure and a repair 
material is negatively affected by joints and cracks if the composite specimen 
(repaired structure) is in direct contact with water. The bond strength is 
decreased by about 30 %. It is however uncertain how the observed effects of the 
assumed moisture transport are present in reality as the freeze/thaw cycles 
appear much less frequent than in the experiment performed.  

The effects of the natural freeze/thaw on the moisture transport within the 
composite structure and the thickness of the coherent materials probably also 
differ somewhat from the experiments conducted in this study.

6.6.3 Discussion based on the observation made in Experiment 3 
In the first part of the experiment the absorption properties of four materials 
were investigated. One set of test specimens was subjected to cyclic freezing and 
thaw during the same time as the specimens could absorb non-freezable water.  

The absorption of water by those test specimens was compared to similar test 
specimens, not subjected to freeze/thaw action. For all materials in the 
experiment both the rate of absorption as well as the total volume of absorbed 
water for the specimens subjected to freeze/thaw action exceeded the same for 
specimens only absorbing water in constant room temperature.  

The degrees of saturation in relation to time of absorption for specimens with 
w/c ratios 0.60 and 0.70 are presented in Figure 6.41a. Trend lines, which help 
to visualize the difference in absorption properties of the materials, are added.  

The degrees of saturation in relation to time of absorption for specimens with 
w/c ratios 0.50 with and without AEA are presented in Figure 6.41b. The effect 
of the AEA is clearly visible. The specimens without AEA (CF) reach very high 
degrees of saturation (93 % of Vp) while specimens with AEA approximately 
absorb only 2/3 of Vp.

The rate of absorption is higher for specimens subjected to freeze/thaw actions. 
By comparing line1 for both cases it is clear that the slope for specimens in 
capillary range is much steeper, proposing an increased rate of capillary suction. 
The “nick point”, separating line 1 from line 2 appears to be reached faster (in 
time) for specimens subjected to freeze/thaw action, but at a higher degree of 
saturation. 
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(b)

Figure 6.41 Graphs presented in the Figure 6.36 but now with trend lines 
with the purpose to simplify the discussion of the made 
observations. 
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According to Fagerlund (2004), this nick point separates the driving mechanism 
of absorption. When the moisture content of a specimen is on line 2 it is not 
longer capillary suction controlling the uptake, it is now diffusion (in the pore 
solution) that controls the rate of the uptake of water.  

Comparing lines 2, where the specimens are now in the over capillary range, the 
slope of the line appears to be much steeper for the specimens subjected to 
freeze/thaw action. The over capillary range also appears to be reached much 
earlier than it is for specimens not subjected to freeze/thaw action. Line 3 cuts 
the x-axis approximately 500 hours earlier for specimens subjected to 
freeze/thaw action.  

At the end of the experiment, after about 3500 hours (or about 145 freeze/thaw 
cycles) the degrees of saturation measured on specimens from the two setups 
show a significant and critical difference in the uptake of water. Hence, line 4 
shows that specimens subjected to freeze/thaw action almost reach a degree of 
saturation of 0.94, while specimens not subjected to freeze/thaw action “only” 
reach about 0.88. The difference can perhaps be argued to be small, but it is in 
fact not. It is quite the contrary, especially if we consider the time it will take for 
the specimens not subjected to freeze/thaw action to reach S = 0.94. 

As can be observed in Figure 6.41, the rate of absorption of the specimens with 
w/c ratio of 0.50 does not show the same tendency as for the higher w/c ratios. 
No obvious “nick point” in the absorption curve can be observed for the 
specimens with w/c ratio of 0.50. This can perhaps be explained by the possible 
difference in the composition of the pore structure of the materials, see also 
Chapter 4. 

The most obvious observation to be made for these test specimens is the effect 
of air entraining agent, AEA. As it shows in Figure 6.41, it will take a 
considerable amount of time for specimens with AEA to reach a high degree of 
saturation independent of the test environment. Specimens without AEA, 
subjected to freeze/thaw action, did reach critical levels within the time span of 
the experiment. The difference in uptake of water for the two materials 
depending on whether the specimens were subjected to freeze/thaw actions or 
not are quite clear. For specimens with AEA a difference in uptake of 
approximately 0,05 units of S could be observed at the end of the experiment, 
the difference in units of S was about the same for specimens without AEA.

If the tests specimen had been larger (longer cores) it is the Author’s belief that 
the specimens would have ruptured during the test. Since a longer core would 
reduce the effects of the heat transfer from the water, allowing a lower freezing 
temperature in locations where the degree of saturation would have been 
critical. 
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It is of great interest to translate these results to the conditions occurring in 
reality, although indeed it is a difficult task. To do this, further investigation is 
needed.  

However, solely taking these results into account it seems likely that there are 
reasons for concern regarding the conditions of the concrete structures 
subjected to freeze/thaw cycling at the same time as they are in direct contact 
with (unfrozen) water. 

It is hard to draw any conclusions from the results of the second part (3.2) of 
this experiment since testing only was conducted at three occasions, after 
70,140 and 160 freeze/thaw cycles prior to the compilation of this report. Even 
so, it is possible to comment some of what has been observed so far. 

The early and abrupt decrease in the rate of absorption that can be observed in 
Figure 6.38b most likely indicates that moisture state of the specimens is 
transgressing the nick point separating the capillary range with the over-
capillary range. Hence, capillary suction stops being the driving mechanism and 
diffusion now controls the uptake of water, see also Chapter 4. Furthermore, 
and shown in Figure 6.39, no change in the fundamental frequency could be 
observed after about 140 freeze/thaw cycles.  

In Figure 6.40 a difference in uptake of water depending on the roughness of 
the substrate can be observed. The overlay materials had the same mix 
compositions in both cases and the two sets were manufactured at the same 
time and the cores were taken out from the slabs at the same time as well. The 
substrate materials are also the same in all aspects that matter in this context. 
The only obvious difference between the two series is the physical property of 
the substrate surface (interfacial zone). Therefore, the observed difference in 
uptake might possibly be an effect of small differences in the pore system of the 
interfacial zone and/or the area in its vicinity. This is however a matter that has 
not been investigated within the project.  

Moisture is transported through the dense overlay material, consisting of a w/c 
ratio approximately = 0.30, into the “underlying” substrate material. When the 
substrate material reaches the critical degree of saturation with respect to this 
setup, the specimen will be damaged. The tensile strength of the specimens is 
presented in Table 6.16.  

After 70 freeze/thaw cycles the tensile strength of the substrate material has 
decreased to approximately 60 % of the reference value. The tensile strength of 
the substrate material continues to be at that level even after 140 freeze/thaw 
cycles. It is believed that the decrease in the tensile strength of the substrate 
material is inflicted by the imposed freeze/thaw action.  
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One possible reason to explain why the substrate material does not collapse 
completely, is the rather high peak freezing temperature (no less than – 5.5 C)
that was measured 30 mm underneath the surface facing the ambient air of the 
freezer, see Figures 6.20-6.21. At that location in the specimen, and at that 
temperature, the material most certainly contains a large amount of unfrozen 
water in the system of pores. At every location inside the specimen that is closer 
to the surface facing the ambient air, the lower the temperature will be. It is 
therefore possible that at a certain location between the measuring point (upper 
gauge, approximately 30 mm from the surface) and the surface of the specimen, 
the boundary conditions (peak freezing temperature and amount of freezable 
water) for damage caused by freeze/thaw action occur will be met.  

Ten of twelve test specimens were broken close to the upper surface of the 
substrate material of the test specimen. Hence, the lowest temperature at the 
location of the ruptures during the freeze cycle had to be somewhere between  –
5.5 and –20 C. The degrees of saturation of the substrate materials were close 
to 0.90 after 70 freeze/thaw cycles, see Figure 6.40.  

Due to the high degree of saturation that was measured and the temperature 
gradient just mentioned, it is believed that the noticeable drop in the tensile 
strength of the substrate material, as well as the location of the rupture zone on 
the specimen, is the cause of inflicted freeze/thaw action.  

It would have been interesting if more tests had been conducted prior to 70 
freeze/thaw cycles, capturing the point when the failure conditions were 
reached. Unfortunately this was not the case, the main reason being that no 
change in the fundamental frequency could be observed during the experiment. 
The assumption was then made that the specimens was unharmed, which 
turned out not to be entirely true. 

The location of the fractures on the specimens subjected to 160 freeze/thaw 
cycles prior to the testing of the tensile strength is presented in Figure 6.43. As 
can be observed in the figure, the rupture took place in the upper part of all but 
one of the specimens, relatively far from the interfacial zone. 

As mentioned before, after being subjected to freeze/thaw cycling, the 
specimens used for the tensile strength test were stored in a climate chamber 
prior to testing. The moisture content at testing therefore was almost the same 
in all cases. The effect of the hysteresis is presumed to have no or little affect on 
the tensile strength of the specimens. Thus, the only factor that influences the 
tensile strength is the effect of freeze/thaw cycling in combination with the 
water uptake of the present situation.
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Figure 6.43 Fractured specimens after uniaxial bond tests. The locations of 
all the fractures are “above” the location where the lowest 
temperature was measured to – 5.5 C, (Figures 6.14 and 
6.20).

Further work was conducted to investigate the possibility that effects of 
freeze/thaw action caused the substrate specimens to rupture at the locations at 
which they did. Homogenous specimens made of concrete containing AWA 
(Anti Wash-out Additive) were subjected to the same setup as all the other 
specimens in experiment series 3. After approximately 150 days (or freeze/thaw 
cycles) the surface facing the ambient air clearly showed signs of deterioration, 
see Figure 6.44. 
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Figure 6.44  Each specimen was sawn in half, each part having the new 
length of 5 cm. The damaged surface of the specimen to the left 
was facing the ambient air, the intact surface of the specimen 
to the right was submerged in water with T = 0 C  during the 
experiment. 

After the specimens were stored in “room” condition for one week, the 
compressive strength of the upper and bottom part was tested respectively. The 
mean compressive strength of the bottom and upper parts was 59±8 MPa and 
40±19 MPa respectively. This strengthens the possibility that the cause of the 
location of the ruptures earlier observed in Figure 6.43 is caused by freeze/thaw 
action.  

Furthermore, this method showed the AWA’s negative effect on freeze/thaw 
durability, something that can be hard to confirm using the test method SS 13 
72 44. Moreover, these findings imply that the scenario earlier discussed in the 
Section 2.3.4 seems to be valid, which underlines the importance of future 
investigation on our dam structures, see also Chapter 4 

What can be assumed to be the same phenomenon as was observed in 
experiment 2.2 can also be seen here: the degrees of saturation of the specimens 
are, at first increasing, but after a certain time, some time between 70-140 
freeze/thaw cycles the degrees of saturation start to decrease, see Figure 6.40.  
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The setup is exactly the same in test 3.1 as it is in test 3.2. The only difference is 
that in test 3.1 homogeneous specimens are used while in test 3.2 composite 
specimens are used. In experiment 3.1 all specimens had a continuously positive 
rate of absorption, as is shown Figure 6.36. However, the composite specimens 
in test 3.2 had the same “clock wise” absorption behaviour as the specimen in 
test 2.2, compare the absorption behaviours described in Figures 6.31, 6.36 and 
6.40. The reason for this is difficult to explain. Since rather few measurements 
were conducted in experiment 3.2 prior to the compilation of this report, the 
conclusion made here should therefore be taken with some caution. 
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6.7. CONCLUDING REMARKS 

The observations made in experiment 1 cannot confirm that the interfacial zone 
should be more susceptible to damage caused by freeze/thaw actions, a 
statement that can be found in the literature. In fact, the observation made here 
seems to contradict this statement.  

The contradiction is primarily based on the enhancements presented in Figure 
6.26, where it is clear that the substrate material has, more or less, collapsed 
completely. No obvious signs of cracking along the interfacial zone are visible, 
while cracks running perpendicular through the same are present. However this 
conclusion is made with some caution since it is not entirely clear if this 
observation alone is valid for the investigated combination of materials or if it is 
a general trend. Another important observation made in the first experiment is 
that the substrate material collapsed even though the transport of moisture was 
only allowed through the intact overlay material. 

The observations made in the experiment 2.1 also indicate that the interfacial 
zone is not as fragile as is stated by other researchers. Specimens that were 
stored submerged in water for approximately two months prior to being 
moisture sealed and subjected to freeze/thaw cycling showed an increase in 
bond strength related with the number of freeze/thaw cycles.  

It is prudent to remind the reader that in test 2.1 one freeze/thaw resistant 
material was cast on another freeze/thaw resistant material and both materials 
having the same mix composition. The surface of the substrate material was 
grinded and excessively pre-wetted prior to the casting of the overlay. 
Measurements showed that the moisture state of the composite materials was 
constant and high but not critical with regard to freeze/thaw actions throughout 
the test series.  

The author’s conclusion is that in certain situations in which composite 
materials are subjected to freeze/thaw actions, the bond strength can increase. 
This conclusion presumes that the critical degree of saturation is not reached for 
any of the coherent material.

The observations made in the experiment 2.2 challenges the conclusion just 
mentioned. Here the bond strength decreased with time and in relation to the 
number of freeze/thaw cycles the specimens were subjected to. There were 
however obvious differences in the set of the experiments. In test 2.2 the 
composite specimen consisted of coherent materials with different materials 
compositions and properties.  
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Furthermore, the interfacial zone as well as small parts of each coherent 
material was continuously supplied with water as the composite specimens were 
subjected to freeze/thaw cycling. Since no damages could be observed it is 
therefore believed that it is the relation between the moisture states/contents of 
each coherent material that somehow affects the bond strength, not physical 
damages caused by freezing. 

Observations from the experiment 3.1, presented in Figures 6.36 and 6.41 
indicate that cyclic freezing and thawing affect the ability of concrete specimens 
to absorb water. This observation implies that different situations will allow 
specimens, or structures, to quicker absorb water than what perhaps has been 
assumed earlier.

Thus, probably also affecting the long-term durability in regard to freeze/thaw 
resistance. The tensile strength testing of the composite specimens used in 3.2 
shows that the strength of the substrate material drops to approximately 60 % 
of the initial tensile strength of the material some time before being subjected to 
70 freeze/thaw cycles in that given situation. At the same time it seams like the 
bond strength is not affected at all.

Prior to the tensile test, the specimens were stored in the same climate chamber 
as they were preconditioned in. Tensile testing was conducted when a decrease 
in mass could no longer be observed. This procedure is believed to eliminate the 
possible effects of the moisture content that were observed in the previous 
experiments. Because of the procedure just described and due to the result of 
the testing conducted on homogeneous specimens containing AWA, it is 
believed that the drop in tensile strength of the substrate material is solely 
caused by damages inflicted by freeze/thaw action. 
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7. DISCUSSION 

7.1. EXPERIMENTS 

7.1.1 Observations 
At the first laboratory test series (experiment 1) it was observed that a composite 
material, consisting of a substrate material of poor quality that is covered by an 
overlay material of good quality, indeed can deteriorate if subjected to 
freeze/thaw cycling in combination with absorption of water.  
This answers the question “Can a structure be regarded as freeze/thaw 
resistant if it is repaired with a freeze/thaw resistant material?”

The answer based on the observation made in this work is; no. 

The underlying cause of deterioration is believed to be that the critical degree of 
saturation of the substrate material is reached before it is reached for the 
overlay material. This would normally be the expected scenario if both materials 
had been in direct contact with water, allowing the two coherent materials to 
absorb water on equal terms. However, this was not the case here. Only the 
overlay material was in direct contact with water, solely allowing transport of 
water to the substrate through the same.  

The degree of saturation of the overlay materials is constant through out the 
experiment, while the degree of saturation of the substrate materials increases 
with time (or the number of freeze/thaw cycles). This indicates that moisture 
somehow is transported from the top (surface of the overlay) of the composite 
specimen, through the overlay material into the substrate material, leaving the 
degree of saturation of the overlay material more or less constant.  

Hence, in certain harsh situations there is no guarantee that a performed repair 
with a certain combination of substrate and overlay is to be regarded as 
resistant to freeze/thaw attacks, even if the overlay material is sufficient in that 
aspect. This phenomenon may be the consequence of some sort of ice lens 
growth and/or hydraulic pressure mechanisms that are explained earlier in 
Chapter 4.

Another possibility is that temperature variations cause volume changes of the 
air in the unfilled pores of the materials. As was experimentally confirmed, the 
substrate material contains a larger volume of pores compared to the overlay 
material. It can be assumed that that the substrate material contains more and 
larger capillary pores than the overlay material. As the temperature drops, the 
volume of the air in the partially filled pores decreases, which might cause 
transport of unfrozen pore water from the overlay material into the substrate 
material due to the corresponding difference in pore pressure. After the peak 
freezing point is reached, the temperature starts to increase.  
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When the frozen water on top of the composite specimen (overlay material) 
thaws, some amount of it, corresponding to the change in pore pressure in the 
overlay material, will be sucked into the specimen, leaving the degree of 
saturation of the overlay material more or less constant throughout the run of 
the experiment.  

However, the likelihood of this scenario existing has not been investigated 
further in this work. There are not many other possible explanations for the 
observed behaviour. A question regarding the test setup might be raised, namely 
whether some sort of leakage exists through the glued edges of the overlay 
material. This is however not particularly likely since it would imply that most 
of the specimens stored in the freezer (CF) were insufficiently sealed while 
almost all specimens stored at room temperature (RT) were sufficiently sealed. 
It should be pointed out that tests were carried out prior to the actual 
experiments, showing that in fact the glue was watertight. 

The second experiment was divided into two parts (2.1-2.2). In the first part, 2.1, 
the composite specimens were completely sealed prohibiting any external 
transport of moisture from/to the specimens. The degree of saturation of the 
specimens was, with regards to freeze/thaw durability, below the critical degree 
of saturation. The results show that the bond strength increases with the 
amount of freeze/thaw cycles. It is the author’s opinion that the most likely 
explanation for this behaviour is that the freeze/thaw cycling caused internal 
transport of moisture, somehow resulting in an increase of bond strength.  

In the second part (2.2) of experiment 2, two different sets of specimens were 
used. The coherent materials in the first set consisted of the same mix 
composition as in 2.1. The second set consisted of a substrate material with less 
quality (and no air entraining agent); the overlay material was the same as in 
the first set. The composite specimens were not completely sealed, allowing 
some external moisture transport through one of the surfaces of the substrate 
material. Small parts of the composite specimen, at the interfacial/bond zone 
were in direct contact with external water. The external water was able to turn 
into ice as the temperature dropped below the freezing point and to thaw as the 
temperature rose above the freezing point again.  

Here, in experiment 2.2, the bond strength as well as the degree of saturation of 
the overlay material decreased with time. The overlay material was more or less 
completely sealed prohibiting moisture exchange with the ambient air. The 
saturation tendencies showed no obvious difference in the absorption behaviour 
of the different composite specimens. It is not clear whether the decrease in 
bond strength was a direct or indirect consequence of the freeze/thaw cycling.  
A direct consequence would suggest that the interfacial zone, or material in its 
vicinity, was damaged due to the repeated freezing and thawing.  
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An indirect consequence indicates that the decrease in bond strength was 
caused by internal and/or external transport of moisture, affecting the bond 
strength negatively. After splitting the composite test specimens, no decrease in 
the fundamental frequency of the coherent materials was detected; therefore, 
the latter is assumed to be the cause of the observed decrease in bond strength.  

The difference of the degrees of saturation of the two coherent materials in each 
series is compared to the measured bond strengths. The trend is that the bond 
strength of composite material consisting of two material of good quality tends 
to be negatively affected by an increasing difference of the degree of saturation 
of the coherent materials.  

Furthermore, it was observed that the trend is quite the opposite for composite 
specimens consisting of two coherent materials with divergent properties. For 
the series (S2/O2) the bond strength tends to increase as the difference in the 
degrees of saturation of the coherent materials increases. 

The third experiment was also divided into two parts (3.1-3.2). In the first part, 
3.1, the effect of freeze/thaw cycles on the absorption properties of several 
homogeneous materials was investigated. The test specimens were placed in an 
apparatus, subjecting one side in direct contact with water and the other side 
exposed to freeze/thaw cycles. The documented absorption was compared to 
reference specimens subjected to capillary suction in constant room 
temperature. The results showed a noticeable increase of absorption for 
specimens subjected to freeze/thaw cycling.  

The point separating the capillary range from the over-capillary range is reached 
much sooner for specimens subjected to freeze/thaw cycling than for specimens 
that are not, see also Chapter 4. Even the rate of absorption in the over-capillary 
range seems to be somewhat higher for specimens subjected to freeze/thaw 
cycling. The most probable reason for the observed increase of absorption is 
that the volume of the air in the unfilled pores decreases more than the 
surrounding material as the temperature drops, causing suction.  

These observations answer the question “If the durability of the repair work 
sensitive to a given situation?” The answer based on the results presented here 
is; yes, the absorption behaviour of concrete can be strongly affected by a given 
situation.

There is a rather strong resemblance between the setup of the experiment 3 and 
the situation for a dam structure. The observation forces us to wonder what the 
moisture condition is and what the physical properties of our oldest dam 
structures are. 
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In the second part of the third experiment, 3.2, the same apparatus as in 3.1 was 
used. The purpose of this part was to investigate the influence of the situation 
on bond strength of composite specimens.  
The coherent materials had the same mix composition and hardened properties 
as in experiment 1. The overlay material was in direct contact with the non-
freezable water.  

The run time of this experiment was a bit shorter than in experiment 1 and 3.1. 
Prior to testing the bond strength, the specimens were placed in a climate 
chamber (RH 80% at 20 C) for 2-3 weeks until no decrease in weight could be 
observed. The fundamental frequency was used to investigate any possible 
change in the hardened properties of the specimens, no deterioration could be 
observed. 

Even though the bond strength decreased to about 60 % of the reference value 
after 70 freeze/thaw cycles, the bond strength was approximately the same after 
an additional 90 freeze/thaw cycles (160 in total). The experiment was still 
running when this text was written. The temperature was monitored at two 
locations in a reference specimen.

The lowest freezing temperature observed was approximately –5.5 C . At this 
relatively high freezing temperature a large volume of the total amount of pore 
water will be unfrozen. The high peak freezing temperature is probably the main 
reason why the substrate material did not collapse completely as was the case in 
experiment 1. 

7.1.2 The measurement of bond strength 
In the first experiment the splitting test was used to determine the bond 
strength. The reason for choosing that method was primarily to perform the 
testing in a relatively short amount of time. The time factor was very important 
since after splitting the specimens were used to determine the degree of 
saturation. Another factor, contributing to the choice, was that the method is 
relatively frequently represented in the literature.  

The experience from this experiment is that the method is not optimal for 
determining bond strength, especially when small specimens are used. There 
are several reasons why the method is less suitable to use when determining 
bond strength. The strongest reason is perhaps that it is difficult to apply the 
load properly at the interfacial/bond zone when small specimens are used.  
The result from the testing is therefore to be regarded as a combination of the 
composite material’s splitting strength and bond strength. Even though the 
method does not purely measure the bond strength, the bond strength ought to 
have a strong influence on the test result obtained from the method. 
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The spitting test was also used to determine the bond strength in the two 
experiments 2.1-2.2. The method was more suitable here, mostly because the 
specimens here were larger making it easier to place in the testing apparatus as 
well as easier to apply the load more correctly along the interfacial/bond zone. 

Another approach was incorporated in the third and final experiment, as one 
specimen was used to determine the degree of saturation at each specific point 
of testing. Two specimens were placed in a climate chamber until the change of 
mass levelled out. This took about 2-3 weeks. The purpose of this approach was 
to try to eliminate the possible effect that the moisture content inflicts on the 
bond strength. 

However, the moisture content (mass) of the specimens did not, due to 
hysteresis, decrease to the exact level as the reference specimens had prior to 
being subjected to freeze/thaw cycling and absorption. Mounting brackets were 
then glued on each side of the specimen. 3 days after setting the specimens were 
subjected to tensile testing in an attempt to measure the bond strength. 

7.1.3 The combined effect of absorption and freeze/thaw cycling 
on the bond strength of composite materials 

The bond strength of the composite specimens used in Experiment 1 is plotted 
as a function of the number of freeze/thaw cycles during the run of the 
experiment. The most evident observation is that the bond strength of the series 
O/S2 is barely noticeably lower than the reference start value. Unfortunately, 
the reference values suggest that the specimens (most likely material S2) 
contained some amount of un-hydrated cement at the time of the measurement 
of the reference start value.  

During the run of the experiment hydration is therefore assumed to have 
continued, resulting in the observed increase of strength. In both series CF and 
RT of Experiment 1, the bond strength peak of the two sets of composite 
specimens occurred after approximately 50 days of absorption. The peak is 
easier to register for series CF than for RT. The peak is even more accentuated 
for specimens O/S2 compared to O/S1. This peak in bond strength can be 
observed in all experiments except 2.2.  

Perhaps it is caused by the same phenomenon as was observed in experiment 
2.1, where the composite specimens were completely sealed, prohibiting any 
transport of moisture from/to the specimens, leaving no other possibilities than 
that an internal transport of moisture is causing the increase in bond strength.  

This would then indicate that freeze/thaw cycling could have a positive affect on 
bond strength of composite materials and compressive strength of homogenous 
materials.
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The argument prerequires that the degree of saturation is within a certain range 
lower than the critical degree of saturation for any of the coherent materials. 

As mentioned earlier, the changes in bond strength (both increase as well as 
decrease) are assumed to be consequences of internal (and in some cases 
external) distribution of moisture rather than deterioration of the interfacial 
zone.

This opinion is based on the observation that there was no obvious sign of 
deteriorated interfacial zones and the fact that a decrease in the fundamental 
frequency was only observed in one series, O/S2 (CF) in experiment 1. The 
microscopic analysis showed cracking patterns in both coherent materials. 
While the cracking pattern was extensive in the substrate material, it was rare in 
the overlay material and in the vicinity of the interfacial zone. 

7.1.4 The influence of freeze/thaw cycling on the absorption 
properties of the specimens  

The absorption curves presented in Figure 6.15 are based on the bulk changes of 
the mass of the partially sealed composite specimens in the actual experiment 
series. The change of mass was measured by simply weighing the specimens at 
different points in time. This was done with the knowledge of the relatively large 
probability for errors in mind. The weighing was conducted mostly to get a hint 
of the absorption properties of the different materials/specimens. The 
discussions and results are all based on the more accurate values of absorption 
received by using the method described in Chapter 6. 

As mentioned earlier, the freeze/thaw cycling has a noticeable effect on 
homogeneous specimens/materials subjected to one-sided absorption. The rate 
of, as well as the total volume of, capillary absorbed water is higher for 
specimens subjected to freeze/thaw cycling, compared to reference specimens 
subjected to one-sided absorption in constant room temperature, see also 
Chapter 4. However, this behaviour, which is explained above, could not be 
observed for composite specimens. 

The degrees of saturation for the specimens used in experiment 2.2 and 3.2 at 
first increase to a certain point, and after that, the degree of saturation starts to 
decrease. This phenomenon can also be observed in experiment 1, series O/S1. 
This observation shows that some sort of freeze dehydration might have been 
taking place. The degree of saturation of the overlay materials decreases even 
though any external transport of moisture ought to be prohibited. In experiment 
1 and 3.2 the overlay materials are in direct contact with water, prohibiting 
transport from the material.  
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In experiment 1, during the freezing period the water on top of the overlay 
freezes as the temperature drops, preventing both capillary suction and 
diffusion. In experiment 3.2, the overlay material is in direct contact with the 
unfrozen bulk water. At the same time, the substrate material acts as insulation 
above the overlay material. 

Based on these observations it is supposed that there might be a driving 
mechanism, transporting moisture from the materials that is stronger than the 
mechanisms driving moisture into the materials. Moisture is possibly drawn out 
from the specimen due to the difference in free energy between ice crystals 
forming at the boundaries of the composite material (or at other locations in the 
composite specimen). It is also possible that the completely and partially sealed 
specimens are affected by condensation, which might affect the moisture state.  

Comparing the degree of saturation (same mix composition of the coherent 
materials of the composite material) after approximately 140 days, the 
specimens in 3.2 reach a higher degree of saturation compared to the specimens 
O/S2 (CF) used in experiment 1. The difference in degree of saturation is 
particular clear when it comes to the degree of saturation of the overlay material 
where the difference is about 25 % of saturation.  
This observation implies that the choice of repair materials for situations 
resembling the setup in experiment 3 is of utmost importance if a sufficient 
length of the repair works technical life is to be expected. It is prudent to point 
out that at these experiments high performance repair materials were used, 
having properties far above what are normally used in the hydropower industry 
today.

7.1.5 General discussion regarding the different setups 
The setup used in the first experiment is similar to the standard test method 
used to determine freeze/thaw resistance according to SS 13 72 44. It was hard 
to determine the splitting strength of the composite specimens and the results 
do not purely represent the bond strength, but rather a mixture between the 
splitting strength of the area closest to the interfacial zone and the bond 
strength.  

In retrospective, it would perhaps have been better if larger composite 
specimens had been used, approximately 150x150x60 for the overlay material 
and 30 mm for the substrate materials. Then, at certain points in time, cores 
could be drilled out of the specimens and dried to reference moisture conditions 
prior to testing of the tensile bond strength. The advantage of the procedure just 
described would be more reliable bond strength values. On the bottom side of 
the test specimens, the degree of saturation will have to be measured on 
specimens other than the ones used for the testing of tensile strength. 
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The setup used in experiment 2.2, where cracks or joints are simulated, can be 
improved further. The method used is somewhat inconsistent since the leakage 
tightness cannot be guaranteed. Steps to insure that the external water solely is 
in contact with the interfacial zone and small parts of the coherent materials 
need to be taken to improve this method.  

The third setup is believed to be the most promising one of the three. Here 
specimens are allowed to suck water on one side (at constant temperature), 
while the other side can subjected to cyclic temperature variation (or constant 
freezing). It is the author’s opinion that this setup resembles many situations for 
concrete structures that are partially in contact with water. Further calculations 
and measurements (in field and in laboratory) can give useful information that 
can be of help when improving the method to simulate real temperature 
conditions better. 
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7.2. FIELD STUDY 

The observations made during the field study and the results from the field-
testing of bond strength of (repaired) overlaid structures at different 
hydropower plants show that there is room for improvement regarding repair 
work techniques. The measured bond strength was in most cases less than the 
requirements stated by the Swedish Road Administration. There are no reasons 
why the hydropower industry should accept a lower quality of repair work than 
the SRA.  

The underlying reasons for the poor results are somewhat unclear, but poor 
execution seems to be one of the most likely reasons. The measured degrees of 
saturation suggest that, in some cases, concrete without air entraining agents 
has been used as repair material for waterway structures. In general, the quality 
of a large part of the investigated repair work in this study is considered to be 
less than what should be accepted. 

Moreover, observations made at the different sites suggest that there will be a 
demand for concrete repair works in the future. Therefore, it is necessary to 
insure that the proper knowledge regarding concrete restoration is incorporated 
in the owner’s maintenance organisation, so that correct requirements can be 
set. The author suggests that a fixed working order should be stated and that it 
should be followed for all future repair works in order to ensure the quality of 
future repair work. 

The observation made in the field study partially answers the question “Is
durability of overlaid structures a problem today?” The answer is that it seems 
that way. It is however not clear if the somewhat poor results are a consequence 
of the workmanship or if it is a solely a consequence of the environmentally 
imposed degradation processes, such as freeze/thaw attacks etc. Perhaps it is a 
combination of the two? 
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7.3. FINAL REMARKS 

As mentioned in the beginning of the first Chapter, this work focused on one 
main question. That question was “does freeze/thaw action affect the long term 
durability of overlaid hydropower structures?” It is obvious that the main 
question led to several other questions, of which some are investigated in this 
work:

Is durability of overlaid structures a problem today? 
Can a structure be regarded as freeze/thaw resistant if it is repaired 
with a freeze/thaw resistant material? If not, is it possible to detect the 
“weakest link”? 
Is the durability of the repair work sensitive to a given situation? If so, 
are there situations that can be considered as more aggressive than 
others?

The observations and results from the field study suggest that earlier executed 
repair works are generally of poor quality with respect to bond strength. The 
underlying causes of the low bond strength values are somewhat unclear. The 
most probable reason is assumed to be poor execution and in some cases 
incorrect choice of repair material. Unfortunately, it was not possible to either 
exclude or include the possible effects of freeze/thaw cycling observed in the 
laboratory study.  

Even though the majority of the investigated repair work was of poor quality, it 
is not certain what the underlying cause was, which leaves the first question 
partially unanswered.  

This study included five experiments containing, altogether well over one 
hundred, relatively small test specimens that were subjected to absorption in 
combination with freeze/thaw cycling for about 3-6 months depending on the 
setup of the experiment.  

Results from the experiments show that composite specimens can deteriorate 
even though the overlay material is intact and resistant to freeze/thaw actions. 
This answers the first part of the second question.  

There were no obvious observations implying that the interfacial zone 
connecting two coherent materials are more susceptible to freeze/thaw attacks 
than the coherent materials. However, this does not mean that there can be 
situations where the interfacial zone is the “weakest link”. The results point 
toward the material properties of the weakest material the determining factor of 
durability with regards to freeze/thaw actions, which partially answers the 
second part of the second question. 
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The study shows that homogenous, as well as composite specimens, subjected to 
freeze/thaw cycling in combination with absorption, more quickly reach high 
levels of saturation compared to specimens solely subjected to absorption. 
Another observation is that even though composite specimens in certain 
situations showed relatively large decreases in bond strength, the absolute 
values are all well above what can be considered as acceptable bond strengths 
(well over 1 MPa) in the field. This observation underlines the importance of a 
good execution in real cases. The answer to the third question is that each given 
situation affects the rate of absorption and therefore the durability with regards 
to freeze/thaw action as well. 

The decrease in bond strength that is observed in some of the experiments is 
believed to be a consequence of a disadvantageous distribution of moisture in 
the composite specimens and not a partial deterioration of the interfacial zone. 
All specimens in these experiment series were sealed (some more than others), 
prohibiting or strongly reducing the external transport of moisture from/to the 
composite materials. It is probable that the observations made here might in 
part be the consequence of condensation and or freeze dehydration. Therefore, 
it is unclear if these observations can be seen in real situations or not. 
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8. FUTURE WORK 

8.1. SUGGESTIONS OF FUTURE WORK 

The future work proposed in this chapter is based on the compiled observations 
from the experimental work and the field study presented in this report. Several 
options for future contributions have been treated and two areas are believed to 
be of greater interest to the hydropower industry, see the following sections. 

8.1.1 Proposal 1 
The first proposal is based on the observations made in the field study and 
especially the results from the testing of the bond strength and measurements of 
the degree of saturation. The overall impression is that it seems to be some sort 
of lack of knowledge inherent somewhere in the chain involving the processes of 
maintenance in the real repair cases.  

It is unclear if the poor results observed are a consequence of the proprietors 
(owners) inability to deliver sufficiently composed technical requirements or if 
it is a result of shortcomings in the execution of, and/or the quality control of 
the repair work. Another possible underlying cause to the observations might be 
that it perhaps is much more difficult to achieve firm and durable solutions than 
we presume. In any case, it is not possible to establish a general grade of the rate 
of success for the entire number of repair works conducted within the 
hydropower industry solely based on this relatively small felid study. Therefore, 
it is proposed that a more thorough investigation is made. The aim of that study 
should be to: 

1. Gather information regarding a major part of the earlier conducted 
repair works. 

2. Systematic analysis of observed phenomena, main causes etc. 
3. Determining a system that can be used to grade the rate of success of 

each repair work.

The information (1) shall include useful knowledge regarding the method, 
material compositions, and the environment in which the repaired structures 
occur, and so on. It is important to select as many relevant cases as possible. 
The rate of success should consider the relationship between the age (with 
respect to an expected service life) of the repair work and the condition of the 
same. The condition/quality of the repair work shall at least take the bond 
strength and the amount of abrasion/scaling into account.  

If the results of this field investigation concur with the observations made in this 
work, additional work is needed. That work ought to include some kind of 
“fault-localizing” part. If not, the study will still be useful since much useful 
information would then have been gathered.  
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The information would most certainly be useful input to a general maintenance 
strategy. It is quite obvious that, regardless of the outcome of this proposed 
study, several positive synergies are to be expected, for example: 

Further knowledge with regards to different durability aspects 
A complete inventory of the repaired concrete structures in the 
hydropower industry 
Useful input to the strategic maintenance plan 
A better understanding of important and relevant phenomena 
concerning repair work for the hydropower industry 

All in all, the information/knowledge achieved from the study just described 
would be useful in the working process of the streamlining of the line of 
maintenance/construction. The predicted investment cost of this type of 
study/project would most certainty be small, especially in comparison with the 
long-term cut in costs generated by maintenance and prolonged life time. 

8.1.2 Proposal 2 
The second proposal of future work is to, as mentioned earlier, investigate the 
technical life of a dam structure (in terms of internal frost damage) with respect 
to the rate of absorption and the freezing temperatures. An increase of the rate 
of water uptake is in most cases synonymous with an increase of the degree of 
saturation of a material. The higher the rate of uptake, the sooner the critical 
degree of saturation will be reached. A high degree of saturation increases the 
probability of internal damage due to freezing. This is especially serious in 
situations where the subzero temperatures are to be considered relatively low, 
as they tend to be in the northern parts of Sweden. This, in combination with 
the potential consequences the damage might cause, emphasizes on the 
importance of further studies of these mechanisms.  

Thus, the proposal is based on the findings of what appears to be an increased 
rate of absorption by specimens of concrete that are subjected to absorption of 
water and freeze/thaw cycling simultaneously. This observation is especially 
clear in experiment 3.1. It is somewhat unclear what mechanism (or 
mechanisms) causing this pronounced rate of absorption. Furthermore, it is also 
unclear whether these affects can be seen in a “real” situation, and if so, to what 
extent compared to the observations made in the laboratory.  

Here, the real situation is suggested to be a dam structure facing water on the 
upstream side and the ambient air on the downstream side. The environment of 
the upstream is constituted by (more or less) non-freezable water at a relatively 
constant temperature all year long. The environment of the downstream side is 
constituted by short- and long-term cyclic temperature variations with relatively 
low freezing temperatures. 
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It is suggested that the increase of the rate of absorption most likely is caused by 
one of two mechanisms. These mechanisms are 1) the volume dependency of 
air, meaning that as temperature drops the volume of the air in empty and/or 
partially filled pores contacts causing an increase in suction. It is assumed that 
temperature (freeze/thaw) cycling would probably enhance the effect of this 
potential mechanism. 2) The other possibility is that temperature gradient in a 
porous material causes heat flow that affects the transport of moisture through 
the specimen. The effect of this mechanism would probably not be as enhanced 
by temperature (freeze/thaw) cycling as (1). 

The aim would be to investigate and understand the driving mechanism (or 
mechanisms) of the observed increase of the rate of absorption that was 
observed in this work. The purpose would be to insure the condition of our dam 
structures. The study would include, laboratory tests, theoretical work and field 
studies. 
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