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Technology. 

ABSTRACT 
The future of ageing concrete apartment buildings is widely debated in Estonia 

as well as in neighbouring countries. Studies about the current technical condition 
of concrete apartment buildings from the 1960s show that in Estonia structures 
are in a satisfactory condition (except facades, balconies, awnings etc.). 
Shortcomings are related to poor indoor climate, energy efficiency and the 
hygrothermal performance of buildings, which increase the hygrothermal load on 
the building envelope from inside. Climate loads affect reinforcement corrosion 
from outside. Hence, the knowledge-based and detailed need for renovation and 
hygrothermal performance of the applied renovation scenario has to be studied. 

Indoor hygrothermal loads were studied in order to have proper boundary 
conditions for deterministic and stochastic analysis. Based on the measurements, 
temperature models for central and stove heating systems as well as three 
humidity models are proposed. Moisture excess and moisture production in 
bedrooms for cold periods depends on the occupancy and was on average 
2.8 g/m3 and 72 g/h, respectively. Average air change rate 0.6 h-1 for bedroom and 
0.32 h-1 for the entire dwelling unit, meaning an insufficient rate, was found for 
roughly 2/3 of the dwelling units. 

Measured thermal bridges showed unacceptably low interior surface 
temperatures for several junctions. These combined with high indoor 
hygrothermal loads due to high moisture production and insufficient ventilation 
cause distressful 54% risk for calculated mould growth, confirmed by 46% as 
visually detected. Calculated risk for surface condensation is 51%. When it comes 
to energy efficiency, current walls have unacceptably high thermal transmittance 
and thermal bridges constitute 10–34% of the transmission heat loss of buildings, 
depending on whether the windows are replaced and positioned into the same 
plane as the additional external thermal insulation and whether balconies are 
rebuilt or not. 

A method that combines existing corrosion propagation models and a 
hygrothermal simulation tool was proposed and validated in order to evaluate the 
need for renovation from outside. Results show that after carbonation has reached 
the reinforcement, corrosion propagation might take only three to six years. 
Applying additional external thermal insulation does not cause extensive corro-
sion while concrete dries out. In addition to insulating, also improving ventilation 
is advised to eliminate critical thermal bridges and stop degradation mechanisms. 
Also, new insulated facade improves the indoor thermal comfort and aesthetics. 
Renovation can be done only within a limited time-frame due to ongoing 
degradation and the huge construction volume of the existing housing stock. 

Keywords: renovation, durability, thermal bridge, corrosion, humidity load
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Ilomets, S. (2017) Eesti raudbetoon-suurpaneelelamute piirdetarindite 
renoveerimisvajadus ja toimivus. Doktoritöö, Tallinna Tehnikaülikool. 

KOKKUVÕTE 
Vananevate raudbetoonist korterelamute tuleviku üle diskuteeritakse 

ühiskonnas nii Eestis kui ka naaberriikides. Viimatised uuringud korterelamute 
tehnilise seisukorra kohta osutavad, et konstruktsioonid on üldiselt rahuldavas 
seisus (v.a. teatud fassaadid, rõdud ja varikatused). Peamised puudused on seotud 
sisekliima, energiatõhususe ning hoone ehitusfüüsikalise toimivusega, mis 
suurendavad sisekeskkonnast tulenevat ehitusfüüsikalist koormust hoone 
piirdetarinditele. Välised kliimakoormused mõjutavad betooni terasarmatuuri 
korrosiooni. Seega on vajalik teadmistepõhiselt ning süvitsi uurida piirdetarindite 
renoveerimisvajadust ning renoveerimislahenduse ehitusfüüsikalist toimivust. 

Piirdetarinditele mõjuvat seesmist soojus- ja niiskuskoormust analüüsiti 
saamaks ääretingimused edasisteks määratud ja juhuslikeks arvutusteks. Välja on 
pakutud mõõtetulemustel baseeruvad ruumitemperatuuri mudelid keskküttega 
ning ahiküttega korteritele/eramutele ning kolm ruumiõhu niiskuskoormuse 
mudelit piirdetarindite ehitusfüüsikalisteks arvutusteks. Keskmine magamis-
tubade niiskuslisa külmal perioodil oli 2,8 g/m3 ja niiskustootlus 72 g/h (sõltub 
asustustihedusest). Õhuvahetuskordsus oli 0,6 h-1 magamistoas ehk 0,32 h-1 kogu 
korteri ulatuses. Ebapiisav ventilatisoon tuvastati 2/3 korterites. 

Külmasildade mõõtetulemused osutavad mitme välispiirete liitekoha 
lubamatult madalatele sisepinnatemperatuuridele. Need, kombinatsioonis suure 
niiskustootluse ja ebapiisava ventilatsiooniga, annavad murettekitava arvutusliku 
hallituse tekke riski 54%. Visuaalselt tuvastatud hallitust esines vähemal või 
rohkemal määral 46% uuritud korterite välispiirete sisepinnal. Arvutuslik 
kondensaadi risk tarindi pinnal on 51%. Ehitusaegsete raudbetoonist välisseinte 
soojusläbivus on lubamatult suur. Külmasillad moodustavad piirdetarindite 
soojuskadudest 10–34% olenevalt sellest, et kuidas lahendatakse rõdude külma-
sillad ning kas aknad vahetatakse ja tõstetakse lisasoojustuse tasapinda või mitte.  

Raudbetoonist seinapaneeli väliskoorikus toimuva korrosiooni hindamiseks 
on töös välja pakutud ja valideeritud meetod, mis kombineerib praegused 
korrosiooni mudelid soojus- ja niiskustehnilise tarkvaraga. Tulemused osutavad, 
et suure kaldvihma koormusega fassaadi pragunemine võib toimuda juba kolm 
kuni kuus aastat peale karboniseerumise jõudmist armatuurini. 

Töö tulemusena on soovituslik parandada ventilatsiooni ning välispiirded 
lisasoojustada. Lisasoojustamine likvideerib lubamatud külmasillad ning peatab 
fassaadi lagunemise protsessid. Lisasoojustus ei põhjusta intensiivset armatuuri 
korrosiooni väliskooriku niiskuse välja kuivamise ajal. Lisaks tõuseb viimistletud 
lisasoojustusega soojusliku mugavuse tase hoones ning paraneb hoone 
väljanägemine. Renoveerimine on võimalik vaid piiratud aja jooksul jätkuvate 
lagunemisprotsesside ning elamufondi suure mahu tõttu. 

Märksõnad: renoveerimine, kestvus, külmasild, korrosioon, niiskuskoormus 
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SD Standard Deviation 
SNiP Stroitel’nye Normy i Pravila (Construction Codes and Regulations) 
WDR Wind-Driven Rain 

Symbols 

A area, m2 
C CO2 concentration, g/m3 

c specific heat capacity, J/(kg·K) 
d diameter, mm 
d depth or thickness, mm 
dc cover depth, mm 
dcarb carbonation depth, mm 
F Faraday’s constant, F = 96487 A∙s/mol 
fRsi temperature factor, - 
G moisture production, g/h 
H specific heat transfer, W/K 
hv specific enthalpy of water vapour, J/kg 
Icor corrosion current, A/m2; μA/cm2 

j flux, kg/(m2∙s) 
j rain intensity, kg/(m2∙s); mm/h 

Kg air permeability, kg/(m∙s∙Pa) 

k carbonation coefficient, mm/√years 
kwind wind coefficient, - 
kl liquid water conductivity; kg/(m∙s∙Pa) 
L2D thermal coupling coefficient from 2D calculations, W/(m∙K) 
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l length, m 
M mass, kg 
Mloss  mass of steel dissolved at the anode during the overall time, kg/m2 
m CO2 production, g/h 
N number of elements, - 
n air change rate, h-1 
n exponent of time (carbonation), - 
O occupancy, m2/person 
p air pressure, Pa 
Q thermal energy, J 
q heat flux, W/m2 

R thermal resistance, m2∙K/W 
RH relative humidity, % 
t temperature, °C 
U thermal transmittance, W/(m2∙K) 
u specific internal energy, J/kg  
V volume, m3 

v velocity, m/s 
w width, mm 
w water content, kg/m3 

x cross-section loss, μm 

z valence of corroding metal, -  

Greek letters 

β wind angle, degrees 
δ water vapour permeability, kg/(m∙s∙Pa) 
ε emissivity, - 
η catch ratio, - 
θ porosity, m3/m3 
λ thermal conductivity, W/(m∙K) 
μ water vapour diffusion resistance, - 
ν vapour content, g/m3 

ρ density, kg/m3 

σ energy or moisture source; energy or moisture sink 
τ time, s; h; years 
χ point thermal transmittance, W/K 
 linear thermal transmittance, W/(m∙K) 

Subscripts 

1D one dimensional 
2D two dimensional 
3D three dimensional 
c cover 
calc calculated 
carb carbonation 
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1 INTRODUCTION 

1.1 Background 

Approximately two thirds of the population in Estonia live in apartment 
buildings (Statistics Estonia, 2016). The majority of these apartment buildings 
(blocks of flats) were constructed during the 1960s, 1970s, and 1980s (Statistics 
Estonia, 2016). By today, these buildings have been in service for approximately 
30−50 years and due to their natural ageing combined with poor maintenance a 
growing need for renovation has emerged. The main causes of damage to facades 
together with indoor and outdoor hygrothermal loads affecting the building 
envelope are shown in Figure 1.1. A typical three-layer prefabricated reinforced 
concrete (RC) wall at the junction of an inserted floor slab is presented. Note that 
there is a zone without thermal insulation in the junction, causing a thermal bridge 
(high thermal transmittance and low interior surface temperature). Reinforcement 
corrosion takes place in carbonated, moist exterior concrete. 

 

Figure 1.1.  Vertical cross-section of a junction of two external wall large-panels and 
inserted floor slab of RC apartment building with the main damage and 
indoor and outdoor hygrothermal loads. In the pink areas the pH of the 
concrete is alkaline; grey shows areas where carbon dioxide has 
penetrated into the concrete causing carbonation. 

In recent years the future of the ageing housing stock has become a subject of 
wide discussion in Estonia (Terk and Keskpaik, 2015) as well as in neighbouring 
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countries. Mostly renovation versus demolishing and rebuilding districts with 
apartment buildings composed of prefabricated reinforced concrete (RC) large 
panels is being discussed. Demolition in Estonia, however, is complicated 
because (i) 82% of the apartments are in private ownership (Statistics Estonia, 
2016), and (ii) at least four times higher cost of rebuilding compared to major 
renovation (Kuusk et al., 2014). Studies of the current technical condition have 
pointed out that building structures in Estonia are predominantly in a satisfactory 
technical condition, but building components such as RC facades, balconies and 
loggias, overhangs, cornices and eaves often are not (EKK, 2012; Kalamees et 
al., 2009; Õiger, 2006; Technical Regulatory Authority, 2013). In 2012, a RC 
balcony barrier fell down from the fourth storey in Tallinn. In 2016, two accidents 
have taken place – a concrete awning collapsed in Keila, Estonia, and a concrete 
balcony in Riga, injuring two people. These examples prove the risks to which 
the referred sources point and indicate the urgent need for renovation due to safety 
reasons. In addition, shortcomings related to poor indoor climate, energy 
efficiency and hygrothermal performance of the building envelope were 
established (Kalamees et al., 2009, 2011). Also, the durability of RC and brick 
facades is found to be problematic (Ilomets et al., 2011). Hence, the need for 
renovation and possibilities of improving hygrothermal performance of the 
applied renovation measure have to be studied in detail. 

1.2 Objective and content of the study 

The problems related to the current technical condition of concrete apartment 
buildings in Estonia are known on general level. In order to apply a renovation 
scenario, the current need for the renovation of the building envelope and its 
aspects have to be studied in detail. For that reason, the specific objectives of the 
thesis were: 

 To determine proper indoor hygrothermal loads affecting the building 
envelope and propose models for indoor boundary conditions; 

 To prove the need for renovation due to thermal bridges by presenting the 
numerical probability of unacceptable performance for Estonian apartment 
buildings; 

 To quantify the proportion of thermal bridges in the total thermal 
transmittance of the building envelope for the present as well as for the 
renovated building envelope;  

 To study the impact of an additional external thermal insulation composite 
system (ETICS) on the renovated wall; 

 To determine the residual service life restrained by carbonation induced 
corrosion. 

The approach to the research questions in the thesis is based on six peer-
reviewed publications – three journal articles and three conference papers, see 
Figure 1.2 drawn by the author of the thesis. The order of publications from I to 
VI cover the performance of external wall from indoor to outdoor environment. 
In publication I, indoor hygrothemal loads were studied in order to have proper 
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boundary conditions for further analysis. In publication II, these indoor 
hygrothermal loads were applied to evaluate the probability of unacceptable 
performance caused by thermal bridges by using statistical analysis. In 
publication III, thermal bridges were analysed from the aspect of heat loss and 
both the current situation and the impact of renovation was involved. In 
publication IV, hygrothermal performance of the concrete wall after applying the 
ETICS was calculated as well as measured in situ. The calculation model was 
validated via comparison of simulation results with measured data. In publication 
V, a method combining existing corrosion propagation models and a 
hygrothermal simulation tool was validated. Finally, in publication VI, the latter 
method in combination with a hygrothermal simulation tool was applied to 
evaluate the corrosion propagation of the RC wall exposed to outdoor climate 
loads. Also, the effect of installing the ETICS on the corrosion propagation in 
concrete was analysed at various initial moisture conditions. 

 

Figure 1.2.  Schematic diagram of the bases of the need for renovation and its linkage 
to factors affecting it treated in six publications of the thesis. 
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The mapping of the current situation and indoor boundary conditions for 
further analysis in publication I relied on a broader sampling of buildings. The 
sample consisted of older, i.e. >30 years old concrete, brick and wooden 
apartment buildings and newer, i.e. <15 years old apartment buildings as well as 
detached houses from different periods. The probability of unacceptable 
performance caused by thermal bridges in publication II was determined for three 
dominant types of apartment buildings in Estonia. In publications III−VI, the 
focus was narrowed to proving in detail the need for the renovation of 
prefabricated RC large-panel apartment buildings based on hygrothermal 
performance of the building envelope.  

Two hypotheses were set in the thesis: 

 Indoor hygrothermal loads in combination with thermal bridges cause an 
inevitable need for renovation; 

 The residual service life of carbonated concrete facades is short.  

From the first hypothesis, the following research questions arose: 

 What are the indoor loads for hygrothermal simulations in Estonian 
apartment buildings? 

 How large is the risk of surface condensation and mould growth in 
apartment buildings caused by thermal bridges? 

 What is the impact of thermal bridges before and after renovating the 
building envelope of a concrete apartment building? 

From the second hypothesis, the following research questions arose: 

 How accurately can the hygrothermal performance of the concrete external 
wall be calculated by using the dynamic heat, air and moisture (HAM) 
software? 

 How accurately can the existing corrosion models be applied to evaluate the 
corrosion propagation in concrete facades exposed to outdoor climate? 

 Does the corrosion process in RC facades activate after the installation of 
the ETICS? 

 What is the numerical value of the residual service life of carbonated 
concrete facades in case of different cover depths and reinforcement 
diameters? 
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1.3 Limitations 

The load bearing capacity of the large panels of the external wall and 
reinforcement corrosion affecting it are not considered in the thesis. Structural 
stability must always be studied case by case and extra fixing of the external 
concrete is advisable before installing additional external thermal insulation.   

The thesis does not focus on RC balconies and loggias, awnings, overhangs, 
cornices and eaves because these are not part of the building envelope and 
therefore were not investigated.  

The data on concrete cover depth, carbonation and frost damage collected 
during the field survey prior to the compilation of the thesis were handled as 
inputs for the study. Expansion of the field survey data was not an aim of the 
thesis. 

The need for the renovation from the aspect of frost damage of RC facades 
was not investigated.  

The need for the renovation of RC apartment buildings is investigated from 
the technical point of view only, while social, economic, demographical etc. 
aspects are not evaluated. 

1.4 New knowledge and practical application 

The thesis presents the following new knowledge: 

 The indoor hygrothermal loads for the whole Estonian housing stock are 
provided by ranking the factors affecting the moisture production and air 
change rate in a cold climate. The numerical relationships between the 
factors affecting the moisture excess as well as moisture production are 
determined; 

 Measured high indoor hygrothermal loads in combination with the detected 
thermal bridges enable us to numerically determine the probability of 
surface condensation and mould growth in the three dominant types of 
apartment buildings; 

 A method combining existing corrosion models and a hygrothermal 
simulation tool is introduced and validated and found to be eligible for 
evaluating the residual service life of RC facades having outdoor climate 
loads with wind-driven rain (WDR); 

 It is established how corrosion intensity changes after applying an ETICS 
and what the sensitivity of the results is. 
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This new knowledge with the developed, tested and validated models and 
methods in the thesis was/can be implemented for the following practical 
applications: 

 The most dominant factor affecting the indoor humidity load in publication 
I was applied in the national appendix during the renewal process of EN 
ISO 13788 (2012); 

 The proposed method to evaluate the probability of unacceptable 
performance caused by thermal bridges is applicable in case of a building, a 
district or a whole housing stock;   

 Numerical values of linear thermal transmittances in publication III are used 
by the energy auditors in Estonia; 

 A calculation model of the concrete wall in the hygrothermal simulation 
tool can be and is already is used by other researchers for a variety of 
hygrothermal analyses, for instance by Pihelo et al. (2016); 

 The proposed corrosion propagation method can be employed to calculate 
the residual service life of carbonated RC facades. 
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2 ON PROBLEMS CONCERNING THE AGEING 
APARTMENT BUILDINGS 

2.1 Overview of the housing stock 

Large housing estates have been built all over Europe since 1960, but they 
became the dominant type of housing in Eastern European countries (Szafrańska, 
2013) where the housing stock had been damaged by World War II. The housing 
stock in Eastern Europe is not old compared to Western or Northern Europe, but 
it is characterised by much less floor area per inhabitant, lower real estate quality, 
as well as a lower rate of renovation (Dol and Haffner, 2010; United Nations 
Publication, 2004). Heating energy consumption in the eastern part of Europe is 
two to three times higher than in the similar apartment buildings in the West 
(Balaras et al., 2005b). In Central and Eastern Europe, lower availability of 
bath/shower, hot running water and central heating is evident based on statistics. 
The typical occupancy in Eastern Europe is 15−30 m2/person (30 m2/person in 
Estonia) compared to 35−50 m2/person elsewhere in Europe (Dol and Haffner, 
2010). There is a tendency towards increasing level of living area per person, i.e. 
lower occupancy, in countries with high occupancy. The decreasing average size 
of households leads to the growing need for the number of dwelling units whilst 
for Estonia, a decrease of population is forecast (Dol and Haffner, 2010). On the 
other hand, the growing rate of immigration to Europe, not reflected in recent 
statistics yet, might increase the population.  

Nikulin (2007) studied the residential development, desires and decisions of 
inhabitants of districts of Tallinn and concluded that a detached or terraced house 
or an apartment in a new building is not affordable for middle-class residents. 
Negative examples of large housing estates becoming ethnic minority ghettos can 
be found in Europe, e.g. France, the Netherlands and Sweden (Szafrańska, 2013) 
driven by immigration. However,, large housing estates in Estonia have still a 
relatively good image, social mix of inhabitants and there are no straightforward 
signs of downgrading (Kährik and Tammaru, 2010).   

The existing housing stock and procedures related to it form a substantial share 
of the economies. It is evaluated that the built environment in Europe represents 
about half of the national wealth, having therefore enormous economic and 
technical relevance (Long et al., 2001). In the construction industry, 50% of the 
turnover serves the maintenance, repair and remedying the damage. Strong 
pressure to apply progressive measures to modernise the older housing stock in 
the EU comes from the short-term energy targets set by the year 2020 and by 
2050 in a longer perspective. Since the annual renewal of the housing stock is 
only 1−2% in case of 50−100 years of service life, sustainable renovation 
scenarios have to be applied to the older, inefficient housing stock. In her thesis, 
Haapio (2008) claims that the environmental aspects are disregarded in today’s 
renovation. The design of the building should be considered in service life 
planning, including forthcoming renovations, reuse and recycling. 
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Future scenarios concerning the ageing housing stock are being discussed 
throughout Central and Eastern Europe, e.g. in Prague and  Warsaw (Terk and 
Keskpaik, 2015) from the perspective of a whole district, a district via building 
by building or on the level of a single apartment building. Examples of 
modernising whole districts can be found from East Berlin (Marzahn-Hellersdorf 
district) as well as from Helsinki (Jakomäki district) (Terk and Keskpaik, 2015). 
Three main scenarios have been proposed for discussion in Estonia (Terk and 
Keskpaik, 2015): 

 Demolition and rebuilding by building groups and redesigning the common 
space between the buildings. This scenario is most progressive, expensive 
and incommodious for the inhabitants; 

 Complete modernisation by building groups via retaining the current RC 
load-bearing structures by following the example of East Berlin. The floor 
planning can be renewed and extensions (lifts, balconies, sanitary facilities, 
common area etc.) added. The cost is lower than for demolition and 
rebuilding and inhabitants have to leave their homes only for a short period 
of time; 

 Renovation building by buildings. This scenario is similar to what has 
already started in Estonia. During the renovation, windows are replaced and 
additional thermal insulation is applied to the external walls and the roof 
with the upgrading of building services. This scenario is clearly the most 
affordable and convenient for the inhabitants.  

One more scenario that has been executed in a few cases in Estonia is adding 
an extra storey on top of the building while renovating (EstKONSULT, 1996). 
This is mostly financed by selling the new apartments built.  

Demolishing and rebuilding versus modernising via renovation is being 
discussed and studied elsewhere in Europe as well. In the UK Power (2008) made 
a fair comparison between the rebuilding and renovation with a broader overview 
including environmental, social and economic perspectives. It was stated that 
rebuilding for energy reasons is greatly weakened if the embodied energy in 
addition to in-use energy is looked into. In Scandinavia, a significant number of 
apartment buildings originate from the so-called ‘Million Homes’ project from 
the 1960s and 1970s (Erlandsson and Levin, 2004). The overall housing quality 
is better than in former socialist countries, and therefore possibilities and 
limitations associated with the existing housing stock are evaluated over new 
buildings. The results indicate that renovation is environmentally a better choice 
than the construction of a new building (Erlandsson and Levin, 2004). A tool to 
evaluate sustainable renovation scenarios for Sweden is proposed by Mjörnell et 
al. (2014). Statistics behind the small number of demolished buildings was 
studied by Huuhka and Lahdensivu (2016), who found that demolition takes place 
mostly in the city centres in order to make space for new buildings, irrespective 
of the building’s age. In Russia, demolishing and rebuilding all run-down 
buildings is evaluated to be economically impossible; therefore, massive 
renovation is necessary to prevent housing standards falling further (United 
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Nations Publication, 2004). In Poland, the cost of modernising older large 
housing estates is evaluated to be 25−60% of the rebuilding (Gorczyca, 2009). In 
Lithuania, constructing new buildings would require four to eight times more 
resources than renovation (Ruzgys et al., 2014). Renovation versus demolishing 
a five-storey concrete apartment building in terms of energy, economy and 
environmental impacts was analysed by Kuusk et al. (2014). It was proven that 
by renovating, a low-energy level and smaller environmental impact with four 
times less investment can be achieved compared to demolishing and rebuilding. 
Moreover, it is evaluated that the construction works to replace half of the 
housing stock will take approximately 20 years (ENMAK 2030, 2016).  

2.2 Service life and the need for renovation  

According to definition, service life is the period of time after installation 
during which a building or its parts meet or exceed the performance requirements 
(ISO 15686, 2000). A standard proposes a framework, principles, requirements 
and guidelines for the service life planning (ISO 15686, 2000). 

At the beginning of the 1960s concrete apartment buildings in Estonia were 
designed according to Soviet construction norms (SNiP), standards (GOST) and 
guidelines in Moscow (Poukhonto, 2003; Roitman, 1985). The durability of the 
structures was designed as regular by setting the requirements for concrete 
composition, production technology, concrete cover thickness etc. The designed 
service life of buildings of that time was 50 years as today (EN 1990, 2002), but 
according to other interpretations of the references up to 125 years (Roitman, 
1985). The latter service life is the theoretically calculated so-called averaged 
value for load-bearing structures. As older buildings have already exceeded the 
designed service life of 50 years, the question about the current technical 
condition has arisen. In fact, exceeding the designed service life does not mean 
that using a building should be finished for at least two reasons: 

 Indoor and outdoor climate loads and maintenance conditions affecting the 
building envelope during the last 50 years were not known at the time of the 
design; 

 Design of the service life is always performed by using safety factors, not 
median values. 

The need for renovation might be due to the requirements set to a building 
(CPR, 2011), to non-technical as well as to physical performance of the building 
envelope, see Figure 1.2. 

The current technical condition and the future of the housing stock are 
discussed in many European countries having a similar housing stock. Degrading 
exterior surface of the building envelope is one of the major concerns why 
exterior renovation actions are applied (Balaras et al., 2005a). Damage and the 
need for renovation are pointed out when it comes to RC balconies and facades 
in Finland (Lahdensivu, 2012; Pentti et al., 1998). Mapping main problems in 
several Central and Eastern European countries is done in (Raslanas, 2011). In 
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Russia, the technical condition of apartment buildings is worsening continuously 
and the volume of necessary renovation is evaluated to be 4−5% of the housing 
stock (United Nations Publication, 2004). In reality, it was far below 1% at the 
beginning of the 2000s and has not increased notably since then. In Lithuania, 
concrete apartment buildings close to 50 years old have had no major repairs over 
these years. Poor indoor climate due to insufficient ventilation, hygrothermal 
performance of the building envelope and aesthetic problems are noted in 
addition to several non-technical and subjective issues. With the high energy 
consumption and the safety aspects related to degraded non-glazed balconies, 
buildings are in need of renovation (Raslanas, 2011). Load-bearing structures in 
Vilnius examined already in 1996 showed 10−30% deterioration (Ignatavicius et 
al., 2000), which means their fairly good state and possibility of renovation. 
However, the deterioration rate was higher for overhangs, cornices, balconies and 
loggias, reaching up to 50%. 

2.3 Concrete apartment buildings in Estonia 

In Estonia, over three fourths of the dwellings have been built after World War 
II, primarily in the 1960s, 1970s and 1980s (Statistics Estonia, 2016). Apartment 
buildings make up 70% of the whole dwelling stock. Apartment buildings are 
located mostly in urban or suburban areas while detached houses, primarily 
farmhouses, are the main dwelling types on the outskirts and in rural areas. The 
dominant apartment building types are brick and prefabricated RC large-panel 
buildings, accounting for 37% and 36% of all apartment buildings by floor area, 
respectively (Allikmaa, 2013). However, in the Estonian housing stock, there are 
also apartment buildings made of autoclaved aerated large blocks (12%), whose 
characteristics are similar to those of certain brick apartment buildings, and old 
wooden apartment buildings from the beginning of the 20th century (8%). 

Although there are a few such buildings elsewhere, large-panel apartment 
buildings are concentrated mainly into three districts of Tallinn called Mustamäe, 
Õismäe and Lasnamäe, see Figure 2.1. 

Large-scale industrial construction of RC apartment buildings in Estonia 
began in the early 1960s in Tallinn (Gritsenko, 2008), see Figure 2.2. The 
production technology was imported from France but the panels were first 
designed in the central design institute in Moscow and later locally in Estonia. 
There were two factories in Tallinn, which had the production capacity of 
200 000 m2 of living area annually. 
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Figure 2.1.  Concrete apartment buildings in districts of Tallinn – Mustamäe (top left), 
Õismäe (top right), Lasnamäe (bottom left), all from www.taevapiltnik.ee, 
and a typical 1-464 series building from Mustamäe (bottom right). 

The core structure of prefabricated panels mounted in situ with cast junctions 
has a very high level of structural stability as all the walls (except walls of sanitary 
rooms) are load-bearing. A reinforcement mesh made of regular smooth steel 
3−4 mm in thickness with a tensile strength 500 MPa was placed inside the load-
bearing internal as well as the external layer of the concrete. These layers of 
concrete with a grade of 15 MPa were connected with thicker rods (see Figure 
2.2, top left), also made of regular, ‘black’ smooth steel, subject to corrosion. 
Higher compressive strength of concrete, predominantly ranging between 25 and 
70 MPa, has been detected by measurements (Ilomets et al., 2011). Although only 
the internal layer was meant to carry the load, cast panels start to act as a whole. 
This must be kept in mind while designing the renovation and removal of the 
external layer should not be considered in case of a slender (˂75 mm in thickness) 
internal layer. A technical description of the building envelope in more detail is 
given in Section 3.1, see also Figure 1.1.     
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Figure 2.2.  Casting the internal layer of concrete into the formwork with steel 
reinforcement (top left), levelling the rubble bulk of the incoming facade 
(top right), casting the concrete into the junction in situ (bottom, left) and 
mounting the panels by crane (bottom right), all from the private 
collection of Prof. Emer. Karl Õiger. 

Mustamäe district was built within approximately ten years between 1962 and 
1972 (Gritsenko, 2008). The district was built according to an overall plan, 
considering its technical and social infrastructure. The district has open planning 
and green areas forming a natural, characteristic environment, which constitutes 
40% of the area (Ojamäe et al., 2009). The visual scene of the built environment 
is dominated by a limited number of architectural designs. When constructed, the 
buildings had district heating and apartments were equipped with central cold and 
hot water and sewage, considered as relevant housing comfort of that time.  

Typological series 1-464 apartment buildings in Mustamäe have mostly five, 
but also nine storeys. One 1-464 typology building consists of four to eight 
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sections in a row, each having one staircase. The net height of a storey is only 2.5 
metres. These buildings have smaller apartments as well as smaller rooms in 
apartments, especially the kitchen and entry, compared to the later designs from 
the 1970s and 1980s. Series 1-464 consists of several sub-series from different 
times; these may differ in the size of the buildings, area of windows and 
architectural characteristics (Gritsenko, 2008). One of the key shortcomings of 
the five-storey concrete apartment buildings is the absence of lifts. 

The buildings constructed in Õismäe and Lasnamäe districts in the 1970s and 
1980s were of series 121. The main difference compared to series 1-464 is the 
design of sections instead of a building. Hence, a building might be composed of 
several sections that differ from one another. Each apartment has a balcony. 

Series 84 panels were designed and produced exceptionally in Moscow. These 
buildings can be found in eastern Estonia. In addition, apartment buildings of 
series 133 and 66 composed of single-layer external wall panels have been 
erected in various regions of Estonia. 

When it comes to ownership, it should be emphasised that the majority of 
dwelling units (82% in Estonia (Statistics Estonia, 2016)) are in private 
ownership. A building with a large number of owners makes all decision-making 
processes concerning renovation very complicated. Such an ownership structure 
is a result of the privatisation process, which in Estonia took place in the 1990s 
after the collapse of the Soviet Union. In principle, the right to private property 
is notably present in the legislation of independent Estonia. During the era of the 
Soviet Union, real estate such as dwelling units in apartment buildings, were in 
public ownership. This historical burden has affected the service of buildings, 
expressed as insufficient maintenance as well as the lack of regular technical 
condition assessment.       

2.4 Indoor hygrothermal loads on the building envelope 

Loads affecting the building envelope from inside are temperature, relative 
humidity (RH), internal moisture excess (depends on moisture production and air 
change rate) and carbon dioxide, see also Figure 1.1. To prevent dampness-
related problems, possible moisture sources should be taken into account in the 
design phase. As the hygrothermal performance of the building envelope and its 
surface depends on boundary conditions, a proper evaluation of the indoor 
hygrothermal loads is crucial. Loads affecting the hygrothermal performance of 
the building envelope can be expressed in several ways (RH, moisture excess, 
vapour pressure difference, moisture production and air change rate) and their 
relation to outdoor climate must be considered.  

In deterministic hygrothermal calculations, critical boundary conditions and 
material properties guarantee that the design solution is on the defined safe side. 
In-depth studies of indoor hygrothermal loads and their influences are required 
whereas using the measurements of indoor humidity conditions is advised by 
Glass and Tenwolde (2009) and Vinha (2007). Currently available deterministic 
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methodologies (EN ISO 13788, 2012) for measuring hygrothermal performance 
are insufficient for accurate assessment of functional performance, for instance. 
Therefore, a research project on the Reliability of Energy Efficient Building 
Retrofitting – Probability Assessment of Performance and Cost (IEA EBC Annex 
55, 2012) was launched. A probabilistic assessment would require the 
incorporation of both correct critical values and average values with deviations 
into existing hygrothermal models. IEA EBC Annex 41 shows that it is also 
possible to use a whole-building indoor climate and energy simulation for 
hygrothermal modelling (Woloszyn and Rode, 2008). Because whole-building 
simulation programs use moisture production and air change rate as input 
parameters, indoor hygrothermal loads should also be reported using these 
parameters. 

Indoor hygrothermal loads in Estonian dwellings were studied in detail in 
publication I, including the levels of moisture excess for deterministic and 
stochastic approaches and factors affecting the moisture production and air 
change rate. 

2.5 Thermal bridges 

The thermal bridge is a part of the building envelope where the otherwise 
uniform thermal transmittance is locally significantly larger. From seven essential 
requirements set in the Construction Products Regulation (EU) No 305 (CPR, 
2011), thermal bridges influence the requirements for ‘hygiene, health and the 
environment’ and ‘energy economy and heat retention’. The main problems 
caused by thermal bridges are the risk of surface condensation or mould growth, 
lower thermal comfort and increasing thermal transmittance. As the overall 
thermal transmittance of the building envelope is reduced while renovating, the 
ratio of linear thermal transmittance becomes evident. A method how thermal 
bridges should be accounted for in the heat loss of the building envelope with the 
default values was proposed already by Olsen and Johennesson (1996). They 
claimed the computer simulations needed and extra effort put into the better 
design of the thermal bridges to be very cost effective. Barnes et al. (2013) 
showed that linear thermal transmittance Ψ, W/(m∙K), of the external 
wall/window junction is highly dependent on the detailing of the window sill in 
combination with the frame.    

The studied buildings have similar architectural and structural typology 
characteristic of that time, including typical thermal bridges, see Figure 2.3.  
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2.6 Degradation mechanisms and durability – reinforcement 
corrosion 

 As mechanical resistance and structural stability are the most relevant 
requirements set to a building, their possible decrease due to corrosion must 
always be studied. Carbonation reduces the porosity of concrete made with 
ordinary Portland cement and increases its compressive strength (Lahdensivu, 
2012). Decrease of load-bearing capacity of reinforcement bars inside the 
concrete as well as of bars connecting the layers is evaluated to be minor as the 
decrease of the cross-section due to corrosion is relatively small compared to the 
initial cross-section of the reinforcement bar. On the other hand, corrosion 
diminishes adhesion between the reinforcement bar and concrete. The possible 
decrease of load-bearing capacity due to corrosion of reinforcement bars must be 
further monitored. 

Corrosion of concrete reinforcement (see Figure 2.4 and oncoming Figure 4.4) 
can be divided into two main stages: initiation and propagation (Broomfield, 
1997; Otieno et al., 2011; Tuutti, 1982). 

 

 

 

  

Figure 2.4.  Reinforcement corrosion of the facade, top left and middle (private 
collection of Prof. Emer. Karl Õiger). Corrosion studied with microscope 
in laboratory – no corrosion yet, top right, and corroded reinforcement, 
middle right (Ilomets et al., 2011). 
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Initiation is the penetration of carbon dioxide following Fick’s law into the 
concrete facing the indoor and outdoor environment. Based on Eq. (1), n = 0.5 as 
the exponent of time while calculating carbonation speed is often applied. 
Nevertheless, the parameter n is generally 0.2 < n < 0.5 (Köliö et al., 2016; 
Parrott, 1987; Tuutti, 1982). Smaller values than n = 0.5 could be justified when 
it comes to the cyclic wetting and drying nature of the concrete facade. The results 
of Köliö et al. (2016) prove n = 0.5 as being proper in spite of large variations 
within the coefficient. Still, faster carbonation in the beginning in the case of a 
rubble bulk (exposed aggregate) facade, i.e. n < 0.5, is pointed out. 

n
carb kd                                              (1) 

where dcarb is carbonation depth (mm); k is carbonation coefficient 
(mm/√years);  is time (years); n is exponent of time. 

The exponent of time is as a rule smaller than 0.5 in the facade’s surface 
exposed to outdoor climate due to cyclic wetting and drying since the water in 
concrete pores provides additional resistance up to 104 times (Schiessl, 1988) 
compared to an empty pore, i.e. an ingress of carbon dioxide is faster in concrete 
that has RH 50−70% (Parrott, 1987). Carbonation is neutralisation of concrete’s 
alkaline pH (CIB W080 Report, 2010; Parrott, 1987). During this chemical 
reaction, calcium hydroxide and calcium silicate hydrate with carbon dioxide, 
forming calcium carbonate and water (Johannesson, 1998). A higher level of 
carbon dioxide due to human activity indoors causes a deeper carbonation front 
in structures facing the indoor environment (see Figure 1.1). Carbonated 
structures of the internal layer of walls and inserted floor slabs are harmless as 
long as these structures stay dry. 

The concentration of global atmospheric carbon dioxide has risen from 
340 ppm in the beginning of 1980s to 400 ppm today (Dlugokencky and Tans, 
2016), having an annual rise of 2 ppm. All future scenarios predict an increase by 
the year 2050 in the range of 450−550 ppm (IPCC, 2014). Thereafter, it depends 
on the actions taken to decrease the greenhouse gas emissions and climate 
warming. However, the scenario having up to 1000 ppm with 4 °C temperature 
rise by the year 2100 is claimed to be likely (IPCC, 2014). Future climate 
scenarios for North Europe predict also a worsening situation in terms of 
corrosion: rise of temperature, higher RH and more precipitation, higher wind 
speed and less solar radiation (Ruosteenoja et al., 2013). Also extreme weather 
will be more likely. By the end of the 21st century, the southern parts of Finland 
will transfer from the boreal D climate zone (Köppen-Geiger) to the temperate C 
zone (Ruosteenoja et al., 2013). Therefore, accelerating carbonation of concrete 
exposed to the outdoor environment is to be considered in durability and service 
life design of new construction as well as of renovation. 

The current thesis evaluates corrosion propagation in porous concrete after the 
reinforcement has lost its passive film during carbonation. Corrosion starts if the 
preconditions for the electrochemical process such as presence of moisture and 
oxygen are fulfilled. Uniform corrosion at the surface of reinforcement forms 
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anodic and cathodic areas with the pore water as an electrolyte. The electrons 
move from the anodic area towards the cathodic area creating an electric current 
(Johannesson, 1998). On the cathodic area, these electrons form hydroxide ions 
if water molecules are available. Therefore, the corrosion current increases with 
RH (Bouteiller et al., 2012; Tuutti, 1982) up to a certain level, i.e. RH 90−95% 
(Yu et al., 2014). Inter alia, the corrosion current depends on the amount of 
dissolved oxygen, which decreases in concrete saturated with water (Markeset 
and Myrdal, 2008). Hence, the formation of corrosion products (except black 
rust) is hindered in wet concrete due to the lack of oxygen. Still, a sufficient 
quantity of oxygen might be available occasionally while the concrete’s surface 
in contact with outdoor air is not wet (Gjørv, 2009). 

Corrosion currents have values between 0 and 10 μA/cm2 based on 
measurements by Lahdensivu et al. (2013) (conducted by Jussi Mattila) and 
Tuutti (1982). A limit for corrosion current at 2.6 μA/cm2 is proposed by 
Bouteiller et al. (2012). It is also evaluated that high corrosion current Icor > 1 
μA/cm2 (measured seldom) corresponds to annual corrosion penetration depth 
>10 μm into steel (Andrade and Alonso, 2001), but it depends on temperature. 

The critical depth for steel corrosion (cross-section loss) that causes cracks, 
chipping and spalling of the concrete covering is 15−40 μm (Broomfield, 1997), 
15−50 μm (Alonso et al., 1998) or 100 μm (Parrott, 1987). The critical depth 
depends on the cover thickness, and the lowest value 15 μm occurs in case of a 
small cover depth while 100 μm is quite typical of large cover depths. 

Empirical, numerical or models based on resistivity or oxygen diffusion to 
calculate the corrosion and service life of a structure have been developed, most 
of them are reviewed by Ahmad (2003), Jamali et al. (2013) and Raupach (2006). 
A novel attempt for that time to apply the capability of computer software for 
predicting the service life of RC was made by Vesikari (1999). Still, the inability 
to consider cracks and the large calculation unit (50 mm) can be considered as 
disadvantages. Recently, hygrothermal simulation tool was combined with the 
corrosion model by the developers of WUFI software in Fraunhofer Institute for 
Building Physics, Germany. Since the corrosion mechanism is highly 
complicated and dependent on many factors, calculation results are never 
accurate and tend to be valid only for the conditions they were developed in 
(Otieno et al., 2011). This makes validation of the models and their further 
application highly complicated. Even so, an effort to take a step forward is made 
in the present thesis. 
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2.7 Current technical state-of-the-art of concrete apartment 
buildings 

2.7.1 Overview and current technical state-of-the-art of concrete 
apartment buildings in neighbouring countries 

Concrete apartment buildings in Eastern Europe, and especially in the Baltic 
States, can be characterised as in general similar to those in Estonia, which were 
described in the previous chapters. As production technology of RC panels was 
the same in principle, analogous technical solutions can be found in other 
countries e.g. Czech Republic. Similarities can also be detected when it comes to 
today`s technical problems related to aging housing stock, such as poor energy 
performance, winter thermal comfort, mould growth due to insufficient 
ventilation, water-proofing failures, lack of maintenance etc. (Hejtmánek et al., 
2017), see Figure 2.5.   

  

  

Figure 2.5. Extensive reinforcement corrosion and the concrete cover dropped off 
(top left) and extensive mould growth on the interior surface of the 
building envelope (top right). Corroded anchoring detail of the RC loggia 
barrier (bottom left) and a vertical junction of two external wall panels 
and the floor slab (bottom right), all from (Witzany, 2016). 
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Apartment buildings composed of prefabricated RC large panels in Finland as 
well as in other Nordic countries, have a better construction quality. One of the 
main differences compared to Estonia is continuous thermal insulation also in 
junctions (Pentti, 1994), see Figure 2.6. Hence, the problem of thermal bridges is 
less serious in terms of heat loss as well as the risk of mould growth on the interior 
surface. 

Figure 2.6.  Cross-section of a typical junction of the RC external wall and the 
inserted floor slab (Pentti, 1994) on the left and reinforcement of the outer 
layer of the RC panel in Finland (Pentti et al., 1998) in the middle and on 
the right. 

When it comes to the current need for renovation, the main problems are 
related to degradation of facades and balconies, primarily cracking, frost damage 
and reinforcement corrosion (Al-Neshawy, 2013; Lahdensivu, 2012), see Figure 
2.7. 

   

Figure 2.7.  Typical carbonation induced corrosion on the left and local frost damage 
at the edge of an exposed aggregate RC panels on the right (Lahdensivu et 
al., 2013). 



37 

2.7.2 Current technical state-of-the-art of RC apartment buildings in 
Estonia 

The overall technical condition of the RC load-bearing structures was studied 
already in the 1990s (EKK, 1994) and the results were, in general, satisfactory 
but threats related to certain types of balconies were pointed out. In the 2000s, a 
satisfactory condition of load-bearing structures was confirmed with safety 
aspects of balconies, loggias, awnings, overhangs, cornices and eaves indicated 
(Kalamees et al., 2009; Õiger, 2006), see Figure 2.8. 

 

Figure 2.8.  Severe corrosion propagation of  reinforced concrete balconies (Õiger, 
2006).  

In 2012, a report of mapping the balcony railings was compiled (EKK, 2012) 
after a RC balcony had dropped down in Tallinn. In 2013, a study about RC 
balcony and loggia barriers was performed by the Estonian Technical Regulatory 
Authority (Technical Regulatory Authority, 2013). The report concluded that the 
poor construction quality, a lack of real estate maintenance and repair combined 
with unauthorised modifications by inhabitants were the causes of such accidents. 
Recently, in 2016, a RC awning panel collapsed near Tallinn (see Figure 2.9, 
right), provoking more discussion about the future of ageing concrete apartment 
buildings in Estonia. 
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Figure 2.9.  Reinforced concrete awning panel above an entrance door from the 1960s 
on the left (private collection of Prof. Emer. Karl Õiger) and a collapsed 
awning panel at Keila near Tallinn (Postimees, 2016). 

By the time of completing the thesis, no serious technical problems concerning 
the safety and residual load-bearing capacity of the external walls had been 
detected (EKK, 1994, 2012; Kalamees et al., 2009; Õiger, 2006). Having said 
that, corrosion decreases the cross-section of the reinforcement bar and reduces 
its load-bearing capacity (Dehoux et al., 2012). 

2.7.3 Current technical state-of-the-art of the external walls in Estonia 

The technical condition of the building envelopes of concrete apartment 
buildings in Estonia is satisfactory (Ilomets et al., 2011; Kalamees et al., 2011). 
Still, junctions of large panels are found to be leaky due to missing or incorrect 
sealing, enabling water and air infiltration. High thermal transmittance and low 
indoor surface temperature of the thermal bridges have been detected.  

The measured carbonation depth of external concrete is typically 10−40 mm 
whereas the carbonation of a painted facade was found to be significantly deeper 
against the rubble bulk finishing (Figure 2.10, left). Reinforcement corrosion is 
generally minor and it is visually detected only in case of insufficient (<20 mm) 
cover depth. 
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Figure 2.10.  Carbonation depth of the external concrete (left) and the loss of mass of 
concrete after 56 freeze–thaw cycles in laboratory (right) (Ilomets et al., 
2011). 

No harmful quantities of chlorides and sulphates were detected inside the 
concrete. Therefore, corrosion can be considered to be carbonation induced. 

Both visual inspection of buildings and laboratory tests (Figure 2.10, right) 
indicated problems with the residual frost resistance of concrete facades. Only 
half of the specimens fulfilled the criteria for the frost resistance in the XF1 
environmental class: loss of mass M ≤ 0.5 kg/m2. The frost resistance of older 
buildings was in a somewhat worse condition (Ilomets et al., 2011).  

The hygrothermal performance of the external walls is characterised by some 
condensation on the interior surface of the external concrete during winter. The 
calculated quantity of the condensed moisture is rather small and the moisture 
dries out during spring due to a large heat flux.          

The technical need for renovation studied in the thesis comes from the two 
sides of the building envelope: 

 From inside because of the high moisture load, transmission heat loss and 
low surface temperature; and 

 From outside because of climate loads affecting the hygrothermal 
performance of the building envelope and reinforcement corrosion. 

A detailed literature review of the subtopics is included in the publications on 
which the thesis is based. 
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3 RESEARCH OBJECTS 

3.1 Buildings studied 

The initial building sampling was broad-based but was later narrowed 
throughout the studies due to focussing. Most of the buildings were located in 
Estonia, except those five used for validating the method concerning the 
reinforcement corrosion propagation in publication V; these all are located in the 
Helsinki region, Finland (see Table 3.1 for details). Selection of buildings and 
dwelling units was random. A general description of the housing stock in Estonia 
with the focus on reinforced concrete (RC) apartment buildings is given in 
Section 2.3.  

Table 3.1.  Distribution of the studied dwelling units 

 Number of studied 
dwelling units 

Subdivision of  
dwelling units 

Indoor boundary conditions: 
temperature and RH (publication I) 

180  
(+57 detached houses)

32 RC; 45 brick;  
42 log; 61 new 

Indoor boundary conditions:  
air change rate (publication I) 

80 
(+8 detached houses) 

13 RC; 24 brick;  
23 log; 20 new  

Thermal bridges  
(publications II and III) 

48 13 RC;  
15 brick; 20 log 

Validation of the corrosion method 
(publication V) 

5 buildings 5 RC buildings 

HAM performance of RC wall and 
corrosion (publications IV and VI) 

1 1 RC 

*RC – reinforced concrete, RH – relative humidity, HAM – heat, air and moisture. 

3.1.1 Dwellings involved in indoor climate measurements 

The indoor climate measurements were conducted in Estonian apartments and 
detached houses representative for the housing stock with various occupancies, 
sizes, ages, structures and types of heating and ventilation, see Table 3.2 and the 
following description. All 237 dwelling units consisted of an entry, living room, 
kitchen, sanitary rooms, bedrooms and non-living spaces, e.g. a corridor or 
storage area. The kitchen area was typically enclosed in a separate room but may 
also have been integrated with the living room in new apartments. In apartment 
buildings one-, two- and three-bedroom apartments predominated. In detached 
houses, three or four bedrooms dominated. All the dwelling units were privately 
owned. 
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Table 3.2.  Main characteristics of the 237 dwelling units used for indoor climate 
measurements 

 Apartment building, 76% 
(180 dwelling units) 

Detached house, 24%  
(57 dwelling units) 

Net floor area: average ± SD 
and (min–max) 

63±28 m2  
(31–299 m2) 

122±49 m2 

(34–300 m2) 

Occupancy: 
average ± SD (min–max) 

27±15 m2/person 
(9–85 m2/person) 

45±22 m2/person 
(16–103 m2/person) 

Age of a buildings 

<20 years: 35% 
20–40 years: 16% 
40–70 years: 24% 
>70 years: 24% 

<20 years: 58% 
20–40 years: 3% 
40–70 years: 4% 
>70 years: 35% 

Structures of external walls of apartment buildings were typically made of RC, 
brick or wood (see Table 3.1, right column). A combination of different materials 
was used in 2% of the apartment buildings while walls in detached houses 
typically consisted of one of two different materials (log 48%, timber frame 
52%). Both the natural passive stack ventilation system (51% in apartments and 
55% in houses) and the mechanical system (49% in apartments and 45% in 
houses) were represented in the studied dwellings. Central heating with hydronic 
radiators was typical (77%) in apartments while in houses many heating systems 
were represented (stove/fireplace 33%, electrical radiators 20%, hydronic 
radiators 23%, combined 23%). Mechanical cooling was not used in general in 
Estonian dwellings. 

3.1.2 Apartment buildings involved in the analysis of thermal bridges 

The criticality and heat loss of the thermal bridges were studied in apartment 
buildings composed of RC, brick and log (see Table 3.1 for percentage).  

The panels of the external walls of the RC apartment buildings built in the 
1960s, 1970s and 1980s are composed of two layers of RC (50–125 mm inner, 
load-bearing layer, and 30–70 mm outer core, see also Figure 1.1) with thermal 
insulation of 100–150 mm in between (fibrolite, MW, phenolic foam or EPS). 
Deviations from the design value of the thickness of the inner layer of RC (e.g. 
50 mm instead of 75 mm) exist, caused by large production tolerances and limited 
total thickness of the panel. Different panels are welded and cast together in situ. 
The thermal transmittance of solid walls varies in the range U  0.5–
1.0 W/(m2·K) and of roofs U  0.7–1.0 W/(m2·K). 

The external walls of brick buildings have an inner, load-bearing layer of 250–
630 mm in thickness (typically calcium silicate brick), 60–120 mm of MW 
thermal insulation and a 120 mm external layer (calcium silicate or ceramic 
brick). The thermal transmittance of solid walls varies in the range U  0.5–
1.2 W/(m2·K) and that of roofs U  0.7–1.0 W/(m2·K). In general, slabs on the 
ground and floor slabs above the cellar are not insulated in these structures. 
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Typical log dwellings from the first half of the 20th century have 2–3 storeys. 
The external load-bearing walls are built of horizontal or vertical logs of 120–180 
mm in thickness. The inserted floor slabs are usually built of wooden beams. 
Floor slabs above cellars are also made of RC on steel beams. The thermal 
transmittance of solid wooden walls varies between ca 0.5 and 0.9 W/(m2·K). 
Attics and cellars are generally unheated, and the thermal transmittance of the 
inserted slabs separating the heated space is U  0.5 W/(m2·K). 

Apartment buildings made of autoclaved aerated concrete (included in the 
evaluation of the heat loss via thermal bridges only) are mainly composed of large 
blocks that have lime or oil shale ash as the binding agent. Visually similar to 
some types of brick apartment buildings, these buildings generally have 2–5 
storeys. The thermal transmittance of the 300 mm solid walls (density ρ  800–
1000 kg/m3) is U  0.6–1.1 W/(m2·K) and that of pitched or flat roofs U  1.0–
1.5 W/(m2·K). 

In Estonia, it is common that the majority of the original windows having 
wooden jamb/frame ca 95 mm in thickness have been replaced by the inhabitants 
in all building types since the late 1990s and early 2000s. Newer windows, 
characterised often by a narrower, ca 70 mm PVC jamb/frame increase the linear 
thermal transmittance of external wall/window junction and decrease the air 
change rate being more airtight. 

3.1.3 Buildings involved in the study of corrosion propagation of RC 
facades 

Five prefabricated RC large-panel apartment buildings located in the Helsinki 
region, Finland, were used for the validation process of corrosion propagation in 
publication V. Although the principal production technology and general 
characteristics of the buildings are analogous to those in Estonia, the construction 
quality (including thermal bridges and frost damage) and overall technical 
condition are better in Finland. Information for the thesis was collected from the 
condition investigation reports. These buildings, built between 1968 and 1974 in 
Siltamäki district, have two to three storeys and concrete facades covered with 
rubble bulk. As in Estonia, the external wall has two layers of RC and thermal 
insulation, mostly MW, in between. Data on the building’s age, location, concrete 
cover depth, carbonation depth and corrosion-induced damage with the location 
of the specimen taken from, were collected. 

3.1.4 Hygrothermal performance of a RC external wall 

For detailed hygrothermal performance of the external wall, a typical 
prefabricated RC large-panel wall was used (see Figure 3.1 for illustration and 
Figure 1.1, Figure 4.2 and Section 2.3 for specific description in addition to 
publications IV and VI). 
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Figure 3.1.  Reinforced concrete external wall of a case-study building before (left) 
and after (right) the external thermal insulation composite system was 
installed. 

3.2 Outdoor climate loads 

Estonia is located in North-East Europe (59° N, 24° E in case of Tallinn) 
where maritime-continental climate affected by the Gulf Stream prevails. The 
temperate zone has four seasons with warm summers and snowy winters with 
high RH throughout a year (according to Köppen-Geiger (2016) Dfb climate 
classification). The average annual temperature is 5–6 °C, meaning about 4200 
heating degree days. The total amount of precipitation varies mostly between 600 
and 700 mm according to the Estonian Weather Service. The rainiest months are 
July and August, although it is often cloudy and rainy during autumn. The 
dominating winds are south-westerlies of an average wind velocity of 
approximately 4 m/s. Despite the small area, differences between the rather 
maritime western and the continental eastern part of Estonia are notable. 

Long-term climate data with 1 h frequency from the years 1970–2012 for 
Estonia and 1979–2009 for Finland measured by the Finnish Meteorological 
Institute were used, containing the following climate parameters: 

 Air temperature, °C; 
 Relative humidity, %; 
 Wind direction, degree; 
 Wind velocity, m/s; 
 Rain intensity, mm/h; 
 Diffuse solar radiation, W/m2; 
 Direct solar radiation, W/m2. 
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4 METHODS 
Mixed methods research was used in the thesis. Quantitative methodology by 

using a large number of studied dwelling units was applied in order to determine 
indoor hygrothermal loads (publication I) as well as criticality of the thermal 
bridges (publication II). Qualitative approach was chosen for the in-depth energy 
performance of different junctions characterised by large variations in publication 
III. Also profound scientific analysis of corrosion propagation (publications V 
and VI) can be seen as qualitative research. Qualitative case study field 
measurements were conducted in order to prove the applicability of the results of 
the thesis for buildings studied in practice.      

Only the main and general methods are reported here to avoid vain 
duplication. Detailed methods can be found in publications I−VI serving as the 
basis of the thesis. 

4.1 Indoor hygrothermal loads 

4.1.1 Measurements 

Small data loggers Hobo U12 011 (measurement range from –30 to +70 °C; 
5–95% RH; accuracy ±0.35 °C, ±2.5% RH) were used to measure indoor 
temperature and RH with a 1 h step over the course of one year in the master 
bedroom and/or living room. Outdoor climate parameters were measured near the 
buildings or data were obtained from the nearest weather station. 

To evaluate the air change rate in bedrooms, measurements of carbon dioxide 
(CO2) levels in 13 concrete apartment buildings, one dwelling unit from each 
building (88 dwelling units in total, see Table 3.1) were conducted over a period 
of two to three weeks in winter and summer. TelAire 7001 sensors were used for 
CO2 measurements with readings at 10 minute intervals. The air change rate was 
evaluated on the basis of CO2 measurements (outdoor concentration 350 ppm) 
and its estimated emissions from inhabitants in bedrooms during the night 
(approximately 20:00–8:00) following Cui et al. (2015), see Eq. (2): 
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                           (2) 

where m is CO2 production (g/h); 


V is the air flow rate (m3/h); V is the volume 
of the room (m3); Ce is CO2 in the outdoor air (g/m3); C is CO2 indoors after 
measurements (g/m3); C0 is the initial CO2 indoors (g/m3);  is time (h). 
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4.2 Thermal bridges 

4.2.1 Measurements 

To determine typical thermal bridges and their distribution, measurements 
with a FLIR ThermaCam E320 infrared camera (thermal sensitivity 0.1 °C, 
measurement range from –20 °C to +500 °C) were conducted in winter in 13 
concrete apartment buildings (48 apartment buildings in total). The standard EN 
13187 (2001) was followed when the temperature difference between the indoor 
and outdoor air was at least 20 K.  

For the emissivity ε of the surface materials, data from the literature and 
measurements made by FLIR Systems (2006) were used. From each apartment 
building, up to four dwelling units (i.e. apartments) were studied. 

The presence of mould growth on the internal surface of a thermal bridge was 
visually inspected combined with the simple tape-lift method (Harris, 2000) and 
microscopic analysis in the laboratory. 

The temperature factor (i.e. the temperature ratio) on the interior surface of 
the thermal bridge (fRsi, -) (IEA Annex 14, 1990; EN ISO 10211, 2007; EN ISO 
13788, 2012) was used to evaluate the criticality of thermal bridges and the 
probability of unacceptable performance, see Eq. (5). 
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where tsi is the interior surface temperature, °C; te is the outdoor air 
temperature, °C; ti is the indoor air temperature, °C; RT is the total thermal 
resistance of the building envelope, m2∙K/W; Rsi is the interior surface resistance 
of the building envelope, m2∙K/W. 

4.2.2 Calculations of the criticality of thermal bridges 

The temperature factor fRsi can be calculated from: 

 Thermography measurements fRsi.res representing the resistance of the 
thermal bridge; 

 Indoor and outdoor climate measurements fRsi.load representing the load 
effect on the thermal bridge. 

Unacceptable performance (surface condensation or mould growth) occurs if 
fRsi.load > fRsi.res, see Figure 4.1. The resulting probability is the overlap of the 
lowest fRsi.res and the highest fRsi.load values. The procedure for calculating critical 
surface temperature tsi.crit or critical temperature factor fRsi.crit is described in EN 
ISO 13788, (2012). 
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4.2.3 Calculations of the linear thermal transmittance 

Thermal performance of typical thermal bridges was analysed with the two-
dimensional (2D) steady-state finite element heat-transfer simulation program 
THERM 6.0 developed by the Lawrence Berkeley National Laboratory, (2012) 
and calibrated according to the EN ISO 10211 (2007) standard. The linear thermal 
transmittance of the thermal bridges , W/(m·K), was calculated by Eq. (8): 

 

where L2D is the thermal coupling coefficient obtained from the 2D calculation 
of the component separating the two environments being considered, W/(m·K); 
Uj is the thermal transmittance of the 1D component j separating the two 
environments being considered, W/(m2·K); lj is the length over which the value 
Uj applies, m. Length of L2D is equal to Σlj. Overall internal dimensions of the 
external envelope according to EVS-EN ISO 13789 (2008) were used in the 
calculations.  

Linear thermal transmittances were calculated for four different building types 
as original and additionally insulated building envelopes: +100 mm, +150 mm, 
+200 mm and +300 mm additional external thermal insulation with the thermal 
conductivity λ = 0.04 W/(m∙K). Thermal conductivities of the materials used in 
the calculations are presented in Table 4.1.  

Table 4.1.  Thermal conductivity , W/(m·K), of the materials used in thermal bridge 
analysis 

Material Thermal conductivity 
, W/(m∙K) 

Polyurethane foam 0.024 

Additional insulation (mineral wool /expanded polystyrene ) 0.040 

Phenolic foam (based on phenolic resin) 0.043 

Mineral wool of existing building envelope 0.070 

Rubber foam, mastics 0.10 

Sawdust 0.10 

Wood 0.13 

Fibrolite (chip cement board) 0.16 

Autoclaved aerated concrete  0.23 

Dry sand 0.25 

Expanded clay concrete 0.30 

Hollow calcium silicate masonry 0.70 

Ceramic brick masonry 0.70 

Calcium silicate brick masonry 0.90 

Lime–cement mortar 1.0 

Concrete 2.0 
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In the calculations of linear thermal transmittance, average values of internal 
surface resistance from the EVS-EN ISO 6946 (2008) standard were used: for 
roof Rsi = 0.10 m2K/W, for wall Rsi = 0.13 m2K/W, for floor Rsi = 0.17 m2K/W. 
Thermal resistance Rse 0.04 m2K/W was used for all external surfaces.  

Transmission heat loss of a building envelope consists of several components: 
thermal transmittance U, linear thermal transmittance  and point thermal 
bridges χ. Thermal transmittance can be also presented as an overall reduced (in 
literature: also ‘equivalent’) thermal transmittance of a wall Ured (W∙m-2∙K-1), 
which consists of heat transfer through the 1D opaque wall (excluding windows) 
and of heat transfer through the 2D thermal bridges divided by the wall area 
according to Eq. (9): 

 

where H is a specific heat transfer, W/K; A is the area of 1D wall, m2; U is the 
thermal transmittance of the 1D wall, W/(m2·K); Ψj is the linear thermal 
transmittance of the thermal bridge, W/(m·K); lj is the length of the thermal 
bridge, m; χj is the point thermal transmittance of the thermal bridge, W/K; n is 
the number of point thermal bridges. Point thermal bridges are not taken into 
account in this thesis. 
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4.3 Hygrothermal performance of the external wall 

4.3.1 Field measurements of hygrothermal performance of a RC external 
wall 

Temperature and RH inside the concrete wall after the installing of an external 
thermal insulation composite system (ETICS) were measured in situ to get 
information for HAM model validation. Two insulation materials, mineral wool 
(MW) and graphite enhanced expanded polystyrene (EPS), were used. In addition 
to hygrothermal conditions inside the wall, temperature and RH at the wall 
surface as well as heat flux and air pressure difference over the building envelope 
were recorded; see measurement points in Figure 4.2 and illustrative images in 
Figure 4.3. 

 

Figure 4.2.  Test-wall schematics and measurement points (red dots). ETICS – 
external thermal insulation composite system; t&RH – temperature and 
relative humidity. 

The case study had two aims: 

 To study the hygrothermal performance of the concrete wall after applying 
ETICS; 

 To validate the simulation model for further analysis. 
 

 

Figure 4.3.  Illustration of the case study measurements: original reinforced concrete 
wall covered with rubble bulk and the wiring (left) and the temperature 
and relative humidity sensor (right). 
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The heat flux through the external wall was measured with a Ø80 mm 
Hukseflux HFP01 heat flux plate, measurement range from –2000 to 
+2000 W/m2; accuracy +5%/–15%. Surface temperatures were measured by 
TMC6-HD thermistor (measurement range from –40 to +100 °C; accuracy 
±0.25 °C) and TC6-K thermocouple (measurement range from 0 to +285 °C; 
accuracy ±2.2 °C). Temperature and RH inside the wall were measured by 
Ø5 mm Rotronic HygroClip SC05, measurement range from –30 to +100 °C; 0–
100% RH and accuracy ±0.3 °C, ±1.5% RH. Data were saved by Squirrel Grant 
SQ2020-1F8 multiple channel data logger placed indoors. 

4.3.2 Field study of the corrosion of RC facades 

The technical condition of RC facades was surveyed in Siltamäki district near 
Helsinki in summer 2007 by Tampere University of Technology. All together 44 
apartment buildings built in 1968–1974 were studied from which five building 
were used in the thesis. Buildings had two to three storeys and the RC external 
core of the three-layer wall was covered with rubble bulk. Both specimens 
visually not damaged and damaged by cracking or spalling were drilled out from 
the facades oriented to several cardinal directions. The concrete cover depth, 
carbonation depth, reinforcement diameter, density, porosity, water uptake and 
vapour diffusion resistance as well as mechanical characteristics were measured 
in laboratory. 

4.3.3 Calculations by using hygrothermal simulation tool Delphin 

The hygrothermal simulation tool Delphin used for simulations was developed 
in Dresden University of Technology, Germany (Nicolai, 2008). The software is 
validated (Scheffler, 2008; Sontag et al., 2013) and it is used for simulating 
coupled heat, air, moisture, pollutants and salt transport. It uses numerical 
solution which is done by semi-discretisation in space (using a finite/control 
volume method) and subsequent integration in time. Modelling comprises the 
description of fluxes in the calculation domain or in the field (between volume 
elements including material interfaces) and at the boundary (between volume 
elements and exterior or interior rooms) by physical models. Also models 
for storage processes such as adsorption, desorption and release are included but 
hysteresis is excluded. 

The moisture mass balance can be written as (Eq. 10):  

w v w v v w vm m m m m
REV conv conv diff REVj j j

t x
  

        
                   (10) 

where w vm
REV  is moisture (water + vapour) density in reference to volume 

kg/m3; w vm
REV  is moisture source/sink in reference to volume, kg/(m3∙s); j is flux, 

kg/(m2∙s); conv is convective; diff is diffusive; v is vapour; w is water.  
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The energy balance is given by Eq. (11): 

,

,
g voc gl v

m mm mU Q U
REV diff l conv g conv v dif voc g diff REVj u j u j h j f h j

t x
          

  (11) 

where 
U
REV is the internal energy density in reference volume, J/m3; 

U
REV is 

energy source/sink in reference volume, W/m3; Q
diffj is heat conduction, W/m2; j 

is flux, kg/(m2∙s); the subscript conv stands for convective, diff diffusive, g gas, l 
liquid; u is specific internal energy, J/kg; hv is the specific enthalpy of water 
vapour, J/kg.     

Assumptions of the software are: 

 Evaporation equilibrium (the Kelvin equation); 
 Diffusive liquid water mass flow, dispersive liquid water and dispersive 

water vapour mass flow are negligible; 
 Pressure equilibrium between all phases (this leads to capillary pressure as 

well as to defined quantity and to water retention characteristics); 
 Distortions of the solid material matrix are negligible; 
 Ice does not move. 

Versions since 5.8.1 (2013) include an ice model that takes the formation and 
melting of ice into account, including the enthalpy effect. 

Outputs from the software used in the thesis are: 

 Temperature t, ˚C; 
 Relative humidity RH, %; 
 Moisture content w, kg/m3. 

Wind-driven rain (WDR) loads for Delphin are calculated by the user 
according to Eq. (12): 
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where kwind is local catch ratio of wind-driven rain, βwind is wind angle, degrees;  
vwind is wind velocity, m/s; jRain.hor is horizontal rain intensity, kg/(m2∙s). 

The presented approach leads to an average local catch ratio of kwind ≈ 0.2, 
which is representative for the lower part of the facade in the urban environment 
for a building up to 20 metres in height (Blocken et al., 2013). This is well 
consistent with kwind ≈ 0.5 at wind velocity 10 m/s given by Blocken and 
Carmeliet (2010). A critical WDR level at the centre of unobstructed facade was 
achieved via the corrections according to EN ISO 15927-3 (2009) ending up with 
a catch ratio η ≈ 0.43. A critical WDR level at the top edge of a low rise building 
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was doubled (η ≈ 0.86), as proposed in (Blocken and Carmeliet, 2010). In the 
analysis of the applied ETICS, it was assumed, following ASHRAE 160P (2008), 
that 1% of the WDR load penetrates through the ETICS on the external surface 
of the original concrete facade. 

The material properties used in the calculation of hygrothermal performance 
of a wall are given in Table 4.2. In addition to fixed values, Delphin’s default 
functions of material properties as depending on the hygric environment were 
included.          

Table 4.2.  Material properties used in the calculation of the hygrothermal 
performance of reinforced concrete external walls 

 Concrete Wood-
cement 

chip board

Adhe-
sive 

mortar

EPS* MW* PIR* Exterior 
rende-
ring 

Bulk density , kg/m3 2320 500 700 35 75 35 1270 

Porosity θ, m3/m3 0.14 0.93 0.73 0.94 0.92 0.91 0.50 

Specific heat capacity 
c, J/(kg·K) 

850 1470 945 1500 840 1500 960 

Thermal conductivity 
, W/(m·K) 

1.5 0.12 0.19 0.035 0.038 0.027 1.0 

Water vapour diffusion 
resistance factor μ, - 

19/41 3.8 15 15 2 225 10 

Liquid water conductivity 
kl, kg/(m·s·Pa) 

4.4·10-11 16·10-9 3.2·10-9 0 0 8·10-6 0.27·10-6 

Air permeability Kg, s 1·10-6 7·10-3 1·10-5 1·10-6 1·10-2 0 1·10-6 

Initial moisture w0, kg∙m-3/ 
RH, % 

90–110/ 
98.2–99.8

2/ 
60 

200/ 
100 

0.6/ 
60 

3.1/ 
60 

~0/ 
60 

300/ 
100 

* EPS – expanded polystyrene, MW – mineral wool, PIR – polyisocyanurate 

4.3.4 Corrosion propagation calculations 

The proposed method combines existing corrosion models from the literature 
and the hygrothermal simulation tool Delphin. The method involves only the 
period of corrosion propagation, i.e. carbonation of the concrete cover is 
assumed, see Figure 4.4, left. 

The concrete is assumed to be solid, at first without cracks and not deformable. 
The corrosion process is assumed to be induced by carbonation (i.e. content of 
chlorides <0.07 weight % of concrete (Gjørv, 2011; Lahdensivu, 2012)) because 
chlorides were not detected in the concrete specimens drilled in Estonia 
(Kalamees et al., 2009). The corrosion current inside the external layer of 
concrete (Figure 1.1) depends primarily on the RH as shown in Figure 4.4, right, 
and secondly on temperature inside the concrete. 



54 

 

Figure 4.4.  Scheme of service life, comprising periods of the initiation (τi) and 
propagation (τp) of corrosion (left). On the right, corrosion current 
depending on the relative humidity (RH) of concrete (valid for a 
temperature of +5 °C), based on Tuutti (1982). 

Corrosion propagation was calculated in the following steps: 

 Hourly values for temperature and RH were calculated in the external   
concrete at the depth of the reinforcement dc = 20–25 mm by using a 
dynamic hygrothermal simulation tool; 

 Hourly values for corrosion current Icor were calculated from the RH 
according to Tuutti (1982) in Figure 4.4, right (MS Excel post-processing); 

 Hourly values for corrosion current Icor were corrected with the temperature 
(by 7.5 times with a 10 °C temperature change (Broomfield, 1997) with 
reference to a 5 °C baseline). Upper limit Icor = 10 μA/cm2 (i.e. 1 mA/m2) 
was set (Künzel, 2015); 

 A cross-section loss of the reinforcement was calculated according to 
Faraday’s Law (Eq. 13) from El Maaddawy and Soudki (2007): 

Fz

IM
M cor

loss 





                                         (13) 

where Mloss is the mass of steel dissolved at the anode during the overall time 
τ, kg/m2; M is the molecular weight of corroding steel (M = 55.8 g/mol); Icor is the 
corrosion current, A/m2; τ is the corrosion duration, s; z is the valence of corroding 
metal, i.e. the number of electrons involved in the electrochemical reaction (z = 2 
for steel); F is Faraday’s constant, F = 96487 A∙s/mol; 
 A cross-section loss x0 related to the first visible crack (w = 0.05 mm) 

depends on the cover depth dc, mm, and the diameter of the reinforcement 
d, mm, being calculated (see Figure 4.5, left): x0 = 7.53 + 9.32·dc/d. The 
uniform corrosion of a cylinder-shaped d = 3 mm reinforcement mesh 
(based on condition investigation reports) and the density of the steel 
ρ = 7850 kg/m3 are assumed. 
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Figure 4.5  The ratio of the concrete cover/reinforcement’s diameter causing the first 
crack (w = 0.05 mm, left) and further crack evolution (w = 0.3 mm, right) 
modified from Alonso et al. (1998). 

 Further attack penetration for the crack’s opening, from 0.05 mm up to 
0.3 mm (Δ0.25 mm crack width corresponds to Δ80 μm attack penetration), 
is independent of the cover/diameter ratio from Figure 4.5, right. Corrosion 
intensity is assumed to double (Δ0.25 mm crack width corresponds to Δ40 
μm attack penetration) after the formation of a first crack caused by: i) 
increased WDR penetration, and ii) dependence of the crack opening on the 
corrosion current as stated in Alonso et al., (1998). 

Several calculation cases were set in order to cover the variability of factors 
affecting the wall performance (base case is marked with bold): 

 Calculation period (climate): 1970–1976/2006–2012; 
 Initial moisture content of the external layer of RC: winitial = 90/110 kg/m3; 
 Wind-driven rain load: η ≈ 0.43/0.86; 
 Indoor moisture excess: Δ= 3/5 g/m3; 
 Water vapour diffusion resistance of external RC: μ = 19/41; 
 Three different materials for additional thermal insulation: EPS, MW, PIR. 

It must also be remembered that the reinforcement corrosion decreases the 
original safety margin of the load bearing structure. Still, this aspect was not 
studied in the thesis because the research focused on the performance of the 
building envelope. 
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5 RESULTS 
Only the core findings of the thesis as a whole are reported here to avoid vain 

duplication. Detailed results can be found in the publications on which the thesis 
is based. 

5.1 Indoor boundary conditions in Estonian dwellings 

5.1.1 Temperature 

Temperature measurements (see measurement methods in Section 4.1) show 
that the heating period ends when the daily average outdoor temperature rises to 
10–15 °C and the indoor temperature approximates the outdoor temperature 
during the warmest summer days. Temperatures in dwellings with central heating 
and stove/combined heating systems differ: the former have a relatively stable 
indoor temperature on average at +22 °C throughout the heating period while in 
the latter the temperature drops to +19 °C with considerable deviations during 
colder weather. In summer, overheating is generally not a problem due to a 
reasonable window size and thermal mass of the structures.  

The models for the indoor temperature and humidity were developed and 
validated based on independent field measurements. Two indoor temperature 
profiles in respect to the outdoor temperature are proposed depending on the 
heating system, see Figure 5.1. Models representing the average temperature can 
be used for both the stochastic and the deterministic approach. In case of the 
stochastic approach, standard deviation is applied. Three types of indoor data sets 
can be generated: 

 T1: variations of indoor temperature ti between dwelling units where a 
single line represents the temperature profile for each dwelling unit 
(SD = 1.8 °C; CV = 0.082 °C); 

 T2: variations of indoor temperature ti within one dwelling unit where each 
dwelling unit is described with a batch of hourly data (SD = 0.7 °C; 
CV = 0.032 °C for central heating and SD = 1.4 °C; CV = 0.067 °C for 
stove heating); 

 T3: a combination of T1 and T2 in order to have a batch of lines 
representing average indoor temperature ti profiles between dwelling units 
and a batch of hourly data representing variation of the hourly temperatures 
within a dwelling unit as well. 
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Figure 5.2.  Indoor humidity M1 model: the average (left, calculated by using Eq. 14) 
and 90% design levels (right, calculated by using Eq. 15) of moisture 
excess correlated with occupancy over the whole outdoor temperature 
range. 

A comparison of the proposed indoor humidity M1 model and the existing EN 
ISO 13788 (2012) shows that they are similar but with two notable differences: 
(i) turning points of the graphs (5 °C against 0 °C), and (ii) the levels during warm 
periods – determining moisture excess levels for warm periods according to the 
load during cold periods is suggested. 

M2 humidity model takes into account in addition to occupancy (primary 
factor influencing moisture production indoors) secondary factors: air change 
rate, air leakage rate, the height of the ventilation stack and the age of windows. 
The numerical relationship between all the factors affecting the indoor humidity 
load is presented. The M2 model can only be applied if one has measured or 
predicted data concerning the secondary factors. See details of M2 model in 
publication I. 

Moisture production and air change rate proposed in M3 model can be used 
as input values for the hygrothermal design by using the whole building 
simulation models. The model is based on the measurement results in bedrooms 
during the night: average air change rate n = 0.60 (SD 0.43; CV 0.72) h–1 and 
moisture production G = 72 (SD 50; CV 0.69) g/h, see Figure 5.3. As there was 
no significant difference between the moisture excess levels measured during the 
day and night, the same values are applicable within any period of time. 
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5.2 Thermal bridges 

5.2.1 A method to evaluate the criticality of thermal bridges 

The first result to present about the thermal bridges is a novel method 
combining the measured values of indoor hygrothermal loads and the temperature 
factor of thermal bridges. The procedure for calculating critical surface 
temperature tsi.crit or critical temperature factor fRsi.crit is described in (EN ISO 
13788, 2012). An example of critical temperature factor based on indoor and 
outdoor climate measurements of a dwelling unit throughout a year is shown in 
Figure 5.4. 

 

Figure 5.4.  Critical temperature factors fRsi.load(cond.mould) of one dwelling unit during a 
one-year period. Daily average was used for condensation criterion and 
monthly average for mould growth criterion. 

The probabilistic approach, presuming the normal distribution of measured 
temperature factors fRsi.res and critical temperature factors fRsi.load, was used to 
evaluate the risk of mould growth in concrete apartment buildings, see Figure 4.1. 
Critical temperature factors were calculated according to indoor and outdoor 
climate measurements of these buildings in publication I.  

5.2.2 Practical application of the proposed method – Estonia’s apartment 
building stock 

The proposed method was applied for the whole apartment building stock. The 
results for concrete apartment buildings are shown in Figure 5.5. The most critical 
thermal bridge is at the external wall/window junction, but three other junctions 
characterised by large differences are also critical for the low humidity load.    
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Figure 5.5.  Measured temperature factors of different junctions of concrete apartment 
buildings (left) and sample thermography of an external wall/balcony slab 
– thermal image (top right) and regular image (bottom right). 

Critical temperature factors were calculated based on indoor and outdoor 
climate (temperature and RH) and the evaluation criterion (surface condensation 
or mould growth), see Figure 5.6. Significant variations between different 
dwelling units in concrete apartment building can be seen, ranging between 0.21 
and 0.81 for surface condensation and from 0.18 to 0.99 for mould growth, 
indicating extreme humidity loads in some dwelling units. The temperature factor 
at 90% level reaches up to fRsi.load ≈ 0.8 with a mould growth criterion. As 
expected, the load of the condensation criterion is the highest during the coldest 
period in winter and the risk of mould growth is high until the daily average 
outdoor temperature falls to 10–15 °C in autumn, see also Figure 5.4.   

 

Figure 5.6.  Measured temperature factors fRsi.load(cond.mould) for surface condensation 
(left) and mould growth (right). Each thin curve represents the maximum 
daily (for surface condensation) or monthly average (for mould growth) 
temperature factor in one dwelling unit. 

The probability of mould growth was calculated by comparing the distribution 
of the lowest temperature factors from each dwelling unit fRsi.res and the highest 
critical temperature factors fRsi.load according to Eqs. (6) and (7). The cumulative 
distribution curves presented in Figure 5.7 show average temperature factors 
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around 0.56 with large variations (SD 0.21; CV 0.38), especially in case of 
fRsi.load.mould. The calculated probability of surface condensation was 51%. The 
calculated mould growth resulted in 54% against visually detected mould growth 
46% at the interior surface of the building envelope. As presented distribution of 
the temperature factors fRsi.load.mould somewhat differs from the ideal normal 
distribution, the numerical result might not be exactly 54% but the result close to 
50% is unacceptably high anyway. 

    

Figure 5.7.  Distributions of the temperature factors measured with thermography 
fRsi.res and the temperature factors determined from indoor climate 
measurements fRsi.load (see Figure 5.4 and Figure 5.6) in the studied 
concrete apartment buildings. 

The main scientific value of publication II is that the inevitability of 
renovation was proven. Existing concrete apartment buildings characterised by 
serious thermal bridges in combination with present indoor hygrothermal loads 
do not fulfil the requirements set to buildings according to CPR, (2011). The 
proposed method can be used in stochastic analysis if the present need for 
renovation or designed renovation alternatives are under consideration. 

5.2.3 Linear thermal transmittances 

The junctions of the external walls of concrete apartment buildings contain a 
variety of geometrical and structural thermal bridges originating already from the 
original design drawings. The results of calculated linear thermal transmittances 
Ψ, W(m∙K), in the thesis are applicable for energy audits. Numerical values for 
the current, pre-renovation concrete apartment buildings (upper row in Table 5.1) 
as well as the impact of renovation (lower row in Table 5.1) on the thermal 
transmittance of the building envelope are presented. 

Since large variations were found in the original design drawings of buildings 
of different typology, the results are given as a range instead of a concrete value. 
The value in brackets in Table 5.1 is valid for a junction that can be considered 
as being the most probable; if no value in brackets is given, it is advisable to apply 
the average of the range.    
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Table 5.1.  Calculated linear thermal transmittances Ψoi, W/(m·K), of various 
external wall junctions by using overall internal dimensions of the 
building envelope (in brackets the most probable value) 

Junction of external wall 
Original wall/  

+200 mm insulation 
Calculated linear thermal 

transmittances oi, W/(m·K) 

External corner of  
external walls 

Original wall/  
+200 mm insulation 

0.50…(0.70)…1.30 
0.12…0.18 

External wall/  
internal wall 

Original wall/  
+200 mm insulation 

0.12…(0.30)…1.10 
0.00…0.02 

External walls/  
inserted floor slab 

Original wall/  
+200 mm insulation 

0.25…(0.50)…0.70 
0.00…0.03 

External walls/ 
floor slab above cellar 

Original wall/  
+200 mm insulation 

0.25…(0.50)…0.70 
0.04…0.06 

External walls/ inserted floor 
slab at loggia or balcony 

Original wall/  
+200 mm insulation 

0.15…(0.20)…0.65 
0.18…(0.30)…0.65 

External wall/  
pitched roof 

Original wall/  
+200 mm insulation 

0.40…(0.55)…1.0 
0.20…0.55 

External wall/ 
flat roof with parapet 

Original wall/  
+200 mm insulation 

0.20…(0.25)…0.90 
0.17…0.50 

External walls/ windows  
(at original position) 

Original wall/  
+200 mm insulation 

0.06…(0.13)…0.30 
0.20…0.50 

External walls/ windows 
(windows inside insulation) 

Original wall/  
+200 mm insulation 

0.06…(0.13)…0.30 
0.01…0.03 

The impact of linear thermal bridges on the total thermal performance of a 
building envelope can be taken into account separately, but can also be considered 
as a part of the thermal transmittance of a wall. 

In case of a so-called bad practice renovation (see Figure 5.8), windows are 
left in their original position in the wall and concrete balcony slabs are not 
insulated during renovation.  

 

 

Figure 5.8.  An original design drawing of an external concrete wall/window junction 
(left) with examples of bad practice (middle) and best practice with 
windows positioned in the plane of additional thermal insulation (right). 
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In case of a best practice renovation, old windows are replaced and new 
windows are positioned in the same plane as the additional thermal insulation. 
Old concrete balcony slabs are demolished and rebuilt or entirely covered with 
thermal insulation. The latter might be difficult in practice. 

The relative significance of the linear thermal transmittances of a typical five-
storey concrete element apartment building before and after renovation is 
presented in Figure 5.9. In case of the bad practice approach, the percentage of 
thermal bridges in transmission heat loss increases with the level of additional 
insulation, reaching up to 34% with typical insulation thickness of +200 mm.    

 

Figure 5.9.  Percentage of thermal bridges in transmission heat loss (through the 
whole building thermal envelope including thermal bridges). 

Hence, the new knowledge gained in addition to numerical values proposed 
for the linear thermal transmittances is that windows should be repositioned in 
order to attain a reasonable share of thermal bridges in the total transmission heat 
loss of the building envelope. In theory, thermal insulation is designed to the 
external side of a window jamb. In practice, it is possible to install insulation only 
5–20 mm in thickness, as found in a case study in publication IV. 

5.3 Hygrothermal performance of an additionally insulated external 
wall – a case study 

5.3.1 Thermal performance 

Thermal transmittance was measured (see measurement methods in Section 
4.3) and calculated for concrete walls with ETICSs in which MW or EPS was 
used for insulation. Average thermal transmittance during winter was ca 
0.19 W/(m2·K) for MW and ca 0.17 W/(m2·K) for EPS. These results are in 
accordance with what was expected based on the thermal conductivity of the 
insulation materials. The measured value for MW is even lower than calculated. 
This is probably due to the fact that the declared thermal conductivity is higher 
than average. 

Calculated and measured temperatures of both walls match quite well. In the 
case of MW, calculated temperatures at measurement points 1 and 2 are up to 



65 

1 °C lower than measured and in the case of EPS, up to 1 °C higher than 
measured, see Figure 5.10.  

Figure 5.10.  Measured and calculated temperature t, °C in the wall additionally 
insulated with the EPS-ETICS. See numbers of measurement points (p) in 
Figure 4.2. Temperature in point 2 (not shown for clarity’s sake) is 
similar to that in point 1. 

5.3.2 Moisture performance 

A fair agreement between the measured and calculated results was achieved 
in terms of RH and vapour pressure. These results fit the steady-state distribution 
of the wall according to EN ISO 13788 (2012) during the stable boundary 
conditions as well. 

After first calculations, there was a mismatch concerning the drying out 
period. According to field measurements, moisture in the wall (hygroscopic 
moisture in the external layer of RC and additional moisture from adhesive 
mortar) dried out within 3–4 months. In the calculations, however, moisture did 
not dry out until the next summer, see Figure 5.11. These drying out times are 
supported by findings of Künzel (2015), according to which drying out took 
approximately 6 months after the installation of ETICS with MW and 2 years in 
case of EPS-ETICS.     

Since the measured drying out indicated fast and similar behaviour for both 
insulation materials, diffusion could not be the dominant phenomenon due to very 
different vapour diffusion resistance of MW (μ = 2) and EPS (μ = 15–20). 
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Figure 5.11.  Comparison of measured and calculated relative humidity (RH) only by 
diffusion of the EPS-ETICS. 

For that reason, another moisture transfer phenomenon had to be present. 
Since the measured RH inside the wall was too low for the liquid flux, air 
convection must have been the reason for faster drying out. Therefore, air gaps 1 
mm in width were introduced between the measurement points 1 and 2 (Figure 
4.2) with the air pressure difference as the driving potential. This enabled the 
measured and calculated results to converge, see Figure 5.12.              

At this point, a correcting upgrade is made in the thesis compared to 
publication IV. Namely, there was little information about material properties of 
concrete and EPS, e.g. vapour diffusion resistance μ at the time of calculations in 
the year 2012. Since that time, measurement results in Estonia, Finland and 
elsewhere have become available, referring to values μ = 30–70 for concrete and 
μ = 20–40 for EPS. Therefore, an additional analysis was performed to evaluate 
the impact of the material’s vapour diffusion resistance on the validated model. 
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Figure 5.12.  Measured and calculated relative humidity (RH) in the EPS-ETICS wall 
and the impact of different vapour resistances of concrete (μ = 19 vs 
μ = 41). 

The relevant new knowledge gathered from the field measurements and 
computer simulations is as follows: 
 Other moisture transfer phenomena in addition to diffusion might be 

present; 
 Applying a sufficient layer of thermal insulation on a window jamb is 

problematic in practice. 
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5.4 Corrosion propagation 

5.4.1 Validation of the method 

Validation of the method was presented in Section 4.3.4 and in publication V. 
The calculated propagation periods τp,c and real propagation periods τp,r are 
presented in Figure 5.13. Each of the five points represents one degradation case 
from one facade. Average calculated propagation periods of τp,c = 20.4 (SD 8.5; 
CV 0.42) years compared to the average real-time propagation period of 
τp,r = 19.8 years with a notable deviation (SD 6.5; CV 0.33). Three calculated 
results out of five underestimate the progress of corrosion and two estimate it as 
being on the safe side. Introducing a safety margin, say, factor 0.5 for calculated 
results, could be discussed. 

 

Figure 5.13. Comparison of real-time and calculated propagation periods. 

The proposed method demonstrates an ability to evaluate the corrosion 
propagation and can be applied to evaluate the degradation, service life and need 
for the renovation of RC facades. 

5.4.2 Hygrothermal performance of exterior concrete 

The results show that the temperature inside the RC after applying an ETICS 
is relatively stable and does not drop below +10 °C even in Estonian winter with 
temperatures below –20 °C. Hence, no more freeze–thaw cycles in RC will 
appear after the installation of additional external thermal insulation, see Figure 
5.14. 

A delay of approximately ten days between the WDR hitting the original 
facade and an increase of the RH at 20–25 mm from the concrete’s surface was 
observed. The RH inside the concrete stays rather high (>95%) compared to the 
surface during most of the year and dries out to some extent in spring and 
summer. This is similar to what was found by Saar (2013) and Pihelo et al. (2016) 
although expressed as moisture content w in the latter, e.g. w ≈ 80 kg/m3 
corresponds to RH ≈ 95%. Most of the initial moisture in the RC dries out during 
the first year and the rest during the second year via vapour diffusion. 
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Figure 5.14.  Temperature and relative humidity (RH) inside the external layer of 
reinforced concrete at 20–25 mm from the facade surface. 

5.4.3 Corrosion propagation of concrete facades after applying an ETICS 

The method proposed in publication V was applied to evaluate the corrosion 
propagation in RC facades. The corrosion propagation in the external layer of RC 
concerning the current, pre-renovation conditions as well as the impact of 
applying ETICS was focused on. 

The results show that summer periods, characterised by high temperatures and 
severe WDR loads, are responsible for most of the corrosion propagation and a 
limit state Icor = 10 μA/cm2 is reached, see Figure 5.15. 
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Figure 5.15.  Corrosion current of an original wall before renovation and the impact of 
applying an external thermal insulation composite system (ETICS). 

Corrosion current (Figure 5.15) was summarised for the total corrosion 
current, see Figure 5.16 and Figure 5.17. This enables us evaluating whether the 
total corrosion propagation causes cracking of RC or not. The residual service 
life of an original RC wall facing south-west and not sheltered from WDR is 
approximately three to six years after the carbonation depth has reached the 
reinforcement (Figure 5.16 and Figure 5.17). The exact duration depends mostly 
on the outdoor climate, hygrothermal properties of concrete, but also on the ratio 
of concrete cover depth against the reinforcement diameter. The most intense 
time of the year in terms of corrosion for the original RC facade is summer, 
characterised by a high level of rainfall and outdoor temperature and autumn with 
a higher moisture content of the concrete compared to summer but lower 
temperatures. Variations between the corrosion current at a different depth from 
the surface (10–15 mm; 15–20 mm; 20–25 mm) in Figure 5.16 are rather small 
whereas a higher and more stable RH level deeper inside the concrete leads to 
faster corrosion. In the case of a small cover depth, say 10 mm, or thick 
reinforcement, say Ø8 mm, cover depth dc diameter d ratio is only 2–3, meaning 
a residual service life of 3–4 years.  
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Figure 5.16.  Total corrosion current at different depths from the surface without 
ETICS (original wall) and after applying ETICS. Horizontal lines stand 
for the limit criteria for different ratios of concrete cover depth dc against 
reinforcement diameter d. 

The results presented narrow down to two batches, referring to small 
variations within both calculation cases: an original wall as well as a wall having 
an ETICS. Small deviation of the results concerning different climatic years, 
WDR load, material properties, and indoor moisture excess in Figure 5.17 
increase the reliability of the calculated residual service lives. As expected, 
increasing the moisture excess from base value Δ= 3 g/m3 (see end of Section 
4.3.4) to Δ5 g/m3 accelerates the corrosion propagation but none of the 
changed parameters (time period, catch ratio) leads to any significant alteration. 

Installation of ETICS (another, lower group of results in Figure 5.16 and 
Figure 5.17) increases the corrosion propagation during a short period of time 
while the moisture dries out. Anyhow, the total corrosion of reinforcement in 
carbonated RC after applying an ETICS of all calculation cases (see Figure 5.17) 
is so slow that no cracking will happen. The largest effect on the drying out, and 
hence, on the corrosion propagation, is the vapour diffusion resistance of the 
thermal insulation (PIR, μ = 225) used for the ETICS. Levels of total corrosion 
have similar behaviour in the case of high initial moisture content of concrete 
(w0 = 110 kg/m3), reaching much higher levels compared to the ETICS base case. 
From the criterion of corrosion propagation (crack width w = 0.3 mm), all three 
thermal insulation materials used for ETICS are fair. Still, the durability of 
ETICS, especially frost damage in the case of mineral wool, has to be further 
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analysed in terms of large moisture flux originating from the concrete while 
drying out. 

Figure 5.17.  Total corrosion current of different calculation cases against the limit 
criteria and the impact of applying ETICS at a 20–25 mm cover depth. 
Each calculation case represents one deviation from the base case – 
changed parameter named in the parentheses. 

Since only one parameter was changed at the time to study its effect, using 
PIR insulation in combination with high initial moisture content might lead to 
unacceptable performance and therefore it should be avoided. 

The scientific contribution of publications V and VI consists in showing that 
it is possible to calculate the degradation of RC facades although the accuracy 
and reliability of the calculated results are yet to be improved. The method allows 
for an evaluation to be carried out on degradation, residual service life, and the 
need for the renovation of RC facades. 
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6 DISCUSSION 

6.1 Indoor hygrothermal loads 

In general indoor climate measurements resulted in similar indoor 
hygrothermal loads as presented in the summary of latest measurements 
(Kumaran et al., 2008; later references see in publication I) and in the existing 
standards EN 15026 (2007) and EN ISO 13788 (2012): the levels of moisture 
excess during colder periods are higher compared to the warm season. On the one 
hand, this comes from the lower ventilation rates (set by the occupants or 
maintenance manager as declared during the interviews in buildings with 
mechanical ventilation) to save heating energy, achieve better thermal comfort 
and avoid extremely low indoor RH. On the other hand, this caused by the higher 
moisture production due to an increased level of indoor activities during the 
colder period. Lower ventilation air change rates are supported by Bekö et al. 
(2010), who found occupant behaviour to be a stronger predictor of the ventilation 
air change rate than building characteristics. Indoor humidity design loads have 
changed since the revision of the latest version of  standard EN ISO 13788 (2012): 
moisture excess during summer has risen from  0 to 0.7 g/m3. Nevertheless, 
the current study showed similar results with a previous authoritative study in 
Finland (Vinha, 2007), according to which a higher humidity load during the cold 
period resulted in a higher humidity load also during the warm period. Another 
difference between the proposed model and EN ISO 13788 (2012) is the turning 
point of the moisture excess graphs (5 °C against 0 °C). Therefore, a different 
indoor hygrothermal model was proposed into the national annex of EN ISO 
13788 (2012). These differences may describe national living peculiarities, living 
style or building properties. The impact of moisture excess and moisture 
production during the daily and weekly cycle was found to be insignificant. 

A novel outcome of the thesis is the possibility of choosing the moisture 
excess level based on occupancy and at any probability of an average based on 
all the data as well as a critical value based on weekly maximums. Although the 
dependence of the indoor humidity load on occupancy has been known before, in 
the thesis the parameters affecting the moisture excess are quantified and the 
numerical relationships between the moisture excess and occupancy as well as 
moisture production and occupancy, are determined. 

Differently from the Finnish study by Vinha (2007) showing that new 
apartment buildings have a lower moisture excess, the Estonian study did not 
reveal such performance. Therefore, occupancy is proposed as the main selection 
parameter for moisture excess and moisture production in the thesis. This makes 
the designer’s work also more straightforward and simulation more adequate. The 
moisture excess for the design of the building envelope is proposed to be  
6 g/m3 during the cold period and  2 g/m3 during the warm period if occupancy 
appears to be unknown. As this is a higher indoor humidity load than for Finnish 
apartment buildings (RIL 107, 2012), structural solutions imported from Finland 
should be checked before using them in Estonia. Although occupancy may vary 
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between the apartments, the building envelope should be sufficiently performing 
and durable also for higher loads. 

In addition to the improvement of the EN ISO 13788 (2012) standard, data 
was generated also for designers who make whole building heat, air and moisture 
simulations and need moisture production data (instead of moisture excess). The 
volume of the room to evaluate the air change rate and moisture production 
depends on whether the bedroom door is open or closed. This might cause some 
inaccuracy in the results since there is probably some air transfer within the 
apartment although the door is closed. The average bedroom moisture production 
72 g/h is mostly the moisture emitted by the occupants. This does not include 
other sources such as cooking, showering, cleaning, drying laundry, plants, 
aquarium etc. 

In most cases an insufficient air change rate and large variations within the 
results indicate the need for better control and adjusting with assuring the required 
level of ventilation. Therefore, mechanical ventilation at a tolerable sound level 
with the heat recovery as a solution that is less dependent on the outdoor climate 
conditions should be installed during renovation. The indoor humidity load 
should be reduced and the performance of ventilation improved as both of them 
affect the occupants’ heath. A recent Swedish cross-sectional study showed that 
asthma attacks are less common in buildings with a higher ventilation rate and 
respiratory infections are more common in homes with a higher humidity load 
(Wang et al., 2016). 

6.2 Thermal bridges 

6.2.1 Criticality of thermal bridges 

The analysis of criticality of thermal bridges showed thermal bridges in 
combination with high indoor humidity loads in Estonian old apartment buildings 
to be a serious problem. Therefore, additional external thermal insulation is 
inevitable in the renovation of old apartment buildings. In countries with milder 
climate or with a better original thermal quality of building envelopes, additional 
external thermal insulation has not been mandatory in the renovation of old 
facades. The current renovation grant scheme (RT I, 31.12.2015, 2016) requires 
additional thermal insulation for external walls to guarantee thermal 
transmittance U ≤ 0.22–0.25 W/(m²·K) depending on the percentage of subsidy. 

The method developed to evaluate the criticality of thermal bridges uses 
thermography measurements in the determination of temperature factor fRsi.res. 
This advantage enables avoiding uncertainties in the calculation of surface 
temperatures from three-dimensional (3D) junctions because the actual long-
wave radiation emitted from the surface (i.e. surface temperature if the 
surrounding environmental conditions are known) is measured. The lowest 
indoor surface temperature was measured at 3D corners, and the detected mould 
growth confirmed that these were the most critical. A low temperature factor at 
the roof junction is related to a somewhat higher probability of unacceptable 
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performance as the top storeys of naturally ventilated buildings have a small stack 
height, which leads to lower air change rates. 

Paint and wallpaper often used for the interior finishing in bedrooms and 
living rooms of the studied concrete apartment buildings have emissivity values 
ε = 0.84–0.97 according to FLIR Systems (2006). Although each of the surface 
materials was not validated for the exact emissivity, the given range is close to 
the averaged emissivity ε = 0.90–0.95 used in measurements as well as in post-
processing. As found by Barreira and de Freitas (2007), differences of thermal 
images were not very significant in case of specimen’s emissivity ε = 0.85–0.95. 
In the referred study, as small as 1 °C temperature difference between the object 
and the surrounding environment is detectable. Since the measured interior 
surface temperatures in the thesis were typically 5–10 °C lower than the indoor 
air temperature, the measurement accuracy with the thermal sensitivity 0.1 °C of 
the thermal camera is good. Wallpaper belongs to the class ‘sensitive’, and the 
detected mould growth is consistent with the classes proposed by Ojanen et al. 
(2010), indicating that the used monthly average critical RH = 80% is valid also 
for surface materials in the studied concrete apartment buildings. The findings in 
the thesis (Figure 5.6) prove the earlier results of by Kalamees (2006): to avoid 
mould growth and surface condensation in dwelling units with high indoor 
humidity loads (publication I), the temperature factor should be fRsi > 0.8 at the 
10% critical level. 

A sufficient quantity of the measured interior surface temperatures and indoor 
loads should be analysed in order to decrease uncertainty due to variation. At least 
10 apartments from at least 10% of all apartment buildings is proposed as the 
sufficient quantity for thermography measurements. Direct measurements of 
indoor air temperature and RH as well as internal surface temperature by using 
thermography could be utilised as a regular, non-destructive, relatively simple 
and inexpensive process in the assessment of the technical condition of a single 
dwelling unit, a building, a district, or a whole housing stock. If direct 
measurements are not possible to conduct, a consultant can use indoor 
hygrothermal models presented in publication I. Also the distribution function of 
the data should always be examined because the method assumes normal 
distribution. 

Awareness about lessons learnt from low interior surface temperature already 
has expanded, and probably will continue expanding, and be helpful in the 
renovations to come. Structural solutions of the building envelope in a cold 
climate should not be designed without thermal insulation in the junctions. Until 
the building envelope stays as built, proper ventilation considering occupancy 
and indoor activities must be guaranteed. Installation of interior thermal 
insulation should be prohibited since in addition to risks related to building 
physics, it would also lower the interior surface temperature of the neighbouring 
apartments. 
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6.2.2 Linear thermal transmittance 

Calculations show that thermal bridges increase the transmission heat loss of 
the walls of a typical five-storey concrete apartment building by approximately 
66% whereas thermal transmittance of a similar, not yet renovated building 
envelope is unreasonably large already. Installing additional external thermal 
insulation on the building envelope during renovation decreases the total 
transmission heat loss considerably but the relative significance of thermal 
bridges increases. Therefore it is not possible to discard the heat flow through the 
junctions of the building envelope and use only reduced or averaged thermal 
transmittances in energy-renovation of Estonian old apartment buildings. It was 
common practice in history that using external dimensions of the building 
envelope compensates for the heat flow through the thermal bridges (external 
corners, connections of roof and wall). However, this method does not take into 
account the heat flow through non-geometrical junctions as the wall’s connection 
with windows and balconies. 

The external wall/window junction should be especially emphasised – 85% of 
the transmission heat loss of thermal bridges in a five-storey building originates 
from this junction due to the length of the window perimeter. In case of a nine-
storey building, the ratio would be even higher as the percentage of the wall area 
in the total building envelope is higher. In addition to the increased relative share 
of thermal bridges, also the absolute value of the linear thermal transmittance at 
the external wall/window junction is increased after applying additional thermal 
insulation (Figure 5.8). Large linear thermal transmittance cannot be 
compensated for with thicker insulation of the building envelope. Therefore, this 
aspect should be focused on while designing technical solutions and performing 
economic analysis in order to achieve the level of energy performance required 
today. Naturally, choosing a low overall thermal transmittance of the window 
itself is essential (Barnes et al., 2013). To avoid thermal bridges around windows, 
the current renovation grant scheme (RT I, 31.12.2015, 2016) requires new 
windows to be positioned in the same plane as the additional external thermal 
insulation layer. If this is not possible (no consensus between the occupants for 
example), linear thermal transmittance should be  ≤ 0.05 W/(m·K). 

Concerning the linear thermal transmittance of the external wall/balcony or 
loggia junctions, applying additional thermal insulation on these components is 
complicated in practice. Also, the current width of the balcony or loggia of 
approximately 1 metre would decrease to about 0.8–0.7 m after adding external 
thermal insulation, becoming clearly too narrow for practical and convenient 
usage. Due to the poor technical condition and safety aspects of RC loggias and 
balconies (see Section 2.7), considering the demolition of the latter (and 
rebuilding, if decided) is advised as a sustainable renovation measure.    

As similar concrete apartment buildings and structural solutions were widely 
used with only a few local changes made, results presented in Table 5.1 are useful 
also in other countries of the former Soviet Union. Still, before using the values 
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6.4 Corrosion propagation of reinforced concrete facade 

6.4.1 Validation of the method 

Carbonated concrete is one of the presumptions for corrosion propagation in 
the RC facade.  During the sensitivity analysis, alternative exponents of time in 
addition to n = 0.5 as used in calculating the carbonation coefficient k were 
studied. Measured and calculated corrosion propagation periods were confluent 
by using rather 0.3 than 0.4 or 0.5 as the exponent of time during carbonation and 
by taking a crack width w = 0.3 mm as the criterion. However, considering large 
deviations and rather limited sampling (five cases), the author of the thesis is 
reserved about suggesting exponent of time 0.3 as a research result over 0.5 that 
is generally used. The results are sensitive to the exponent of time and the crack 
width as the failure criterion. The impact of changing the exponent of time is 
found to be relevant whereas it tends to be linear when it comes to corrosion 
propagation. Sensitivity analysis of material properties detected a notable impact 
of liquid water conductivity of concrete: the higher the value, the longer the 
propagation period due to a lower RH inside the concrete. The reason for this is 
the faster moisture drying out process for a RH value that is close to 100% (liquid 
moisture flux) dominating over the higher water uptake of the surface. Only a 
fraction of the WDR hitting the surface is absorbed, the rest of it runs off. 

The appearance of the first crack w = 0.05 mm (Alonso et al., 1998) is 
supported by recent solid result as w = 0.054 by Köliö et al. (2015). The limiting 
state criterion for the crack width (w = 0.3 mm as used in the thesis), upon which 
the propagation period depends, has a notable impact. The crack width, say 0.1–
1 mm, may be discussed but its further opening after the crack’s initial (w = 0.05 
mm) emergence should be included by all means in order to achieve a more 
accurate prediction. Accelerated crack opening by the factors of two between 
0.05–0.3 mm takes firstly into account the increased WDR penetration caused by 
the crack itself and secondly, the dependence of the crack development on the 
corrosion current as shown by Alonso et al. (1998). Crack width w = 0.3 mm was 
chosen on the basis of 0.2–0.4 mm proposed by Teplý and Vořechovská (2012) 
and 0.3 mm by Al-Neshawy, (2013); Khan et al., (2014) supported by 
Eurocode 2. Shinohara and Aryanto (2014) confirmed the crack width w = 0.3 
mm valid for approximately 0.2 mm corrosion penetration, which is in 
accordance with the approach used in the thesis (Figure 4.5).    

6.4.2 Calculated corrosion propagation in reinforced concrete facade 

As carbonation depths exceeding the cover depths have already been found in 
Estonia, the race against time has started. The results of calculated corrosion 
propagation in a reinforced concrete facade (see Figure 5.16 and Figure 5.17) 
indicate that the residual service life after the carbonisation of the RC wall is very 
short (approximately three to six years). This is well in accordance with the 
propagation period of five years in LNEC E465, (2007) valid for humid 
environmental class XC4 (cyclic wet and dry) with 30 mm cover depth. This is a 
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very worrying result because the external surface of older RC facades is mostly 
carbonated (Kalamees et al., 2011). Therefore addition of external thermal 
insulation is inevitable in the renovation of old apartment buildings with RC 
facades in Estonia. Re-alkalisation of carbonated concrete (González et al., 2011) 
could be another renovation measure, but this is more suitable for historic 
buildings (Bertolini et al., 2008).  

As modernisation of the housing stock in Estonia is evaluated to last for 
decades (ENMAK 2030, 2016) due to the huge capacity, an urgent and wide-
spread monitoring of the carbonation depth and cover depth is advised. According 
to Hradil et al. (2014),  an effort to prolong the service life of the original concrete 
core is pointless if the limit state of the service life has already been reached at 
the time of renovation. The small deviation of the results in case of a different 
climate, WDR load, material properties and indoor moisture excess in present 
thesis increases the reliability of the statement. An increase of the WDR load 
(η = 0.86) gives a somewhat surprising result: the total corrosion current 
decreases. This can be explained by the dependence of corrosion current on RH, 
as shown in Figure 4.5. An increase of the WDR causes too high levels of RH in 
terms of corrosion current, close to 100%. Anyhow, a high initial moisture 
content can cause biological degradation inside the wall after applying additional 
external thermal insulation if materials sensitive to mould growth are used (Pihelo 
et al., 2016). Also, a high moisture flux from the external concrete (in both 
directions at first and outwards later on) might damage the rendering of the 
ETICS. 

Vapour convection detected in the case study analysis of publication IV was 
rejected in the current analysis because convection might, or might not, take 
place. Drying out is the slowest when the insulation material with the highest 
vapour diffusion resistance (μ = 225 for PIR) is used. Drying out is the fastest, 
respectively, if the most vapour permeable material is used (μ = 2 for MW). As 
the base case EPS (μ = 20) was used. Different vapour diffusion resistance of 
concrete (μ = 19 vs μ = 41) has no significant impact on corrosion propagation. 

6.5 Synthesis 

Several drawbacks concerning the building envelope were discovered 
originating already from the initial design and production technology of concrete 
apartment buildings. Fast mass production with accelerated concrete drying, the 
quality and availability of the materials (first of all the choice of steel 
reinforcement) and varying and often small cover depths are some of the 
examples. In addition, absence of eaves and balconies without glazing combined 
with poor waterproofing are the architectural factors affecting the quantity of 
outdoor climate loads on the building. 

When it comes to the service of the buildings, lack of a manager in charge, 
monitoring, small-scale repairs and the awareness of inhabitants have led to the 
downgrading that would have been easy and cheap to prevent. For instance, water 
leakages of roofs and wall joints, rainfall drainage and tins, maintenance of 
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windows and doors, e.g. repainting, a variety of problems related to heating and 
ventilation as well as other building services should have been handled when 
appearing. Deplorably, unauthorised actions by inhabitants such as installation of 
internal thermal insulation or changing the building structures have been 
executed.    

As carbonation is faster in the zones of lower WDR loads, parts of the facade 
below balconies, awning, eaves etc. have deeper carbonation depths. Therefore, 
this is what one should bear in mind while future actions and renovation scenarios 
are considered: the removal of the protective element above carbonated concrete 
leads to extensive corrosion propagation.  

When an additional external thermal insulation or other facade elements is 
designed, previous actions concerning the building must be known. Current 
technical aspects and circumstances, including moisture conditions of the 
building envelope, must be studied and renovation scenarios analysed. Here, the 
durability and load-bearing capacity of the connections between the internal and 
external concrete are pointed out as being the subject of corrosion. Removing the 
original external concrete and thermal insulation is restricted if the thickness of 
the internal concrete appears to be insufficient for structural stability, e.g. 
<75 mm.     

As this thesis shows, ageing concrete apartment buildings do not fulfil the 
expected performance requirements because of (i) insufficient air change rate, (ii) 
high risk of mould growth and (iii) poor energy performance.  

6.6 Suggestions for the future research 

Research questions posed at the beginning of the studies were predominantly 
answered as results of the thesis. In addition, the thesis showed that future 
research and development are necessary to specify the need for the renovation of 
old concrete apartment buildings. The subtopics to be studied further are 
presented in the following sections. 

The moisture production indoors was calculated assuming a common 
behaviour and living style of inhabitants. In other words, the results of moisture 
production were pointed out in the thesis while the reasons and the quantities of 
contributing sources were not. Moisture production values and their variations 
could be further studied more deeply. This can be done by laboratory studies 
(measurements in controlled conditions for a certain moisture production 
activity) or by field measurements (inhabitants write down their moisture 
production activities). This helps to develop a more detailed indoor humidity 
model that can be used in deterministic or stochastic analysis. A detailed indoor 
moisture production model helps also to determine humidity based ventilation 
airflow values. Performance criteria could be mould growth (Hukka and Viitanen, 
1999; Ojanen et al., 2010), dust mites (Arlian et al., 2001; Hart, 1998; Korsgaard, 
1983), dryness of the eyes and skin (Norback et al., 2000; Reinikainen and 
Jaakkola, 2003; Sato et al., 2003; Sunwoo et al., 2006) or other parameters. 
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The heat flow through the point thermal bridges and three-dimensional 
building envelope connection becomes meaningful for future Nearly Zero Energy 
Buildings where all heat flows should be taken into account in detail. In the 
assessment of the criticality of thermal bridges, a steady-state heat flow gives 
some safety margin, especially for a massive building envelope. The formation 
of interior surface temperature is a quintessentially dynamic phenomenon with 
several heat transfer phenomena and a fixed state might not be reached with 
dynamic boundary conditions. Therefore, its dynamic calculation would enable 
more precise evaluation with shorter periods of time. 

The present thesis showed that HAM performance of the additional external 
thermal insulation systems such as the ETICS, but not solely, should be further 
studied. As this thesis shows, the component of air might have a significant 
impact on the HAM performance: possible air transfer between the original wall 
and the ETICS contributes to the drying out of the built-in moisture. To make 
more detailed analysis, air flow resistance of the air layer between the original 
wall and additional thermal insulation should be measured. This can be done in 
laboratory conditions in the same way as airflow performance of a ventilated sub 
flooring system is measured (Kalamees et al., 2007). Air velocity measurements 
and pressure conditions over the thermal insulation layer can be determined in 
field conditions. 

Reinforcement corrosion of RC is a multi-parameter process. Validation of 
the corrosion model gave approximate results that can provide guidance in future 
research. However, the variation between field investigations and simulations 
was rather large. Stochastic simulations are proposed as the next step to find a 
better agreement between field investigations and the model. Stochastic analysis 
with varying parameters (indoor and outdoor climate, material properties, 
carbonation speed, cover depth etc.) could give a better overview about the 
residual service life of the facades that cannot be additionally insulated. 
Hygrothermal properties of concrete as well as other materials and surface 
coatings and their variations should be measured in order to expand the database. 
Also, the extent of corrosion propagation should be studied in depth. For instance, 
measurements of corrosion penetration of the reinforcement, type and chemical 
content of the corrosion products, porous zone at the intersection of concrete and 
reinforcement and cracking of the concrete cover should be made. 

Frost damage in case of different facade coatings and areas under severe WDR 
loads is advised to focus on. Surface scaling and interior degradation of the 
concrete specimen should investigated using modulus of elasticity, compressive 
and tensile strength, pore size distribution and specific area, critical degree of 
saturation etc. Also, more appropriate and reliable methods to evaluate these 
properties and the extent of degradation (e.g. the mass loss of the surface scaling) 
should be developed.  

Alternatives to renovation such as demolition and rebuilding or extending the 
existing building could be perspectives of modernising the ageing housing stock. 
We cannot ignore this reality, especially in towns where population conditions 
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demand some modernisation. It is suggested that a sample case study by 
demolishing a concrete apartment building be considered, driven by the poor 
technical condition of the building, unattractive location or socio-economic 
reasons. A building to be demolished would be a valuable on-site research object 
in terms of extent of degradation mechanisms, detailed structural solutions, 
material properties etc. Also, it could be a lesson to learn at a more general level, 
non-technical level such as financing, juridical and relocating the inhabitants. 
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7 CONCLUSIONS 
The thesis discusses problems concerning the need to renovate the ageing 

housing stock in Estonia. The focus is on the renovation of building envelopes of 
prefabricated concrete large-panel apartment buildings. In terms of the current 
physical performance, this need might originate from both sides of the building 
envelope – interior and exterior. 

From the interior side, indoor hygrothermal loads were studied in order to 
have proper boundary conditions, and temperature and humidity models were 
proposed based on the measurements. The results show that indoor temperature 
profiles differ depending on whether a building has central heating or a stove or 
combined heating system. The determined average moisture excess value, 
2.8 g/m3 with standard deviation (SD) of 1.6 g/m3 and coefficient of variation 
(CV) of 0.57 g/m3 for cold periods, can be used in stochastic calculations. In the 
deterministic analysis, critical values for moisture excess at the 90th percentile 
range between 3 and 8 g/m3, depending on occupancy, which is the main factor 
affecting the indoor moisture production. The other factor responsible for 
moisture excess – air change – is significantly affected by air change rate, air 
leakage rate, height of the ventilation stack and windows (original or replaced). 
Levels of moisture excess are reported at different percentiles for average and 
weekly maximums. Moisture excess during warm periods depends on the value 
during the cold period, meaning considerable distinctness compared to the EN 
ISO 13788 (2012) standard. Moisture excess during summer is close to 0 g/m3 

while it has a level of ≈ 2 g/m3 during winter. Moisture excess has a positive value 
during summer with higher levels, i.e. ˃ 2 g/m3 during winter. Average moisture 
production in bedrooms during cold periods is 72 g/h (SD 50 g/h; CV 0.69) and 
the critical value at the 90th percentile is 121 g/h. The average air change rate in 
bedrooms is 0.6 h–1 (SD 0.43 h–1; CV 0.72 h–1) and the critical value at the 10th 
percentile is 0.20 h–1. The corresponding average air change rate for the entire 
dwelling unit is 0.32 h–1 (SD 0.23 h–1; CV 0.72 h–1) and the critical value at the 
10th percentile is 0.11 h–1. It is concluded that the air change rate poses a serious 
problem as it is insufficient for roughly 2/3 of the dwelling units according to the 
European standard EN-15251 (2007). 

Measurements of thermal bridges show that unacceptably low interior surface 
temperatures exist in all types of apartment buildings. The worst results were 
obtained for reinforced concrete (RC) apartment buildings where average 
temperature factors fRsi.res < 0.65 exist for several junctions. For the worst 
dwelling unit the temperature factors from indoor hygrothermal loads are as high 
as fRsi.load = 0.99 and fRsi.load = 0.80 at the 90% reliability level for mould growth. 
The calculated risk for surface condensation is 51% for RC apartment buildings 
and the probability of mould growth is 54%. The calculated results are confirmed 
by detected mould growth in 46% of the studied dwelling units. Notable thermal 
bridges from the thermal performance aspect exist in all building types whereas 
the situation is the worst for RC apartment buildings. As a result of neglecting 
the external wall/window and the external wall/balcony junctions as typical bad 
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practice renovation, the percentage of thermal bridges in the transmission heat 
loss of a building envelope is 30–34%, depending on the thickness of additional 
thermal insulation. Large linear thermal transmittance of the thermal bridges in 
certain junctions cannot be compensated for by thicker insulation of the building 
envelope. As another extreme, the share of thermal bridges in transmission heat 
loss might be only 10% as best practice. Hence, windows have to be replaced and 
positioned in the same plane as the additional external thermal insulation and 
balconies should be rebuilt or insulated from top and bottom in order to fulfil 
energy performance requirements and to achieve, e.g. the low-energy level. 

When it comes to the need for renovation from outside, carbonation induced 
corrosion is one of the key problems in terms of the future service of RC 
apartment buildings. A method to evaluate the corrosion propagation phase by 
combining the existing models and the dynamic hygrothermal simulation tool 
was proposed and validated based on field measurements. 

The corrosion propagation time of the original RC facade exposed to severe 
WDR loads before renovation is approximately three to six years after the 
carbonation depth has reached the reinforcement. The exact duration depends 
mostly on the outdoor climate, hygrothermal properties of concrete, but also on 
the ratio of concrete cover depth against the reinforcement diameter. Most intense 
times of a year in terms of corrosion are summer, characterised by high levels of 
outdoor temperature and rainfall, and autumn with a higher moisture content of 
the concrete compared to summer but lower temperatures. 

The results also show that the ETICS with all the studied thermal insulation 
materials do not increase the reinforcement corrosion in long term. Corrosion of 
reinforcement in carbonated concrete after applying ETICS rises for about a year 
but becomes low later on, and therefore, no cracking will occur. Drying out 
moisture or vapour diffusion from indoor air is not able to propagate the corrosion 
of reinforcement in carbonated concrete if it has not started yet before installing 
ETICS. Temperature of external layer of old concrete facade after applying 
external thermal insulation remains above +10 °C throughout the year, meaning 
no more freeze-thaw damage. High initial moisture content of concrete (w0 >90 
kg/m3) in combination with high water vapour resistance of the additional 
external thermal insulation (e.g. μ = 225) might cause corrosion induced cracking 
and is therefore advised to avoid.  

Therefore, an additional external thermal insulation together with the 
improvement of ventilation is advised in order to eliminate critical thermal 
bridges and to stop degradation mechanisms. In addition, covering the facade 
with thermal insulation and finishing improve the indoor thermal comfort but also 
the aesthetics of the built environment. This can be done only within a limited 
time-frame due to the ongoing degradation accelerated by the adverse future 
climate scenarios and a huge construction capacity of the existing housing stock. 
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