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Abstract 

Many failures of external walls made of porous building materials are caused by 
excessive moisture content, particularly after driving rain and under long duration 
of moist conditions.  Lack of sufficient protection against exposure conditions is 
one of the reasons for external walls prematurely demonstrating failures, i.e. 
properties and performance above/below critical levels.  Silicon-based water 
repellants are increasingly used in order to improve the performance of both old 
and new buildings.  Water repellants are expected to prolong the service life and 
improve the durability of wall components by preventing or minimising water 
ingress into the structure and thus delaying the deteriorating effects of the 
atmosphere.  

To date, various kinds of water repellants have been developed.  However, 
only limited research has been carried out, particularly on the long-term field 
exposure testing.  Existing research is mainly focused on the performance of 
surface treatments of concrete structures and the protection of historical buildings 
built of stone, brick and wood, and is primarily based on short-term laboratory 
testing.  

The aim of this research work is to study the long-term performance, 
degradation processes and ageing characteristics of rendered autoclaved aerated 
concrete (AAC) with and without water repellants.  Investigations are carried out 
by physical and chemical analysis of fresh samples, samples naturally weathered 
by long-term field exposure and samples artificially aged by short-term accelerated 
laboratory tests.  Two different application of water repellants are employed: 
impregnation of rendering surface with an aqueous product and as additive in 
powder form mixed into the fresh rendering mortar.  Continuous moisture and 
temperature monitoring of naturally exposed test samples are also included in the 
study.  Wetcorr sensors and resistance-type nail electrodes are used to measure the 
surface moisture and the moisture content in the material, respectively.  

This thesis describes the experimental set-up and presents the results from site 
monitoring and laboratory tests of unexposed, naturally and artificially exposed  
samples (freeze-thaw and UV+water).  The results from the continuous moisture 
measurements are compared with the results obtained from the full-scale test cabin 
built within the EUREKA-project E 2116 DurAAC.  The test cabin has the same 
basic measurement instruments for continuous monitoring of moisture and 
temperature.  An attempt has been made to develop methods for long-term 
performance assessment of water repellants to be used in service life prediction.  
The combination of data obtained from the field measurements with data obtained 
from the laboratory tests and analysis may also meet practical needs of the end-
users. 
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Sammanfattning 

Många skador i och på ytterväggar gjorda av porösa material orsakas av ett för högt 
fuktinnehåll, särskilt efter påverkan av slagregn och vid långvariga tillstånd med 
hög fuktighet.  Brist på tillräckligt skydd mot exponering är en av anledningarna 
till att ytterväggar uppvisar förtida skador, dvs egenskaper och prestanda 
över/under en kritisk nivå.  Silikonbaserade vattenavvisande medel används i ökad 
omfattning för att förbättra prestandan hos både gamla och nya byggnader.  
Vattenavvisande medel förväntas förlänga livslängden och öka härdigheten hos 
väggkomponenter genom att förhindra eller reducera vattenupptagning in i 
strukturen och sålunda fördröja atmosfärens nedbrytande påverkan. 

Till dags dato har olika slags vattenavvisande material utvecklats.  Men endast 
begränsad forskning har genomförts, särskilt vad avser långtidsprovning med 
fältexponering.  Existerande forskning är huvudsakligen inriktad på prestandan hos 
ytbehandling för betongstrukturer och skyddande av historiska byggnader av sten, 
tegel och trä, och är främst baserad på korttids laboratorieprovning. 

Syftet med arbetet är att studera långtidsegenskaper, nedbrytningsförlopp och 
åldringskarakteristika hos putsad lättbetong med hydrofoberingsmedel.  
Undersökningar sker med fysikaliska och kemiska analyser av oexponerade prov, 
prov som långtidsexponerats i fält under naturliga förhållanden, och prov som 
åldrats artificiellt genom accelererad exponering i laboratoriet.  Två olika 
applikationer av vattenavvisande material används: impregnering av putsytan med 
en vattenbaserad produkt och såsom tillsats i pulverform som inblandas i det färska 
putsbruket.  Dessutom genomförs kontinuerliga mätningar av fukt och temperatur 
på provmaterial exponerade under naturliga förhållanden.  Wetcorr-sensorer och 
spikelektroder används för att mäta ytfukt respektive fuktinnehåll i materialet.  

Denna avhandling beskriver försöksuppställningen och presenterar resultaten 
av fältmätningar och laboratorieprovningar av oexponerade, naturligt och 
artificiellt exponerade prover (frost och UV+vatten).  Resultaten av de 
kontinuerliga fuktmätningar jämförs med de resultat som erhålls från provhuset i 
full skala, vilket togs i drift under juni 1999 inom Eureka-projektet E 2116 
DurAAC, "Långtidsegenskaper hos putsade ytterväggar av lättbetong".  Provhuset 
har samma grundmätutrustning som provuppställningen, dvs kontinuerlig 
registrering av fukt och temperatur.  Ett försök har gjorts för att utveckla metoder 
för långtidsutvärdering av prestanden hos vattenavvisande medel för att användas 
för livslängdsprediktion.  Den kombination av data som erhållits från 
fältmätningarna och laboratorietester kan också vara av praktisk nytta.  
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1. INTRODUCTION 

The improved durability and long service life of building materials and 
components are of high importance considering the sustainable building approach, 
particularly for eliminating ecological and economical impacts of replacement and 
frequent maintenance and repair, and thus saving resources.  In the standard ISO 
15686-1 (2000) durability is defined as “the capability of a building or its parts to 
perform its required function over a specified period of time under the influence of 
the agents anticipated in service”.  All materials experience some changes in 
appearance, composition or structure with time, the rate of change being dependent 
on the severity of the agents acting in the exposure environment and the 
characteristics of the material itself.  To fulfil all intended functions (throughout its 
service life) before completing its design life, the material or component should be 
able to resist the effects of prevailing macro- and microenvironmental conditions 
without falling below an unacceptable performance level, i.e. excessive 
deterioration or failure.  In practice, surface treatments are generally applied as a 
preventive measure in order to delay the rate of change and deterioration of 
materials, and in turn, to extend their serviceability.  However, the increased 
awareness of environmental issues has further raised demands on the efficiency 
and long-term durability of surface treatments as well as life cycle assessments.   

1.1 Objective of the Study 

The study aims at investigating; 

• moisture characteristics,  
• long-term performance and service life, and  
• degradation processes and ageing characteristics  

of porous building materials with and without water-repellent treatments.  The 
primary purpose of the work is to assess the long-term performance of water 
repellants by taking the entire wall construction into account, i.e. by mock-up 
testing and full-scale experimental building.  Both long-term natural weathering 
and short-term accelerated artificial ageing are included in the study.  Since 
moisture is the major degradation agent for external walls made of porous mineral 
building materials, the amount and duration of moisture in the wall structure are 
regarded as the two most important characteristics for assessing the long-term 
effects.  Thus, the performance assessment is based on the microenvironment 
monitoring, particularly the continuous moisture measurements of naturally 
exposed samples and capillary water absorption and evaporation tests in the 
laboratory.  Identification of microstructural characteristics of unexposed and aged 
samples with spectrographic and microscopic analysis covers an important part of 
the study.  Performance tests and material analysis were carried out initially, during 
and after weathering.  Lime-cement rendered autoclaved aerated concrete with and 
without silicon-based water-repellants is used as testing material.   
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1.2 Papers in the Thesis 

The different stages and the progress of the research work are sequentially reported 
in the following papers and were also presented at international conferences.  The 
thesis comprises ten papers within this context.  
I. Kus, H. and Norberg, P. (1999) Evaluation of the Long-term Performance of 

Water Repellants on Rendered Autoclaved Aerated Concrete, Durability of 
Building Materials and Components 8, Service Life and Asset Management, 
Ed. by Lacasse, M. A. and Vanier, D. J., Vol. 2, Durability of Building 
Assemblies and Methods of Service Life Prediction, pp. 980-88, Vancouver, 
Canada, 1999.  

II. Kus, H. and Nygren, K. (2000) Long-term Exposure of Rendered Autoclaved 
Aerated Concrete: Measuring and Testing Programme, Int. Symp. on 
Integrated Life-Cycle Design of Materials and Structures, ILCDES 2000, 
Proceedings of the RILEM/CIB/ISO Int. Symp., RILEM PRO 14, Ed. by 
Sarja, A., pp. 415-20, Helsinki, Finland.  

III. Kus, H. and Jernberg, P. (2000) External Walls: Treatment with Silicon-
based Water Repellants, Healthy Buildings 2000, August 6-10, 2000, Espoo, 
Finland, Proceedings Vol. 3, Microbes, Moisture and Building Physics, pp. 
255-59.  

IV. Kus, H. and Nygren, K. (2002) Microenvironmental Characterization of 
Rendered Autoclaved Aerated Concrete, Building Research & Information, 
30 (1) (2002), pp. 25-34.  

V. Kus, H. (2000) DurAAC Project Report, Doc. no. E 2116:021:2000: 
Electrical Measurements of Moisture: First Results, November 2000.  

VI. Kus, H. (2001) Silicon-Based Water Repellants: Long-term Performance 
Evaluation by Artificial Accelerated Ageing, AddCoat 2001, Additives for 
Coatings, Inks and Additives, 29-31 January 2001, Orlando, Florida, USA, 
Conference Papers, Paper 27.  
Also accepted for publication in the Surface Coatings International, Part B-
Transactions, The Science and Technology of Paints, Inks and Related 
Coatings and their Raw Materials.  

VII. Kus, H. and Norberg, P. (2001) Monitoring of Moisture in Rendered 
Autoclaved Aerated Concrete Wall by Nail Electrodes, ICBEST-2001, Int. 
Conf. on Building Envelope Systems and Technologies (ICBEST), Ed. by 
Baskaran, A., Proceedings Vol. 1, pp. 237-42. 

VIII. Kus, H. (2001) Moisture Performance Evaluation of Rendered Autoclaved 
Aerated Concrete by Microstructure Characterisation, Proceedings of the 8th 
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Euroseminar on Microscopy Applied to Building Materials, September 4-7, 
2001, Athens, Greece, pp. 183-90. 

IX. Kus, H. (2001) Durability Testing of Water Repellants on Rendered 
Autoclaved Aerated Concrete, HYDROPHOBE III, Third Int. Conf. on 
Surface Technology with Water Repellent Agents, Ed. by Littmann, K. and 
Charola, A. E., Aedificatio Publishers 2001, pp. 37-48.  

X. Kus, H. and Kalmar, G. (2002) Long-term Performance Evaluation of 
External Renderings on Autoclaved Aerated Concrete Wall, 9DBMC, 9th Int. 
Conf. Durability of Building Materials and Components, Proceedings Vol.1, 
Paper 036, Brisbane Convention Centre, Brisbane, Australia, 17th – 20th 
March 2002, published by CSIRO Australia.  

1.3 Summary of Papers  

I. Evaluation of the Long-term Performance of Water Repellants on 
Rendered Autoclaved Aerated Concrete 

The first draft of the exposure and measuring programme of the research work is 
presented in this early study.  The paper focuses on the preparation of the test 
samples to be naturally exposed on the test rack and the set-up of electrical 
measurements of moisture.  Preliminarily, the water absorption and vapour 
diffusion of different coatings are evaluated in order to select a material for sealing 
the sides of the test samples.  Epoxy is then identified as the best material durable 
to the outdoor conditions.  Test blocks are used for site monitoring whilst smaller 
samples are exposed for testing and analysis in the laboratory at specific intervals.  
An example of the moisture performance assessment of the test samples is given 
from the first data derived from the continuous electrical measurements performed 
at the outdoor exposure rack.  It is concluded that the initial findings are promising 
and longer exposure time is necessary to make a service life assessment based on 
the continuous moisture measurements.  

II. Long-term Exposure of Rendered Autoclaved Aerated Concrete: 
Measuring and Testing Programme 

The objectives and the measuring and testing programme of the EUREKA-project 
E 2116 DurAAC is described and the experimental building in Gävle is introduced.  
The project aims at investigating the long-term performance of external walls made 
of rendered AAC by testing different rendering systems with and without water 
repellants.  The possible degradation agents and mechanisms, and their effects on 
the rendering systems within the testing programme are summarised.  The exposure 
environment is characterised in meso, local and micro scale.  The rendering 
systems are defined according to the materials used in each layer.  Description of 
the parameters measured within the microenvironment monitoring of the test cabin 
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and the measuring methods are given.  Continuous electrical measurements of 
moisture are also included.  Periodical field measurements and material 
performance tests to be performed in the laboratory are outlined.  

III. External Walls: Treatment with Silicon-based Water Repellants 

The results of capillary water absorption and evaporation of unexposed, six-month 
naturally exposed at the test rack and freeze-thaw tested samples are presented.  
The requirement for water repellants in terms of water absorption turned out to be 
fulfilled even for the aged samples.  The six-month naturally exposed treated 
samples demonstrated increasing absorption compared to the corresponding freeze-
thaw tested samples which may be caused by degradation due to UV irradiation of 
the organic materials.  However, the absorption rates of these samples were very 
small and it is stated that the changes in performance after six-month natural 
exposure and freeze-thaw testing in practice are still negligible.  The long-term 
absorption rate of untreated rendered AAC increased both by freeze-thaw and 
natural exposure.  The water repellant treated samples dried out at a considerably 
higher rate while it took very long time for the untreated rendered AAC to dry out.  
The six-month natural weathering decreased the relative evaporation rate of the 
painted sample significantly, while that of the water repellant treated samples being 
less pronounced.  However, the untreated rendered AAC and the plain AAC 
demonstrated slightly increasing relative rate of evaporation by natural ageing.  
The freeze-thaw exposure had almost no effects on the drying of the samples.  The 
preliminary results confirm that water repellant treated rendered AAC performs 
much better compared to the untreated ones.  It is concluded that more information 
would be gained on the long-term performance after longer exposure time.  

IV. Microenvironmental Characterization of Rendered Autoclaved Aerated 
Concrete 

A comparison is made between the environmental exposure data at local and micro 
levels, and the performance assessment of different rendering systems based on the 
data and results of continuous moisture measurements at micro scale is presented.  
The nine-month measured data derived from the measurements carried out at two 
different scales of the experimental set-up, i.e. small-scale mock-up testing and 
full-scale test cabin, are grouped according to seasons, i.e. three-month data, and 
presented as examples.  The rendering systems demonstrated different moisture 
performance depending on the rendering types and/or surface treatments, 
orientation as well as the season.  The results show that water repellant treated 
systems have the best performance among the rendering systems tested.  It is stated 
that the investigations will be completed with accelerated tests, since the five-year 
exposure time of the project is too short to detect degradation in all systems.  It is 
suggested that data obtained from continuous microenvironment measurements at 
field stations which would be built at different geographical locations might be 
stored, processed and displayed by Geographical Information System (GIS) tools.  
This GIS platform would be completed by integrating inventory and documentation 



 13

of the materials characterised by laboratory analysis and inspections.  In this way, 
the establishment of dose-response functions for different rendering systems 
applied on AAC, based on the data of field and laboratory exposures would be 
facilitated.  These functions would later be used in the service life predictions.  

V. Electrical Measurements of Moisture: First Results 

In this report, the first results derived from the continuous resistance measurements 
carried out at the test cabin are presented.  Performance levels of all twelve test 
panels exposed at both north-east and south-west facades are comparatively 
evaluated.  Besides, the moisture gradients are illustrated for the systems 1 and 7, 
at which measurements are made at five different depths.  Furthermore, an example 
of the resistance measurements in the lime-cement rendering is also given.  The 
results in general indicate that the south-west facade exhibits relatively low 
moisture contents.  The difference between different rendering systems and 
between the opposite facades is clearly observed in the diagrams.  It is stated that 
for the south-west facade, the degradation is probably promoted by UV effects of 
the sun while for the north-east facade, it is promoted by the amount and the 
duration of moisture.  After examination of the whole data set, eight measurement 
points out of 78 are found at which no changes in resistance during 16 months of 
exposure period were recorded.  It is concluded that complementary studies of 
laboratory testing and microstructural analysis would strengthen the findings from 
site monitoring and would help to better understand the actual in-service 
performance of different rendering systems on AAC.   

VI. Silicon-Based Water Repellants: Long-term Performance Evaluation by 
Artificial Accelerated Ageing  

In this paper, the assessment of the long-term performance of silicon-based water 
repellants by artificial accelerated ageing is reported.  The accelerated weathering 
test programme is described in detail.  The preliminary results obtained after 500 
hours of exposure to UV radiation and water spray in the Weather-Ometer® are 
compared with those of unexposed samples as well as 18-month naturally exposed 
ones.  The performance assessment is particularly based on the intermittent 
measurements of capillary water absorption and evaporation properties during 
exposure.  The preliminary test results indicate that the water repellants fulfil the 
performance requirement in terms of water absorption even after ageing.  The 
paper further points out that the surface impregnation of rendering with water 
repellants performs better compared to the performance of the water-repellent 
additive in the rendering, since the repellency of the later significantly decreased 
after 18-month natural exposure.  Moreover, it is stated that the water repellant 
treated samples dry out at a considerably higher rate in terms of the evaporation 
relative to the amount of water absorbed during the capillary absorption test.  
Material degradation as the loss of performance during exposure is also graphically 
illustrated.  It is finally emphasised that these early conclusions might change after 
a longer exposure time.  
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VII. Monitoring of Moisture in Rendered Autoclaved Aerated Concrete Wall 
by Nail Electrodes  

This paper deals with the monitoring of moisture by nail electrodes, particularly the 
calibration of electrical measurements of moisture at the field exposure set-ups.  
Since the moisture performance of AAC depends on the effectiveness of different 
rendering systems and the hydrophobing agents applied on it, it is suggested that 
the performance evaluations could be based on the moisture measurements in the 
AAC material, particularly after a considerable time of natural ageing of the 
rendering systems.  The calibration procedure for the determination of absolute 
moisture contents is described in detail in a separate chapter.  It is stated that the 
resistance measured by nail electrodes is primarily a function of moisture content 
and temperature.  Accordingly, the resistance readings were made by using a 
“Protimeter” in the climate chamber regulated to different temperatures from the 
highest moisture content to the lowest.  The absolute moisture contents were then 
determined by simultaneously weighing the samples.  The test results revealed that 
the lowest moisture content that could be measured in the AAC material with this 
experimental set-up is approximately 27 % (by weight) at 20 °C.  An example of 
calibrated data from moisture monitoring at the test cabin is also included in the 
paper.  The conversion of collected raw data is made by using the equation 
obtained from the statistical analysis of the data obtained from the calibration tests.  

VIII. Moisture Performance Evaluation of Rendered Autoclaved Aerated 
Concrete by Microstructure Characterisation 

The paper, in general, presents a basis for the relationship between the moisture 
performance and the microstructural characteristics of unexposed and artificially 
freeze-thaw exposed rendered AAC.  The accelerated ageing experimental set-up 
for freeze-thaw testing is briefly described.  Effects of ageing on the microstructure 
and the moisture performance of AAC and the rendering are analysed.  The air 
void system and the microstructural changes are characterised by thin section and 
electron microscopy, respectively.  The air void size distributions determined by 
image analysis of thin sections of AAC and the rendering are presented for the 
unexposed and the freeze-thaw exposed samples.  The void structure general 
characteristics of unexposed and aged AAC are illustrated by thin section and SEM 
images.  The results indicate that after the freeze-thaw cycles, the air void content 
of untreated rendered AAC increased leading to decreased specific surface which 
possibly caused increasing capillary pores and consequently increasing water 
absorption rate.  The water repellant treated samples demonstrated almost no 
change, neither in microstructure properties nor in water absorption amounts due to 
the surface protection.  It is also stated that the water-repellent silicon additive 
decreased the content and the size of air voids in the rendering in addition to 
protecting the void structure of the rendering against freeze-thaw cycles.  EDS 
analysis revealed very little differences between unexposed and aged samples.  
Concluding the paper, the preliminary results obtained from the studies of 
microstructure by thin section and SEM analysis were found to be quite satisfying.   
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IX. Durability Testing of Water Repellents on Rendered Autoclaved 
Aerated Concrete  

A detailed description is first given on the experimental set-up of the exposure and 
measurement programme carried out with the test samples naturally weathered at 
the test rack and artificially aged in the Weather-Ometer®.  Then, the preliminary 
results of performance tests and material analysis carried out initially, during and 
after weathering, are reported.  The performance over time and durability of water 
repellants are evaluated by the long-term moisture monitoring of samples exposed 
to natural weathering as well as capillary water absorption and drying out tests in 
the laboratory.  In general, data obtained both from site monitoring and laboratory 
tests show similarities in moisture characteristics of the samples.  The surface 
application of the water repellant was the most effective in resisting both natural 
and artificial weathering.  On the other hand, the samples where the water repellant 
was added into the rendering suffered a far greater increase of water absorption 
after natural weathering than after artificial ageing and than the other two types of 
samples with treatments.  However, the results indicate that performance decline of 
water repellants is still negligible both after 18-month outdoor weathering and 
1000-h artificial weathering to UV and water.  The paper derives the conclusion 
that, in the long-term, natural weathering conditions at the site are more effective 
than those tested in the chamber in deteriorating the products tested.  Although the 
initial findings are found to be promising, it is emphasised that further weathering 
tests are necessary in order to give a more reliable estimate of the durability of 
water repellants.  

X. Long-term Performance Evaluation of External Renderings on 
Autoclaved Aerated Concrete Wall  

The long-term performance of AAC panels with different rendering systems is 
evaluated based on the measurements during the first two years of exposure at the 
test cabin.  A comparison is made with in-situ moisture monitoring at the panels 
mounted on the north-east facade and the laboratory test results of capillary water 
absorption of sample cores taken from these panels each year.  Among the twelve 
systems tested, the test panels with impregnated AAC surface, perform best so far.  
Due to the hydrophobic effect of silicones, almost no change in moisture content 
has been observed during the initial two-year exposure period.  The two inorganic 
systems demonstrated the highest moisture absorption rates.  However, after a short 
exposure period, the moisture contents of both inorganic systems decreased to 
some extent.  The first results obtained after a two-year exposure period indicate 
that inorganic renderings have improved their initial moisture performance while 
the performance of organic renderings remained about the same.  Another 
preliminary conclusion is the susceptibility of lime-cement renderings containing 
silicon additive to driving rain of long duration.  Overall, the first results from the 
moisture monitoring give some insight into the actual in-service performance of 
different rendering systems on AAC.  However, data from the two-year exposure 
period is not sufficient for reliable evaluation of long-term performance.  The 
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research programme is to be carried out for at least five years.  Hence, it is 
expected that clearer findings will be made.  

2. BACKGROUND 

External wall surfaces made of porous mineral building materials deteriorate by the 
effect of rain, temperature cycling, sunlight and atmospheric pollution.  Inorganic 
mineral building materials have more or less a porous structure and absorb water to 
a certain extent.  Water absorption is almost always involved in all types of 
degradation mechanisms of mineral building materials which may be physical, 
chemical or biological in nature, or even combinations of these.  Therefore, 
porosity and in turn, permeability have a major effect on durability and service life.  

2.1 Rainwater Related Degradation Mechanisms and Their Effects 

Moisture is the major destructive atmospheric agent which initiates chemical, 
physical and biological degradation processes either by itself or by transporting the 
substances that take part in degradation mechanisms.  The primary source of 
moisture for external walls is rainwater penetrating through capillaries, cracks and 
joints by wind and capillary suction forces directed into the building enclosure.  
The following causes are possible water related degradation mechanisms for 
porous mineral building materials (Addleson and Rice 1991):  

• expansion and contraction by volume changes  
• flow of water over and splashing back of water against surfaces  
• crystallisation of soluble salts (salt attack); sulphates, nitrates and chlorides 

(salt spray of seawater and de-icing salts)  
• progressive expansion from repeated freeze-thaw cycles (frost attack)  
• UV radiation in combination with oxygen, water and heat  
• wet deposition of sulphuric and nitric acids (acid rain attack)  
• (dry and) wet deposition of dust and soot particles in the surface pores  
• algae and mould growth developing from micro-organisms of atmospheric dirt  
• high moisture content  

 

The aforementioned causes may result in following effects:  

• cracking, surface crazing  
• change in appearance such as staining  
• white salt deposits on the surface, deleterious effects by reversible water 

uptake  
• loss of adhesion, embrittlement, crumbling  
• frost spalling  
• loss of appearance, fading, yellowing and erosion, loss of water repellency  
• deterioration by attacking the calcium compounds of the substrate  
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• dirt pick-up  
• stains of biological growth and musty smell  
• decrease in thermal performance bringing significant energy losses.  

2.2 Surface Treatments  

The use of surface treatments mainly aims to improve the weather resistance and in 
turn, the long-term performance of building materials, maintaining an aesthetically 
pleasing appearance.  As most of the damages in inorganic porous building 
materials are related to water, the protection is usually intended to reduce the 
absorption of water in the material.  To provide a sufficiently dry wall by reducing 
water penetration while allowing vapour transmission and to control carbonation 
can be regarded as the primary performance requirements of surface treatments.  
Surface treatments are classified in four main groups according to the mechanism 
by which the protection is achieved (CIRIA 1987).  In Fig. 1, types of surface 
treatments are illustrated according to this classification.  Surface treatments which 
are appropriate for application to facades and also tested within the study are: 
surface impregnation with silicon-based water repellant as pore-liner (Fig. 1a), 
acrylic-styrene paint as coating (Fig. 1c) and rendering containing silicon additive 
(Fig. 1d).  The basic properties are given below.  
 
 

 
         (a)          (b)            (c)               (d) 

Fig. 1.  Types of surface treatment:  (a) pore liner  (b) pore blocker  (c) coating and 
sealers  (d) cementitious coating (Mays 1992)  

 

2.2.1 Pore Liners  

Pore liners penetrate the substrate and react with siliceous and similar substrates.  
By lining the pore walls with a chemically bonded water-repellent hydrocarbon 
molecule, they provide hydrophobicity.  Water vapour and other gases are allowed 
to pass through the wall since the pores are not blocked.  By penetrating the 
substrate, the material itself is shaded and thus highly protected from the UV 
radiation.  Accordingly, a long-term durability is achieved.  The performance of the 
pore-liners largely depends on properties of the substrate, such as porosity and 
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moisture content and on the amount of material applied in addition to the 
penetration depth.  As the surface treatment is colourless, it makes very little 
change on the appearance of the facade.  Silanes, siloxanes and silicon compounds 
are examples of this type.  While siliconates also belong to this group, they are no 
longer used for protecting facades.  The reason is that a white layer is formed on 
oversaturated areas, which is hard to remove (Mayer and Roth 1995).  

2.2.2 Pore Blockers  

These treatments penetrate into the substrate and clog the pores.  In this way water 
is repelled along with any dissolved salts, acids and other aggressive agents.  This 
treatment is also known as the crystal growth method.  The crystalline reaction 
products bind to the water molecules and increase in volume.  They have good 
weather resistance but the vapour transmission is greatly restricted by the blockage 
of the pores.  Improper application can cause water uptake by capillary action.  
Pore-blockers have no effect on the appearance of the surface.  They are usually 
used for hardening of the surface and as a primer before the main coating.  The 
most common examples are silicates and silicofluorids.  

2.2.3 Coatings and Sealers  

By forming a continuous thin film layer on the surface, sealers and coatings 
prevent the water ingress but obstruct also the vapour diffusion.  Owing to their 
penetration into the substrate to some degree, sealers have a good adhesion to the 
substrate and are often used as primers.  Film forming surface coatings can be 
pigmented when colour is desired.  Epoxy resins, polyurethanes, acrylics, alkyds, 
vinyls and bitumens are the typical examples of sealers and coatings.  

2.2.4 Cementitious Coatings (Renderings) 

These are cement-based products containing finely graded siliceous aggregates.  
Chemical additives impart integral water repellency and improve the adhesion of 
the renderings to the substrate.  These products are also vapour permeable 
(allowing transmission of vapour).  Cementitious coatings adhere well to the 
substrate and are considered as an integral part of the substrate.  But they do not 
function if cracking or substrate movement occurs.  The coatings completely 
change the original appearance of the facade.  Pigments are added to colour and 
various textures are available, either by coarseness of aggregate or by application 
methods (Kubal 1993).  

2.3 Silicon-Based Water Repellants  

In the project report NCHRP 244 (1981), Pfeifer and Scali presents the 
investigations on the effectiveness of different concrete sealers for protection of 
bridge structures.  In the report, the water absorption and chloride intrusion 
characteristics of 21 penetrants or coatings including silicon-based water repellants, 
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are evaluated after exposure to specific climate conditions.  An epoxy, a 
methylmethacrylate and a silane are found to have the best performance through all 
the tests.  In the IRC report IR 574, Aitken and Litvan (1989) accounted for the 
investigation of the effectiveness of 57 concrete sealers for traffic surfaces 
including silicon-based water repellants.  Prior to performance tests, the sealers 
were identified by chemical analysis.  The porosity and the penetration depths were 
also studied in addition to water absorption and vapour transmission.  Great 
influence of the substrate was found on the performance of sealers.  Karkare and 
Walloch (1996) tested the effects of different amounts of integral water-repellent 
additives in cement-lime mortar on capillary water absorption.  Increasing dosage 
resulted in reduced capillary suction.  A critical dosage range was determined in 
order to make an optimum use of integral additives.  In a CMHC project draft 
report (1997), Gonçalves and Renzullo demonstrate the evaluation of the long-term 
performance of five different silicon-based water repellants applied on brick wall 
specimens.  The modified ASTM E-514 method and “water uptake tube” were 
carried out on the naturally exposed samples during three years.  The results 
indicated differences between the two methods and were not found representative 
for assessing the material’s repellency, alternative methods being suggested to be 
tested.  Moreover, an extended exposure period of at least five years is 
recommended with retesting performance on yearly basis for evaluating 
reapplication intervals.  Bush et.al. (1997) investigated influences of field and 
laboratory conditions on the performance of silane treated concrete.  The 
performance parameters tested were water and chloride absorption and penetration 
depth.  Effects of different concrete mixes, surface finish conditions, curing and 
surface cleaning procedures are evaluated.  It is concluded that field measurements 
are the best evaluation method for the actual in-service performance.  König-Lumer 
(1997) studied the weather resistance of silicone-resin emulsion paints.  The test 
was carried out by 1000 hours of QUV-B and no chalking and no change of colour 
were observed, and the water-beading effect (the higher the contact angle the 
greater the beading effect) was kept.  De Vries et.al. (1998) studied the durability 
of hydrophobic treatment of concrete after 35-month outdoor exposure.  The water 
repellency was tested by water absorption test and it was concluded that the 
hydrophobic effect remained intact. 

Gislason (1998) reports the results of a research project carried out at the 
Icelandic Building Research Institute, investigating the effect and efficiency of 
silicon-based water repellants in practical outdoor conditions.  Behaviour of water 
repellants applied to the existing cracks in concrete was tested by simulating the 
wind-driven rain.  Threshold values corresponding to the minimum hydrostatic 
pressure needed for water to flow into the cracks of various widths were 
determined.  An empirical equation was presented, the use of which is suggested to 
be quite safe for the crack widths interval of 0,1 mm-0,6 mm.  It is also stated that 
the treated cracks of widths less than 0,2 mm are fully water-tight upto extremely 
strong wind-driven rain.  The threshold values were found to be independent of the 
penetration depth of the water repellant.  The results also showed that the 
behaviour of cracks formed after the application of repellants, on the other hand, 
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was like the untreated ones.  Mayer (1996) states also that hairline cracks are 
inactivated by bridgeability of silicon-based water repellants.  Lunk and Wittmann 
(1998) studied the behaviour of cracks (widths of 0,2 mm, 0,4 mm and 0,8 mm) in 
water-repellent treated concrete structures with respect to capillary water transport.  
It was stated that the capillary absorption behaviour of water-repellent treated 
concrete with cracks was influenced mainly by the penetration depth of the 
hydrophobic agent which was also illustrated in an article written by Schamberg 
(1986).   

A broad literature review on the performance of surface treatments, including 
silicon-based water repellants, can also be found in an article by Basheer et.al. 
(1997).  Although concrete was taken as the substrate material and the objects 
mostly were concrete structures such as bridges, highways etc. rather than 
buildings, the compiled results give a good understanding of the properties of these 
treatments.  A critical review of water repellants and other protective treatments is 
made by Charola (2001), in which the importance of “holistic approach” is 
stressed, i.e. to take into consideration the substrate on which the water repellant is 
applied as well as the whole structure.  In her article, Charola also emphasises the 
need for regular maintenance of protective coatings.   

For a broader information about the studies on water repellants, the 
proceedings of HYDROPHOBE conference series (1995, 1998, 2001) can be 
referred.  

2.3.1 Performance Requirements  

In all the literature given above and most others, silicon-based water repellants are 
considered as the best protective agents against failures associated with moisture.  
They are claimed to satisfy requirements as:  

• high resistance to water penetration  
• minimal reduction in vapour permeability  
• good adhesion  
• resistance to UV (excellent durability)  
• environmental compatibility (solvent-free)  
• no change in appearance.  

2.3.2 Chemical Reaction  

The most important silicon-based water repellants are those made of silanes and 
siloxanes which are polymers containing three alkoxy groups, denoted OR’, linked 
to a silicon atom, and each silicon atom carrying an organic alkyl group, denoted 
R.  The silicon functional alkoxy group (OR’) reacts with water and yields a 
reactive silanol group (hydrolysis stage).  Further condensation by crosslinking to 
the hydroxyl groups forms polysiloxane (silicon resin) as the active water-repellent 
product which is linked to the inorganic substrate by way of covalent siloxane 
bonds (see Fig. 2).   
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Fig. 2.  Reaction of alkylalkoxysilane (Doran 1992)  

 

2.3.3 Water Repellency  

The organofunctional alkyl groups reduce the critical surface tension of the 
material surface and thus provide hydrophobicity, while the silicon functional 
groups provide reactivity with the substrate and control the penetration depth.  The 
alkyl group is protected against UV radiation by penetrating the substrate, and thus 
the long-term durability of the repellant is attained.  Factors influencing depth of 
penetration include the porosity (particularly on the surface), moisture content of 
the substrate, molecular size and amount of water repellant agent applied 
(McGettigan 1992).  The molecular size of silanes (10-15 Å) and siloxanes (25-75 
Å) is small enough to permit the compounds to enter the pore structure of concrete 
(20-200 Å).  The molecular size of water is 3,5 Å, on the other hand.  

The effect of water repellants is based on their low surface tension.  The 
behaviour of water when contacting the surface of a material is governed by the 
surface tension which may be measured by the contact angle, as shown 
phenomenologically in Fig. 3.  The intensity of the water-repellent property is 
associated with the contact angle between the water and the treated surface.  
Contact angles of a water droplet of more than 90° represent hydrophobic property 
while less than 90° hydrophilic property.  The higher the contact angle, the more 
water-repellent the surface becomes.  The hydrophobicity of water repellants is in 
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fact realised in two steps (Carmeliet 2001).  Firstly, the beading effect makes the 
water droplet quickly run off and leave the surface.  Secondly, when the water 
droplet tends to spread and form a water film over the surface, the repellant reduces 
the absorption by excluding water via treated capillary pores (Fig. 3b).  

The contact angle between water and a surface treated with a silicon-based 
water repellant is more than 120° (Fig. 3b).  However, an untreated porous surface 
absorbs water, the amount of water absorbed and the absorption rate depending on 
the pore system, i.e. the size and distribution of pores (Fig. 3a).  The interaction 
between water and a surface may also be described from the first principles at the 
molecular level, leading to rather complex relationships.  However, this is beyond 
the scope of the thesis.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  The principle of water repellency (Edmeades and Hewlett, 1985):  
(a) untreated concrete, contact angle less than 90°;  
(b) water repellant treated surface, contact angle greater than 90°  
 

2.3.4 Environmental Impact Aspects  

Silicon-based water repellants are also available as water-thinnable formulations, 
which eliminates the impacts experienced with solvents.  Moreover, being supplied 
as high concentrates, packaging volumes are minimised and thus transport, storage 
and disposal impacts are reduced.  

Most likely the water repellants themselves are environmentally harmless, at 
least in the low concentrations used here.  Furthermore, while being fairly stable, 
subsequently when they deteriorate the end products will be chemical compounds 
naturally present in the rendering raw-materials.  Silane/siloxane emulsions, with 
their mineral-like network, also called as semi-organic, have the least organic 
functional of all silicones.  This is something which would facilitate recycling and 
reuse of repellant treated material substantially.  Re-application brings no 
difficulties or problems at later stages.  

 Water  Water drawn in 

(a) 

 Hydrophobic surface

(b) 

 Water excluded 
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3. METHODOLOGY 

Artificial accelerated exposure and natural weathering tests are equally important 
for service life prediction studies.  While natural weathering gives information on 
the real life effects of weathering and helps to understand actual in-service 
performance, artificial weathering under carefully controlled conditions gives more 
useful data and in turn, repeatable and reproducible results.  Since the natural 
weathering does not repeat, the service life of materials cannot be adequately 
estimated based on the natural exposure tests alone.  Excessive time is needed to 
conduct a natural exposure test and to get results.  However, data from 
microenvironment monitoring or field measurements are necessary inputs in 
designing short-term accelerated tests.  A more reliable prediction can be made 
only if “it is truly understood how to integrate laboratory data to predict field 
exposure” (Martin 2002).  

The object of the research work is to investigate the long-term performance of 
silicon-based water repellants on external walls made of porous building materials 
based on the different testing procedures in accordance with the systematic 
methodology in ISO 15686-2 (2001).  The steps of the methodology as given in 
Fig. 4, illustrate the different actions to be performed.  Almost all papers included 
in this thesis give an overview of the problems associated with moisture in various 
aspects, corresponding to the definition and the preparation part of the scheme.  
Freeze-thaw cycles (papers III and VIII) and UV+water exposure (papers VI and 
IX) were carried out as short-term accelerated tests.  For the long-term exposure, 
the outdoor exposure test rack (papers I, III, IV and VI-IX) can be regarded as a 
field exposure and the test cabin (papers II, IV, V, VII and X) as experimental 
building.  Weathering effects are investigated through performance tests carried out 
both as site monitoring and laboratory testing.  Laboratory tests included physical 
properties and structural and chemical analysis.  The long-term performance test 
results from two different exposure set-ups are evaluated and compared.  

Material degradation is expressed as loss of performance of an engineering 
system, illustrated graphically in Fig. 5 (Batchelor et. al. 1999).  Performance of 
materials diminishes gradually over time, the rate depending on different 
parameters.  Failure is defined as degradation of properties to an unacceptable level 
at an early age before completing its design life.  When designing an external wall 
for a specified minimum service life, the degradation mechanisms and rates under 
the prevailing exposure conditions should be known.  Different factors are involved 
on different levels depending on the characteristics of the material and its 
microenvironment.  Within the building system and in this study, the performance 
parameters employed were primarily water absorption and evaporation properties 
of the wall component.  The service life of the water repellant is given as the time 
of loss of critical water repellency.   
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Fig. 4.  Systematic methodology for SLP of building components (ISO 15686-2)  
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 5.  Material degradation as loss of performance (Batchelor et. al. 1999) 
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3.1 Exposure and Measuring Programme  

A short summary of the exposure and testing programme is given in Fig. 6.  Except 
for the samples exposed and monitored at the test rack, all samples, either exposed 
naturally or artificially, have been evaluated.  By the end of the continuous 
measurements after 60-month exposure period, the test blocks will be used for final 
laboratory testing and analysis.  Studies on surface characteristics and chemical 
constituents are carried out subsequently to the laboratory tests of capillary water 
absorption, and evaporation.  The work and the earlier results are described in 
details in the papers appended to the thesis.  

 
 
 
 
 

 
 
 
 
 
 

Fig. 6.  The field exposure and the laboratory testing programme  

 

3.2 Natural Exposure  

Studies on natural exposure are carried out at two different scales: (i) small-scale 
mock-up testing, i.e. samples on the test rack, (ii) full-scale experimental building, 
i.e. panels on the test cabin.   

3.2.1 Test Rack  

The exposure programme and the continuous moisture and temperature 
measurements at the test rack started in September 1998.  Six test blocks are 
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employed for site monitoring and additional groups of three smaller samples were 
naturally exposed for testing and analysis in the laboratory.  The rendering types 
and the surface treatments tested are summarised in Table 1.  In order to compare 
the efficiency of the different alternatives, two different applications of water 
repellants (as surface impregnation and as additive in the rendering, respectively) 
and a commonly used acrylic-styrene paint are tested.  The site monitoring is 
planned to run for at least 60 months in order to subject samples to a wide range of 
weather conditions during a substantial service period.  The test blocks and smaller 
samples are exposed on a 45° test rack facing south and are subjected to direct 
rainfall and UV radiation.  A detailed description and the preparation of the test 
samples can be found in Papers I and IX.  Pictures taken during preparation of test 
samples and the equipment are presented in the Appendix A.   

Table 1: Test blocks on the test rack  
Code Substrate Rendering Top coating/Impregnation Comment 

O AAC - - Control 
R AAC Lime-cement - Reference 
P AAC Lime-cement Acrylic-styrene paint Paint (Fig. 1c) 

S1 AAC Lime-cement Silane-siloxane emulsion Water repellant (Fig. 1a) 

S2 AAC Lime-cement + 
silicon resin additive - Water repellant (Fig. 1d) 

G AAC Lime-cement (Expanded) ePTFE membrane Ideal  
 

3.2.2 Test Cabin  

The exposure programme and the continuous moisture and temperature monitoring 
at the test cabin started in May 1999.  The test cabin was designed as a 
prefabricated construction with a rectangular prism shape and oriented with the 
long sides facing south-west and north-east, respectively.  It was installed on the 
roof of the Centre for Built Environment building.  On each long side, there are 12 
test panels (60 cm × 120 cm) including unrendered and untreated AAC as reference 
panel.  The rendering systems can be grouped as inorganic, organic and water 
repellant modified systems.  A detailed description and the preparation of the test 
panels and the field measurement set-up can be found in Papers II and IV.  Pictures 
taken during installation of test cabin and the equipment are presented in the 
Appendix A.  Some examples of the test panels are given in Table 2 below.  

  Table 2: Examples from the test panels at the test cabin  

NE/SW Substrate Surface 
impregnation Primer Undercoat Top coating 

5 AAC - Lime-cement - Lime-cement final coat 

6 AAC - Lime-cement + 
silicon powder - Lime-cement final coat 

+ silicon powder 
7 AAC - Lime-cement Lime-cement Hydraulic lime final coat 

9 AAC Silane-siloxane 
emulsion Acrylic - Acrylic final rendering 

11 AAC Silane-siloxane 
emulsion - - Silicon-resin paint 
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3.3 Artificial Exposure  

Studies using artificial exposure were carried out by two separate tests: (i) freeze-
thaw cycles, (ii) UV+water exposure in the Weather-Ometer®.   

3.3.1 Freeze-Thaw  

Samples (R, P, S1 and S2) were exposed to 80 freeze-thaw cycles in the so-called 
“Malmö Chamber” at the laboratory of Optiroc AB.  One cycle of 12 h included 30 
min exposure to water spray followed by 345 min cooling down to -20 °C and 345 
min heating up to +20 °C, respectively.  After 40 and 80 cycles, the surfaces of the 
samples were examined.  Adhesion between the AAC substrate and the rendering 
was tested by pull out test after 80 freeze-thaw cycles.  Details and the results can 
be found in Papers III and VIII.  See pictures in the Appendix A.   

3.3.2 UV+Water  

Two samples of each system (R, P, S1 and S2) and the control O were subjected to 
continuous light and intermittent water spray exposure in the weathering chamber.  
A filtered xenon-arc lamp type apparatus was used.  The testing programme has 
been operated in accordance with the test procedure described in the standard 
ASTM G 26-96 (1996).  The exposure programme includes 2500 hours in order to 
simulate longer periods of natural weathering.  Each cycle consists of 102 min of 
light followed by 18 min of light and water spray.  Every 500 h, the samples were 
taken out of the chamber for testing.  One of the samples was used for capillary 
water absorption and drying out while the other one was cut after every 500 h and 
used for the microscopy analysis.  All the tested surfaces were white in colour 
before the exposure.  Details can be found in Paper VI.   

3.4 Measurements  

Measurements are grouped as field measurements and laboratory tests.   

3.4.1 Continuous Field Measurements  

Moisture performance of the naturally exposed test blocks on the test rack and the 
test panels at the test cabin has been continuously monitored since the start of the 
exposure programmes.  Wetcorr sensors and resistance type nail electrodes are 
used to measure the surface moisture and the moisture content at different depths in 
the material, respectively, in addition to the temperature measurements with 
thermocouples at the same depths.  The sensors are scanned at five-minute 
intervals and the averages of resistance and temperature are stored every hour.  The 
resistance measured between the two electrodes together with the temperature in 
the AAC material was converted to moisture content by means of a calibration 
procedure.  Details can be found in Papers I, II and VII.   
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3.4.2 Laboratory Testing  

The material properties tested in the laboratory and the test methods conducted are: 
capillary water absorption, vapour transmission, evaporation, contact angle, 
compressive strength, adhesion.  The microstructure is studied by (thin section) 
light optical microscopy (LOM).  The surface characteristics are examined by 
scanning electron microscope (SEM) and the chemical species are identified by 
energy dispersive X-ray spectroscopy (EDS) and Fourier transform IR 
spectroscopy (FTIR).  The vapour transmission of unexposed and freeze-thaw 
tested samples were carried out at the laboratories of Yxhult AB Kumla, in 
accordance with the standard EN 1015-19.  To investigate the effect of the silicon 
additive to the strength of the rendering, lime-cement mortar prisms, measuring 
40 mm×40 mm×160 mm, were casted with and without silicon additive.  The 
compressive strength of these samples was tested at the laboratories of Vattenfall 
Utveckling AB Älvkarleby.  The contact angle measurements of unexposed and 
naturally exposed samples were made using an automated contact angle tester by 
dynamic testing as described in test method T 558 pm-95 at the laboratories of 
Korsnäs AB Gävle.  

4 RESULTS AND DISCUSSION  

The most recent results obtained from the field measurements and laboratory 
testing are given below.  A complete graphical presentation of the results can be 
found in Appendices B and C.   

4.1 Moisture Monitoring  

Measurements made in the AAC and recorded through the whole exposure period 
so far were grouped into three-month data and the averages of the calibrated data 
are presented in Figs. 7 and 8.  Here it is important to note that samples at the test 
rack are sealed on all faces except for the surface tested and are diagonally exposed 
receiving the highest levels of all prevailing degradation agents.  On the other 
hand, the test panels of the cabin are subjected to the indoor conditions with their 
uncovered back sides and are vertically exposed to the outdoor conditions.  
Besides, different facades receive different levels of agents (doses) depending on 
the direction they are faced.  In addition, there is no identical test system and/or 
material in common except for the substrate material AAC.  Therefore, any direct 
comparison between the systems of different exposure set-ups should be avoided.  
The results, in general, reflect the response of materials exposed with different 
arrangements and give information on how different parameters contribute to the 
behaviour of materials and/or components.  Nevertheless, the systems of each 
experimental set-up can be compared and evaluated mutually.   

Refer to Appendix B for a broad presentation of the most recent results 
regarding the moisture monitoring at the test rack and the test cabin, respectively.   
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4.1.1 Test Rack  

In Fig. 7, the seasonal averages of moisture content at 2 mm depth in the AAC 
substrate of the samples R, P, S1 and S2 are presented.  It is clearly seen that the 
treated samples (P, S1 and S2) absorb much less water compared to the untreated 
rendered AAC (R).  The moisture contents of sample R change according to the 
variations in weather conditions but also demonstrate an improvement with time.  
Among the treated samples, painted sample (P) absorbs small amounts of moisture, 
despite the fact that it forms a film layer on the surface.  The moisture content of 
sample P, deeper inside the AAC block, at 25-mm depth, increases drastically (see 
App. B, Figs. 4 and 6).  This is probably because of its low vapour permeability 
(see Fig. 12) that prolongs the drying out period and the inclination of the samples 
that makes moisture accumulate at the bottom.  On the other hand, the moisture 
monitoring data obtained so far indicates almost no significant impairment of water 
repellants over a 46-month exposure period.  Earlier results obtained from the 
moisture monitoring at the test rack can be found in Papers I, IV and IX.   
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Fig. 7.  The seasonal averages of moisture content at 2-mm depth in the AAC: 

Test rack, samples R, P, S1 and S2  
 

4.1.2 Test Cabin  
In general, the north-east facade demonstrated greater variations in moisture 
conditions compared to the south-west facade (paper V).  The absorption rates at 
the north-east facade were higher and the drying rates were lower compared to the 
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south-west facade.  This is because the prevailing wind direction is from north-east 
and the south-west facade is exposed to sunlight over longer periods.  Therefore, 
the moisture performance evaluations were particularly based on the measurements 
made at the north-east facade.  In Fig. 8, the seasonal averages of moisture content 
at 5 mm depth in the AAC of test panels 5-7, 9 and 11 at the north-east facade are 
presented.  In general, the two inorganic rendering systems, panels 5 and 7, show 
the highest moisture contents.  However, the drying rate of panel 5 is higher than 
the panel 7 (see App. B, Fig. 11).  The test panels with inorganic systems are in a 
somewhat dryer state deeper, at 25-mm depth, in the AAC.  Because of its lower 
drying rate, the moisture content of panel 7 is relatively higher compared to that of 
panel 5 (see App. B, Fig. 12).  Among the organic and the modified systems, those 
treated with silicon-based water repellants on the AAC surface, panels 9 and 11, 
demonstrated the best moisture performance.  The results also reveal that the 
rendering system with silicon additive, panel 6, is susceptible to heavy driving rain 
(see App. B, Figs. 11 and 12).  Earlier results and the discussions on the moisture 
monitoring at the test cabin can be found in Papers IV, V and X.  
 
 

ju
n+

ju
l+

au
g 

99
se

p+
oc

t+
no

v 
99

de
c 

99
+j

an
+f

eb
 0

0
m

ar
+a

pr
+m

ay
 0

0
ju

n+
ju

l+
au

g 
00

se
p+

oc
t+

no
v 

00

de
c 

00
+j

an
+f

eb
 0

1

m
ar

+a
pr

+m
ay

 0
1

ju
n+

ju
l+

au
g 

01

se
p+

oc
t+

no
v 

01

de
c 

01
+j

an
+f

eb
 0

2

m
ar

+a
pr

+m
ay

 0
2

 9
N

E5
 1

1N
E5

 6
N

E5
 5

N
E5

 7
N

E5

0

10

20

30

40

50

60

70

80

90

M
oi

st
ur

e 
C

on
te

nt
 %

 
(b

y 
w

ei
gh

t)

   SEASONAL AVERAGESA

 9NE5

 11NE5

 6NE5

 5NE5

 7NE5

 
Fig. 8.  The seasonal averages of moisture content at 5-mm depth in the AAC: 

Test cabin, north-east facade, panels 5, 6, 7, 9 and 11  
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4.2 Laboratory Tests and Analysis  

It is important to note that test results of natural weathering obtained at different 
exposure time intervals belong to different samples whilst the results of artificial 
weathering obtained at specific intervals belong to the same samples.  This is 
particularly because of the destructive tests included in the programme.  Hence, a 
set of different tests and analysis could be carried out with the same samples 
following a particular order.  However, the results in general displayed negligible 
scatter and very good similarities between the two different exposure set-ups.  
Laboratory studies can be grouped as: (i) measurements of physical properties as 
capillary water absorption and drying out and (ii) surface analysis with microscopic 
and spectroscopic techniques.  Details and earlier results regarding laboratory tests 
and analysis can be found in papers III, VI, VIII and IX.  A broad presentation of 
the most recent results is given in Appendix C.  

4.2.1 Capillary Water Absorption  

The capillary water absorption rate is represented by the capillary water absorption 
coefficient of the surface coating, A [kg/m2h0,5].  This coefficient describes the 
water absorption of a wall when a film of water occurs at the surface. In Figs. 9a 
and b, the capillary water absorption coefficients (at 24 h) of treated samples 
during natural and artificial weathering are presented.  The results of both naturally 
and artificially exposed samples demonstrated similar trends, e.g. for sample P, 
decreasing with shorter exposure period and increasing with longer period and then 
decreasing again.  Sample S1 demonstrated linear increase during 36-m natural 
weathering while being more stable after 1000-h artificial weathering.  After 18-m 
natural exposure period, sample S2 presented a real increase.  
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Fig. 10.  Capillary water absorption rates of unexposed and 36-month naturally 

exposed (a) samples O and R, (b) treated samples P, S1 and S2  
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Fig. 11.  Capillary water absorption rates of unexposed and 2500-h artificially 

exposed (a) samples O and R, (b) treated samples P, S1 and S2  
 
 
The capillary water absorption property of the control AAC sample degraded with 
exposure time, whilst the reference untreated rendered AAC sample (R), aged both 
naturally and artificially, presented improvement (Figs. 10a and 11a).  After natural 
weathering, the sample with silicon additive in the rendering S2, demonstrated the 
greatest and double so much degradation as the sample with surface impregnation 
S1.  However, painted sample P was less influenced by the natural weathering (Fig. 
10b).  Artificial weathering, that is UV and water exposure, had greater influence 
on the painted sample P compared to the water repellant treated samples S1 and S2 
(Fig. 11b).  Among the tested systems, the surface impregnation (sample S1) was 
more efficient both before and after weathering.  Details and further results 
regarding capillary water absorption can be found in papers III, VI, VIII and IX.  
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4.2.2 Drying Out  
The drying rate is controlled by the diffusion of water vapour through the material.  
In addition to the pore size distribution, any surface treatment of the rendering 
and/or AAC has influence over drying property.  The rate of drying after wetting is 
further dependent on the conditions like ambient temperature, relative humidity 
and wind velocity.  

The drying curves after the capillary water absorption test (relative to the 
amount of water absorbed during the capillary absorption test) for samples 
weathered both naturally and artificially are shown in Figs. 12 and 13, respectively.  
All samples dried slower after ageing except for the sample R which displayed an 
improvement both after natural and artificial exposure.  Artificial weathering had 
almost no effects on the drying properties of treated samples P, S1 and S2.  Details 
and further results can be found in papers III, VI and IX.  
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Fig. 12.  Drying of unexposed and 36-month naturally aged samples R, P, S1 and S2  
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Fig. 13.  Drying of unexposed and 2500-h artificially aged samples R, P, S1 and S2  
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4.2.3 Surface Analysis  

A material surface acts as a barrier between two phases and it is in contact with a 
variety of substances.  Thus, it has to withstand external forces such as moisture 
and thermal loads and experience high stresses unlike the bulk material.  
Depending on the nature of this boundary conditions, the material surface structure 
and properties differ from those of the bulk.  To control and modify surface 
properties and in turn improve its functionality, various coatings and/or treatments 
are applied making the surface more complicated (Wilson et.al. 1987).  

Surface analyses are classified according to techniques giving information 
about: (i) structural or morphological features, (ii) physical properties and (iii) 
chemical composition on either elemental or molecular level.  Electron 
microscopy, contact angle and infrared spectroscopy are suggested as the key 
techniques for the surface analysis of organosilicon materials (Smith 1991).  

4.2.3.1 Scanning Electron Microscopy  

Scanning electron microscope is a rapid and easily used instrument for examination 
of surface and interior bulk characteristics of materials, primarily topographical 
images.  A small fractured material is adhered to an aluminium stub using a double 
stick tape and is placed in the microscope.  Non-conductive samples can be coated 
with a thin layer of gold or carbon and thus a relatively high resolution can be 
obtained from secondary electrons.  Modern microscopes, as the Hitachi S-3000 N 
of the laboratory, may be operated in low-vacuum mode, allowing non-conductive 
samples to be examined in backscattered electron mode without pretreatment of 
gold or carbon evaporisation.  Following this procedure, unexposed, and naturally 
and artificially weathered samples were examined.  The SEM images indicated that 
it is only possible to detect water repellants in oversaturated areas (Fig. 14 b).  
Except for these oversaturated areas, it was also difficult to see clear differences in 
EDS analysis between the samples with and without water repellants since the 
chemical composition of water repellants are very alike the inorganic substrate.  
Besides, the SEM examinations of weathered samples were not sufficiently 
satisfying in detecting water repellants.  In this case, SEM+EDS was not found to 
be an appropriate direct method for the investigation of particularly the degradation 
of water repellants.  Similar results have also been found within the project ENV4-
CT98-0707 (2000) investigating an innovative water-repellent/biocide surface 
treatment for mortars by assessing their performance using modern analytical tools 
and surface analysis.  It is stated that only the “thick” silicon-layers were visible in 
SEM and could be detected using EDS analysis by mapping of silicon and calcium 
elements.   

The microstructures of unexposed sample surfaces R, S1 and P identified by 
SEM in backscattered electron mode at magnification of ×2000 are exemplified in 
Figures 14 a, b and c, respectively.  The image example of sample S1 (Fig. 14b) 
was selected among the images taken from the areas oversaturated with silicon 
treatment.  On the painted sample surface (P), pigment distribution is clearly seen 
in the image as very small light particles (Fig. 14c).  Thus, in addition to the main 
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elements of the samples R and S1, EDS analysis revealed a high amount of 
titanium for the painted sample (Table 3c).  This indicates that the film forming 
paint was detected over the top rendering layer.  The calcium amount in the painted 
surface layer is very low because of the paint covering the substrate and restricting 
the detection of the top rendering layer.  Moreover, the carbon amount was 
significantly higher in the painted surface as being a part of the polymer paint.  
Regarding the EDS analysis of the oversaturated areas of the water repellant treated 
surface (Table 3b), silicon amount is significantly higher compared to the untreated 
sample surface (Table 3a), indicating the presence of the silicon-based water 
repellant treatment.  It should be noted here that the top rendering layer is a mixture 
of lime, white cement and crushed white dolomite without any inclusion of sand 
(Paper IX).  The EDS analysis of the untreated sample surface also verifies this by 
the silicon amount being very low (Table 3a).  
 
 

 
(a) 

 
(b) 

 

 
(c) 
 

Fig. 14.  SEM images of unexposed sample surfaces, magnification ×2000  
(a) Sample R, lime-cement rendering surface without water repellant  
(b) Sample S1, lime-cement rendering with water repellant surface impregnation, 

an oversaturated surface area 
(c) Sample P, styrene-acrylate painted lime-cement rendering surface 
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Table 3: EDS analysis of unexposed sample surfaces 
(a) Sample R  
Element Weight % Atomic % 
C 2.79 4.88 
O  54.54 71.67 
Mg  1.84 1.59 
Si  1.96 1.47 
Ca  38.86 20.39 
Totals 100.00  

 
 
 

(b) Sample S1  
Element Weight % Atomic % 
C  14.25 22.79 
O  42.38 50.89 
Mg  8.39 6.63 
Si  14.28 9.77 
Ca  20.71 9.92 
Totals 100.00  

 
 
 

(c) Sample P  
Element Weight % Atomic % 
C  22.72 33.70 
O  46.22 51.47 
Mg  2.08 1.52 
Al  2.74 1.81 
Si  6.55 4.15 
Ca  0.25 0.11 
Ti  19.44 7.23 
Totals 100.00  

 

4.2.3.2 Contact Angle  

The performance over time of silicon-based water repellants was also measured in 
terms of time-dependent contact angles.  Because the rough surface of the sprinkle 
top coat makes it very difficult to measure the contact angle and hence would give 
spurious results, prior to the contact angle measurements, exposed surfaces of the 
samples were first grinded for making them flat (Figs. 15a and b).  The contact 
angles were then determined by image analysis technique on the images of the 
water droplet in contact with the surface captured by a video camera at specified 
time intervals using a dynamic contact angle and absorption tester, a FIBRO DAT 
1100 instrument. 
 
 

 
(a) rough surface 

 
        (b) flat surface 

Fig. 15.  Water droplet on an unexposed water repellant impregnated surface (S1) 
(a) before and (b) after surface grinding  

 
 
Contact angle varies with (i) measurement techniques, for example parameters like 
size and height of the liquid droplet, (ii) surface conditions such as structure, 
homogeneity and external contamination, and (iii) sample selection and 
preparation, and surface modification (Mittal K. L. 1979).  Therefore, the 
measurement results are more comparative particularly between unexposed or 
exposed samples and are not intended for determining the exact wettability 
properties.  However, most researches agree on the usefulness of contact angle 
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measurements in characterisation of hydrophobic surfaces and it is a quick and 
simple test to carry out.  

Contact angle measurements were made within a time interval of 10 s after 
placing a water droplet of 4 µl.  For each sample, averages of ten contact angles 
measured at each tenth of a second, every second and every ten seconds were 
evaluated.  The measurements were made before and after 36-month natural 
weathering on samples with water repellants (S1 and S2) and the results are 
presented in Fig. 16.  The standard deviation is given in brackets. 

Both samples S1 and S2 demonstrate decrease in contact angles after 36-
month natural weathering.  However, the contact angle of sample S2 (sample with 
silicon additive) decreased significantly after 36-month natural weathering.  
Similar tendency is also seen in the capillary water absorption of this sample which 
displayed a high increase after 36-month exposure.  Moreover, the rate of decrease 
in contact angles of unexposed samples during 10 s is quite low compared to the 
weathered ones.  An important question concerning the represantativeness of these 
results remains to be mentioned is the uniformity of the water repellants on the 
analysed sample surfaces, as was pointed out earlier.  
 

68 (9.7)109 (5.6)114 (5.6)118 (4.1)

51 (8.5)

108 (8.0)106 (6.3)
117 (4.8)

87 (7.3) 104 (9.1) 35 (5.6)109 (7.8)
0

20

40

60

80

100

120

140

C
on

ta
ct

 a
ng

le
  i

n 
de

gr
ee

sa

0.1 sec
1 sec
10 sec

S1_unexp S1_36 m S2_unexp S2_36 m
 

Fig. 16. Mean values of ten contact angle measurements and the standard 
deviation in parenthesis, samples S1 and S2, unexposed and 36-month 
naturally weathered, measurements taken at each tenth of a second, 
every second and every ten seconds, respectively  

 

4.2.3.3 Visual Inspections 

Naturally weathered samples R, P, S1 and S2 all picked up dirt via dry and wet 
deposition and changed in appearance as staining after water flow cycles.  Plain 
AAC surface, control O, demonstrated less stains, but some erosion (mass loss) 
instead.  The untreated rendered AAC (R), acrylic-styrene painted rendered AAC 
(P) and rendered AAC with water repellant applied as additive in the rendering 
(S2) were all cracked.  However, in spite of the cracking, the water repellant 
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treated sample still keeps its water repellency.  This depends on the width of the 
crack, which is too fine to impart any negative effect on the repellency of the 
rendering and also on the thickness of the rendering in its entirety water-repellent.  

No visual change has been observed on the panels of the test cabin except for 
the panels rendered with red (panel 9) and yellow (panels 5, 6 and 7) colours which 
was subjected to some fading and staining at both facades.   

Samples exposed in the weathering chamber were initially all white in colour 
before the exposure.  No significant change was observed after 1000-h exposure.  
However, after 1500-h artificial exposure (Fig. 17a) small changes in colour 
appeared for the painted sample P.  It turned light yellow to some extent.  After 
2500-h exposure period (Fig. 17b), the impregnated sample S1 changed into very 
light yellow whereas the sample P turned into darker yellow.  Plain AAC surface, 
control O, demonstrated no alteration in colour, but some erosion (mass loss) 
instead.  No cracks were visually observed in any of these samples.  

Considering the surfaces of the freeze-thaw tested samples P, R, S1 and S2, no 
visual change (either crack or any alteration in colour) was observed except for the 
sample S2 which exhibited loss of adhesion of the top rendering layer during 
sample handling.  
 

 
(a) after 1500-h exposure 

 
(b) after 2500-h exposure 

Fig. 17.  Surface colours after exposure to UV and water 

4.2.3.4 FTIR  

FTIR spectra of test samples (R, S1, S2 and P) were recorded initially and after 36-
month natural weathering using a Perkin-Elmer 16 PC Spectrometer.  Samples 
were prepared by smoothly grinding the exposed surfaces, using a superfine 
carborundum abrasive paper.  The papers covered by sample surface particles were 
subsequently introduced into the spectrometer and the diffuse reflected IR-
radiation was collected and recorded.  The spectra of the water repellant treated 
samples reflected no clear differences from the untreated sample.  In order to be 
able to interpret the peaks belonging to the specific chemical groups of the 
organosilicon compounds correctly, the neat water repellant product used was also 
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scanned.  Extremely intense asymmetrical Si-O-Si stretching vibrations near 1100 
cm-1, symmetrical CH3 deformation mode at 1262 cm-1 accompanied by Si-Methyl 
absorptions near 775 cm-1, and weak CH stretching absorptions around 2910 and 
2970 cm-1 were detected in the spectrum of the silane-siloxane emulsion product 
(Smith 1991).  Hardly any IR structure correlation for water repellants from the 
analysis of treated samples could be established after the comparative spectral 
results.   

In practice, generally low amounts of water repellants are applied, therefore, it 
is difficult to detect them by FTIR.  Extraction of silicones from the treated 
material can be a suitable technique to recover the IR spectroscopy data and partly 
overcome the above mentioned difficulties (Smith 1991).  However, this procedure 
requires more sophisticated methods and instrumentation as well as expertise to 
obtain and interpret the data.  Gerdes et. al. (1998) quantitatively determined the 
presence of water repellants in concrete saturated with undiluted silane and 
aqueous silane emulsion, respectively.  Samples prepared according to the KBr-
technique were analysed by means of FTIR spectroscopy.  The results indicated 
that the values of the samples with aqueous silane emulsion had limited 
significance.  In the project report EV5V-CT94-0515, De Clercq and De Witte 
(1998) suggests FTIR as a useful method only for the quality control of water 
repellant products before the application to external wall surfaces.  The method 
was found questionable particularly for direct analysis of treated building 
materials.  

5 CONCLUSIONS 

Lack of sufficient protection against exposure conditions, particularly long duration 
of moist conditions after driving rain, leads to premature failures on external walls 
made of porous building materials.  Considering the sustainable building approach, 
the improved durability and long service life of building materials and components 
are of high importance.  In practice, surface treatments are generally applied as a 
preventive measure in order to delay deterioration of materials, and in turn, to 
extend their serviceability.  The increased use of silicon-based water repellants is 
therefore intended to provide a sufficiently dry wall by reducing rainwater 
penetration into the wall structure.  Durability and working life issues are also 
covered in the requirements of the EU’s Construction Products Directive and are 
standardised by ISO 15686.  In service life prediction studies, natural weathering 
and artificial accelerated exposure are considered equally important.  Natural 
exposure gives direct indication of real life effects of weathering and helps to 
understand actual in-service performance while artificial exposure under carefully 
controlled conditions speeds up the ageing process and gives repeatable and 
reproducible results. 

The research work aimed at investigating the long-term performance of 
silicon-based water repellants on rendered AAC walls based on the different testing 
procedures in accordance with the systematic methodology in ISO 15686-2.  In the 
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experimental study in conformity with the holistic approach, the entire wall 
construction was taken into account, either by mock-up testing or full-scale 
experimental building.  Both long-term natural weathering and short-term 
accelerated artificial weathering were included in the study.  Weathering effects 
and degradation in performance were investigated through microenvironment 
monitoring at site and physical tests and material analysis of aged samples in the 
laboratory.  The long-term performance test results from two different exposure 
set-ups i.e. samples on the exposure rack and the panels of test cabin were 
evaluated and compared.  An attempt has been made to develop methods for long-
term performance assessment of water repellants to be used in service life 
prediction.  The combination of data obtained from the field measurements with 
data obtained from the laboratory tests and analysis may also meet practical needs 
of the end-users.  

5.1 Conclusions on Natural Weathering  

It is important to remember that the results regarding the long-term performance of 
water repellants derived from the natural weathering tests give information specific 
to the geographical and climate conditions of central Sweden which is usually cold 
and dry.  Therefore, the general observations may be helpful to, first of all, those in 
practice dealing with facade problems encountered particularly in this region.  The 
results in general can be also useful especially for the manufacturers of the tested 
materials, in the form of feed-back to assess their products, to compare with their 
own research and development studies, and possibly to improve either the material 
or the application modes in design or renewal.  

5.1.1 Test Rack  

Continuous moisture and temperature measurements at the test rack have been 
carried out for almost 46 months.  A number of observations during this exposure 
were made.  

• The test samples were subjected to a typical range of weather conditions.  
Particularly, it is worth noticing that the temperature variation was significant 
and also displayed frequent 0 ºC-transitions during one fourth of the exposure 
period.  

• The numbers of freeze-thaw cycles in terms of the number of temperature 
transitions counted below –2 °C and above +2 °C with a minimum duration of 
about 6 hours as determined by the temperature measurements in the 
rendering of the untreated sample R were as following:  

Table 4: Number of freeze-thaw cycles on yearly basis 
Date No. of freeze-thaw cycles 

1998-10-01 – 1999-05-15 13 
1999-10-01 – 2000-04-15 31 
2000-10-01 – 2001-05-01 24 
2001-09-15 – 2002-05-01 41 
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• No significant change in electrical resistance (moisture content) has been 
observed so far in the water repellant applied samples, while the untreated and 
unrendered AAC (O), untreated rendered AAC (R) and acrylic-styrene painted 
rendered AAC (P) display variations in resistance in relation to the weather 
conditions.  

• The results obtained from moisture monitoring of samples at the test rack were 
verified by the absorption and evaporation tests performed in the laboratory.   

• Rendered AAC sample (R) improved its water absorption property both after 
36-month natural and 2500-h artificial exposure periods.  This can be 
explained by the progress of hydration leading to a decreased volume of 
capillary pores but an increased total volume of paste pores.  Since sample R 
has no treatment, the rendering mortar absorbs water and, in this way, 
contributes to the progress of hydration.  In addition, the decrease in water 
absorption may also be due to carbonation at the surface layer which makes it 
denser.  Similar decreasing tendency was also observed by Vries et.al. (1998) 
for naturally exposed concrete specimens, which were prepared in a similar 
way, i.e. sample cubes tightened with a dense epoxy at five faces.   

• The silicon-based water repellant impregnated sample (S1) performs best so 
far. 

• Samples including water-repellent additive in the rendering mortar (S2) were 
more susceptible to 36-month natural weathering than 2500-h artificial 
weathering.  

• In general, natural weathering seems to have stronger influence on the water 
uptake and the evaporation of the samples than the artificial freeze-thaw 
cycles and UV+water exposure, respectively.  

5.1.2 Test Cabin  

Continuous moisture and temperature measurements at the test cabin have been 
carried out for almost 39 months.  A number of observations during this exposure 
were made.  

• The orientation of buildings plays a major role in the moisture performance of 
external walls. 

• The two inorganic rendering systems (panels 5 and 7) demonstrated the 
highest moisture contents among the systems tested.  The drying rate of thin 
rendering (panel 5) was higher than the thicker one (panel 7). 

• Among the organic and the modified systems, those treated with silicon-based 
water repellants on the AAC surface (panels 9 and 11) demonstrated the best 
moisture performance. 

• The rendering system with silicon additive (panel 6) was susceptible to heavy 
driving rain.  
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5.2 Conclusions on Artificial Weathering 

Durability is a performance concept depending on in-service microenvironment 
conditions and not a pure material property.  Therefore, in service life planning 
studies it is very important to define the environmental conditions together with the 
material in question and then determine performance requirements and set 
boundary conditions for each case separately.   

In this respect, 80 artificial freeze-thaw cycles corresponded to about four to 
six years of natural weathering in Gävle according to the Table 4, under the given 
conditions.  However, the amount of precipitation applied on the materials should 
also be taken into account.  The agreement of the freeze-thaw test results and 
analysis with those of natural weathering was not so good in general.  On the other 
hand, the effects of the freeze-thaw cycles, either artificial or natural, on the 
performance of materials differ a lot depending on the porosity of the material in 
addition to the presence of surface treatments.   

Regarding the UV+water exposure, the structural and chemical analysis 
revealed greater similarities in degradation compared to the natural weathering than 
the freeze-thaw cycles.  However, the degree of acceleration was different for each 
specimen type depending on the presence and type of surface treatment.  In 
general, SEM examinations revealed quite good relations in ageing characteristics 
between the UV+water exposure and natural weathering.  

Generally, it is always difficult to correlate the number of cycles with the 
actual weather conditions.  Partly because the weather never repeats, and partly 
other atmospheric agents have also great influence on building materials, 
conditions that are complicated to simulate.  However, the results and discussions 
establish a basis to design short-term test methods giving best information for 
assessing service life of water repellants with the least expenditure of time and 
expense. 

5.3 Conclusions on Surface Analysis 

To investigate the degradation in performance by surface analysis of the water 
repellant treated samples, appropriate alternative surface characterisation methods 
were at first determined and then a multi-technique approach was adopted.  While 
the approach followed for the surface analysis was based on the appropriate 
methods proposed in the literature, it also depended on the available laboratory 
facilities.  Although the silicon-based water repellants were used at low 
concentrations, the physical effect was significant but the analysis was not 
straightforward.  Surface analysis of neither scanning electron microscopy nor 
Fourier transform IR spectroscopy was sufficiently powerful in detection of water 
repellants on treated, either unexposed or weathered, samples.  On the other hand, 
the contact angle measurement was found to be an appropriate and simple method 
for the surface characterisation of water repellant treated materials if properly 
carried out.  In general, the results derived from the analytical surface studies may 
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be helpful to other researchers involved with analysis of materials containing water 
repellants, at least, by guiding in selection of appropriate methods that would give 
the best information in solving the defined problem.  

5.4 Future Work 

The performance of water repellants would need to be separately studied according 
to the following applications: 

• water repellant treatment on wall surface with existing cracks,  
• water repellant treated wall surface (either as impregnation of the surface or as 

additive in the rendering) that cracks during ageing.  

Although the moisture measurements at the outdoor exposure rack can demonstrate 
the water repellency effect in the presence of a crack, this would give limited 
information only valid for that specific condition.  The measurement results would 
be influenced, for example, according to the crack width and its position in relation 
to the place of the electrodes, therefore, it should be specifically and extensively 
studied.   

The performance of water repellants should also be studied with respect to 
their resistance against salts under temperature cycles.  For example, freeze-thaw 
tests may be carried out in combination with salt spray.  

During SEM observations, some biological growth was found in and on the 
aged samples.  However, this subject should be separately studied using 
appropriate methods for identification of micro-organisms and their effects.  
According to the author’s knowledge, there are only a few studies on the bio-
degradation of treated building materials.  In the near future, it is planned to study 
bio-degradation of inorganic mineral building materials with and without water 
repellants.   

In general, degradation mechanisms and ageing characteristics of inorganic 
mineral building materials without hydrophobing agents is a very broad subject.  
Microscopic (LOM+SEM) and spectroscopic (EDS+XRD) investigations on 
naturally and artificially weathered untreated (mineral) samples have recently been 
started.  This topic is thus left beyond the scope of the thesis remaining as post 
doctoral studies.  Another interesting area to study would be the temperature 
effects on the water related degradation rates and mechanisms.  Regarding the frost 
deterioration, the assessment of temperature transitions in the material can be 
further studied by taking the precipitation into account. 
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