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Abstract: 
This report comprises a study of material threshold values, failure modes and related failure 
prediction models to enable an evaluation of adding internal insulation in historic brick buildings. 
Threshold values and prediction models have been investigated both within literature and through 
laboratory study, by for instance comparing prediction models to real field results and by testing 
threshold values in laboratory. The aim of this report is to find threshold values and suitable and 
reliable prediction models to be included in the decision guidelines and the web tool, which are the 
final outcomes of the RIBuild project. Failure modes included in the report are mould growth on 
building materials, rot and wood decay, frost damage and discoloration of facades.  

Keyword list: mould, frost, rot, fungi, algae, cyanobacteria, threshold values, failure modes, 
predictive models, laboratory testing 
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1 Executive Summary 
This deliverable presents the findings on threshold values for failure within RIBuild, linked to types 
of building structures and failure modes, as defined in WP1. Threshold values for failure will be very 
important to develop decision guidelines for eligible renovation measures (WP6).   

Failure in the construction related to overrun of a limit state are related to those occurring as a result 
of changed hygro-thermal conditions in the structures as a result of introducing internal insulation. 
The project has identified and investigated the following failure modes and concluded on; 

Mould 
Threshold values for mould has been derived as part of the project for a large number of 
products/materials that will be used in WP6 for the guidelines. Several mould models have been 
evaluated and the conclusion is not to overestimate the results from dynamic models since they may 
underestimate the risk and produce varying results. The PJ-model, however, shows reliable results 
and will be modified for further use in WP6. Mould is important to consider when evaluating 
materials containing organic substance within the wall and on interior surfaces, but also joints 
connecting to the exterior wall.      

Rot 
In general, the threshold values are higher than for those for mould growth. Therefore, although the 
consequences of rot attack are severe, the threshold values for mould growth is more likely to be the 
limiting factor in the critical positions where mould is not accepted. Examples of rot threshold values 
are presented related to fungal species. Rot is especially important to evaluate for beam-ends in the 
exterior wall. Several models have been evaluated and RIBuild has selected the most suitable 
prediction model for evaluation of performance by relative comparisons, since the model has in more 
than one case shown to generate too conservative results with regard to mass loss.  

Frost 
Three conditions must be fulfilled for frost damage to occur; sufficient wetness, phase change in the 
material, and the material must be sensitive to frost. Frost damage can typically occur at the façade 
surface if the material is sensitive to frost and exceeds its critical saturation degree due to changes in 
hygrothermal conditions. In order to evaluate material sensitivity to frost, a high degree of 
experimental effort is required. Existing frost damage models have been investigated and laboratory 
experiments on brick frost sensitivity has been performed. However, to this date, no frost model exist 
that can translate the exceedance of the first two parameters to an initiation of mechanical stress and 
strain, to be weighed against the frost damage sensitivity of the material. 

Algae 
Algae can become an aesthetical problem on the façade surface. Conducted laboratory studies on 
algae growth shows that important and limiting material parameters are commonly porosity and 
roughness. Free water must be available, too. That is, from a conservative standpoint, a water content 
greater than that corresponding to about RH=98% is needed.  The laboratory studies also show that 
the developed model on algae prediction is working, although at this stage only for constant 
conditions. 
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2 Introduction 
Before deciding whether external walls in a historic building are eligible for internal insulation it is 
necessary to point out; 

 the critical areas in the construction (based on the survey and screening performed in WP1) 
 what can go wrong when installing internal insulation (failure modes based partly on WP1) 
 the criticality at failure (related to risk assessment, as part of WP4) 

This deliverable presents the findings on threshold values for failure within RIBuild, linked to types 
of building structures and failure modes. Threshold values for failure will be very important to 
develop decision guidelines for eligible renovation measures (WP6). Threshold values for failures 
related to the specific building materials need to be translated to threshold values for specific 
compositions of external walls as the inter-relation between the different building materials in 
external walls and the adjoining elements is one of the most important factors that determines whether 
internal insulation is possible and under which conditions. Threshold values for failure for specific 
composition of external walls need further to be developed into threshold values for the building as 
such, e.g. internal RH and temperature values, induced by the insulation intervention, as it often is 
difficult or even impossible to measure the conditions in the wall itself. Threshold values also need 
to be linked to types of building structure and thermal bridges. 

Failure in the construction related to overrun of a limit state are related to those occurring as a result 
of changed hygrothermal conditions in the structures as a result of introducing internal insulation, 
given that internal insulation may increase the moisture content in the wall structure. All identified 
failure modes are dependent on moisture; it is the access to and level of moisture that controls the 
failure modes. Failure is for instance expressed as freeze-thaw damage of stone and brick used for 
the external wall or mould growth or rot in wooden parts of a suspended floor that rest on the inner 
part of the external wall.  

Outline of deliverable structure 

Section 3 describes the identified failure modes, which materials that are at risk for each failure mode 
and what part of the building that is at risk for exposure to the failure mode. 

Section 4 describes threshold values from literature; how they can be derived by laboratory studies 
and gives a state-of-the-art on what is published to date. 

Section 5 gives an overview of models for predicting failure mode. 

Section 6 describes the laboratory testing of threshold values conducted within RIBuild on mould, 
frost and algae. 

Section 7 presents the evaluation of and advance on existing and new prediction models. It also gives 
recommendations on the use of models and their strengths and weaknesses. 

Sections 8 and 9 presents the deliverable conclusion and recommendations and give an outline for 
recommended future work. 

The Appendices give references for algae, cyanobacterial and mould growth, presents the detailed 
outcome of a round-robin comparison on dynamic and static mould models with field results. The 
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appendices also give an introduction to salt in walls and the failure mode salt efflorescence, in 
particular related to the occurrence of this in Denmark. Finally, Appendix 5 presents early results 
from a study conducted by DTU on control and prevention of mould growth for post-insulation: 
Laboratory based investigations of the materials’ water activity and pH related to mould growth.  
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3 Failure modes 
The identified failure modes to study were mould growth within the building structure (excluding the 
outer facades), rot, discoloration of facades due to microbial growth and frost. At the beginning of 
the project, it was discussed if also salt efflorescence would count as a failure mode. It was decided 
to be excluded, since salt complicates DELPHIN simulations by affecting the moisture content. In 
addition, it was not possible to get a clear picture of the number of damages related to presence of 
salt or locate it to specific types of buildings. Therefore, to be on the safe side, it was decided not to 
recommend the use of internal insulation if visual inspection could detect (unwanted) presence of 
salt, which is also described in the WP6 web tool. However, it is of interest to summarise the 
knowledge about this phenomenon. In Appendix 4 a report on this is presented. 

In this section of the report, the different failure modes are described, which materials that are at risk 
for each failure mode and which part of the building that is at risk for exposure to the failure mode. 

The positions for where the failure modes take place are illustrated in Figure 3.1. 

 
Figure 3.1: Failure modes in the construction. (A) Mould at the surface and within the construction, (B) Rot, (C) Frost, (D) Discolouration by 

fungi and algae 

A 

A/B C/D 
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3.1 Mould within the building 

3.1.1 Introduction 
Mould is microscopic fungi, belonging to different biological groups and consisting of many species. 
In some respects, they share common traits. They live on the surfaces of materials, use easily 
assimilated nutrients for growth and produce airborne spores.   

Mould fungi are widely spread across different environments on the Earth and there is no natural 
place where air and materials are free from spores. When favourable conditions are present, the spores 
(also called conidia) will germinate and a small germ tube will develop; if the favourable conditions 
prevail, a hypha will be formed. A hypha is a tubular cell structure, which extends at the tip. By 
continuously branching during growth, the hyphae form a mycelium. Eventually, specialized 
structures (conidiophores) develop from the hyphae and from them; the spores are produced and 
dispersed. A schematic illustration of the life cycle is presented in Figure 3.2. 

 
Figure 3.2:Schematic overview of the asexual life cycle of a typical mould fungus. When suitable conditions are present, spores (A) at the 

material surface germinate into a germ tube that grows into a hypha (B), which then extends and branches into a mycelium (C). From some of 
the hyphae, conidiophores are developed (D) and from them, masses of spores are released into the air. Illustration: Agneta Olsson- Jonsson 

The main environmental factors affecting mould growth in building structures are humidity and 
temperature; moisture being the crucial factor. Suitable conditions for the growth and reproduction 
of different mould fungi vary. Some thrive at relatively low relative humidity (RH = 75%), while 
most fungi require higher values of RH (90-95 %) for optimal growth in room temperature. Different 
building materials vary in their susceptibility to mould growth; some can withstand high moisture 
content better than others.  

Mould growth is the result of a complex interaction between all these factors; environmental factors 
and duration, material properties and the characteristics of mould fungi present (Blackburn 2000). To 
prevent mould growth in buildings, these interactions must be considered during the design, 
construction and maintenance of a building.  

Adding internal insulation to the building façade will make the original wall structure colder, reducing 
the drying potential. This in turn may increase RH locally and thereby the risk for mould growth and 

A 

A 

B 

C 

D 

A 
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condensation. An increased RH level increases the risk for mould growth on existing, historical 
materials and on new materials. The risk of high moisture levels may increase further if the internal 
insulation admits air leakage of humid indoor air into the wall construction, especially if the 
ventilation is unbalanced (internal overpressure). In time, problems with rot may also develop if 
access to moisture increases (see Section 3.2). 

Mould in buildings may have negative effect on the perceived indoor environment, for example, by 
the production of odorous substances. In addition, human health may be adversely affected due to the 
spread of particles, toxins and volatile organic compounds from the mould fungi to the indoor air. 
The costs associated with this growth, i.e. due to renovation, are substantial. Therefore, both economy 
and health can be used as arguments for reducing the risk of mould growth in buildings. 

3.1.2 Material at risk for mould growth and critical position in the building 
envelope 

For mould to grow on a material there must be nutrients in the form of simple carbohydrates present 
in the material. All materials with organic compounds are therefore at risk for mould growth. 
However, the susceptibility for mould growth varies; some materials can withstand higher moisture 
loads than other. This can be described as the critical moisture value, RHcrit (further discussed in 
section 4.1). In addition, materials may be contaminated by organic substances during production and 
construction, for example by dust, soil, surface treatments etc. and the susceptibility may then be 
changed. 

Extended mould growth on building materials may be visible to the naked eye. However, often this 
fouling cannot be seen by the naked eye, see example in Figure 3.3A. Some fungi produce pigments 
in their hyphae and spores that can cause discolouration of surfaces on which they grow, while others 
lack this pigment. The production of pigments by fungi is a species-specific trait, but can also be 
dependent on the nutrients available, or the growth phase of the fungus (Gadd 1980),(Eagen, Brisson 
et al. 1997, Fleet, Breuil et al. 2001). In addition, especially in houses in Northern Europe, mould 
usually grows inside sealed building structures, see Figure 3.3B.  Therefore, extensive mould growth 
may be present in buildings without anything unusual can be seen. Growth not visible to the naked 
eye and growth inside building structures may be problematic, as there is a risk of negative effects on 
the indoor environment, which can pose health risks to those in the building. Mould can theoretically 
grow anywhere in a building, provided the conditions for growth are suitable. Some types of 
structures are more favourable than others for mould growth, and some materials are more susceptible 
to mould growth than others. 

The original external wall in historic buildings often consists of inorganic building material and may 
therefore be considered as robust from a mould perspective. However, there are also adjoining frames, 
beams, windows, doors, added insulation and surfaces containing organic compounds. For further 
discussion on critical positions, see section 3, and for material susceptibility in section 4.1. 
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(A) (B) 

Figure 3.3:  (A) Illustration of how the visible impression of mould growth varies. On all samples in this example there is the same extent of 
mould growth(rating 4 according to the rating scale described in Table 6.3), although the growth on samples to the right is not visbile to the naked 

eye. (B) Example on how the mould growth may be hidden within the building structure. In this example the interior surface materials and 
insulation have been removed. Note that although the growth is visible in this example, the growth is most often not visible to the naked eye. 

3.2 Rot or wood decay 

3.2.1 Introduction 

Rot or wood decay caused by fungal growth is a failure mechanism for wooden constructions that is 
closely linked to moisture, as water activity is a prerequisite for fungal growth (Al-Omari, Beck et al. 
2015). Consequently, fungal growth starts when the moisture content in wood exceeds a threshold 
value.  The threshold value depends on different factors: 

 Time of wetness, i.e. time above the certain threshold value  
 Previous attacked wood has a lower threshold value than sound wood 
 Temperature 

In general, the threshold value is higher than for mould growth. Therefore, the threshold value for 
mould growth is more likely to be the limiting factor in critical positions where mould growth is not 
accepted. Some fungal species (dry rot) are able to transport moisture over several meters enabling 
rot attack far away from the moisture source. 

In historic masonry facades, wood is mostly used for half-timbering in external walls. Although 
structural floors are not a part of the wall, wooden beam-ends and supporting laths may be placed in 
the external walls and therefore in direct contact with bricks or stones in the external wall. 
Consequently, the moisture content of the embedded timber will be dependent of the moisture 
conditions in the wall. For most fungal species the threshold value is in the over-hydroscopic range; 
condensation or liquid water sources e.g. penetrating rain are therefore usually a prerequisite for 
fungal growth (Nevander and Elmarsson 1994).  

When an external wall with wooden elements as half-timbering or beam-ends is insulated internally, 
the temperature and the heat flux through the wall will decrease. Consequently, the relative humidity 
will increase and therefore the moisture content is expected to increase in the wall including the 
wooden elements. 
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The consequences of rot attack are severe: The most severe is the reduction of the structural strength 
of the wooden construction but it may also have serious consequences for the indoor air quality (Singh 
1999). 

3.2.2 Material at risk 

Rot can attack all wooden constructions. Some species need lime as well as moisture to grow (Bech-
Andersen 1995). Lime is often used in historic buildings and therefore present for fungal growth.  

If the building is internally insulated with systems that contain wooden materials e.g. wooden 
framing, there is a risk of rot if condensation can occur due to insufficient vapour barrier or if water 
from driving rain is trapped in the internal insulation. 

A rot attack causes wood decay, resulting in reduced strength and ultimately collapse of the wooden 
construction. How fast a rot attack develops depends on the available moisture. If moisture supply is 
stopped the attack stops but will return if moisture again becomes available. Some fungal species 
need long time exposure to high moisture content before the wooden construction weakens 
substantially, other species can weaken the wooden constructions fast if the conditions especially 
favours these species (Munck, Koch et al. 2003). Damages caused by the first kind of attack could be 
seen as lack of maintenance, as a slowly developing attack should be discovered before it becomes 
critical. 

Fungal growth can - depending of the species - result in unpleasant odour and emissions, which must 
be considered as an indoor climate problem. Depending on the exposure and the immunological 
reactivity of the inhabitants the inhalation of airborne micro-organisms and their metabolites of some 
species may cause respiratory symptoms (Singh 1999). 

3.2.3 Critical position in the building envelope 

The critical positions in the building envelope are where wood is present and especially where the 
moisture load is high. This is illustrated in Figure 3.4 and based on RIBuild deliverable D1.1 Report 
on historical building types and combinations of structural solutions (Blumberga, Blumberga et al. 
2015). Not only is the position in the envelope critical: The moisture load on wooden constructions 
is highly dependent on the structural details and material composition of the detail as well as the 
characteristics of the materials, including also the wooden species and quality. These factors 
determine e.g. the drying potential. 
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Figure 3.4: Cross section of a multi storey house with markings of areas in the external wall where there is a risk of rot. A prerequisite is the 

presence of wood. Water ingress or high moisture content in materials in contact with wood can cause rot. Figure 3.5 is a photo of wood damage 
near the roof. 

 
Figure 3.5: Rot fungi attack on beam end near the roof 
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3.3 Frost damage 

3.3.1 Introduction 

Frost damage in porous building materials can originate from a variety of physical frost impacts, of 
which the volume increase of the water-to-ice phase change is the most widely known. Three condi-
tions must be fulfilled for frost damage to occur: 

 The material must be sufficiently wet 
 Phase change must happen in the material 
 The material must be sensitive to frost damage 

Adding internal insulation to a massive masonry wall may give important alterations of the first two 
conditions. Firstly, by adding internal insulation, the temperatures in the wall generally decline, and 
the occurrences of freezing conditions in the wall become more frequent and more intense. Further-
more, the freezing conditions will also penetrate deeper into the wall. Secondly, the drying potential 
of the wall diminishes because of the internal insulation, which commonly gives increased moisture 
levels. If the material is not significantly sensitive to frost damage though – see the third condition – 
then these alterations of the first two conditions will of course have negligible impact.  

Frost damage is commonly solely related to aesthetical problems, particularly scaling of the exterior 
surface of the masonry wall, which normally not lead to structural problems except for very extreme 
cases. Given the more frequent and intense freezing conditions that penetrate deeper into the wall, 
the risk for structural damage may rise when adding internal insulation, if the material is significantly 
sensitive to frost damage.  

3.3.2 Material at risk 

Porous building materials experiencing high moisture contents and low frost temperatures are at risk 
for frost damage. The ‘Frost damage’ sections of this report primarily emphasise ceramic brick, and 
by extension natural stone, as RIBuild focuses on external walls in historic buildings. Frost damage 
may though similarly occur in concrete building elements, clay roof tiles, but these materials are not 
addressed.  

3.3.3 Critical position in the building envelope 

The outer surface layers of historic masonry walls are normally exposed to the highest risk for frost 
damage, mainly manifested through scaling of the outer surfaces. If water can infiltrate in layered 
massive wall systems (e.g. covered by tiles), the zone at risk may shift towards the interior of the 
wall, where often materials of lower quality are used. 

Both the moisture and temperature levels of porous building materials depend of course on the wall 
orientation. The prevailing direction for wind-driven rain in Europe is South-West while the lowest 
facade temperatures occur in North-faced facades. It is subsequently difficult to predict the most 
exposed orientation with respect to frost damage. 
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3.4 Discoloration of facades 

3.4.1 Introduction 

It is well known that the hygrothermal conditions in the original wall could change and get worse, as 
reported in the following, after the application of internal insulation (Morelli, Nielsen et al. 2010, 
Morelli and Svendsen 2013, Steskens, Loncour et al. 2013). This new configuration can lead to 
condensation behind the insulation panels (Künzel 1998, Straube and Schumacher 2007, Vereecken 
and Roels 2014), reducing temperature and increasing the moisture content inside the original 
masonry (Künzel 1998, Saïd and Demers LL McSheffrey 2003, Vereecken and Roels 2014, 
Vereecken and Roels 2015, Abdul Hamid and Wallentén 2017, De Mets, Tilmans et al. 2017). 
Moreover the drying potential towards the room inside is reduced, since, the implementation of an 
internal insulation system could act as a barrier, which makes the water inside the masonry migrate 
only towards the external side, thus increasing the water content in that layer (Harrestrup and 
Svendsen 2015, Abdul Hamid and Wallentén 2017, Biseniece, Žogla et al. 2017, Odgaard, Bjarløv et 
al. 2018). Thus, the consequences are not only inside the masonry, for instance causing a possible 
decay of embedded wooden beams (Morelli and Svendsen 2013, Harrestrup and Svendsen 2015), but 
also on the external side of the wall leading more favourable conditions for the biological growth 
(Künzel 1998, Holm, Zillig et al. 2004, Künzel 2007, Straube, Ueno et al. 2012). 

In section 3.4 discolouration caused by algae as well as fungal growth are discussed. In section 4-7, 
only algal growth is discussed, as fungal growth on facades is not further studied in the project.   

In Appendix 1 a number of references to research articles have been categorized according to a 
number of parameters that may affect the growth of facades. The tables in Appendix 1 are taken from 
(Johansson and Capener 2015). 

3.4.1.1 Biodeterioration of the building envelope caused by algae 
colonization 

In addition to a possible increased moisture content on building façades after internally insulated, the 
building envelope is continuously exposed to open air and to weather conditions. For this reason, 
façades are inevitably subject to the deterioration due to natural causes and biological growth of 
microorganisms (biodeterioration), too (Johansson 2005a, Venzmer, Von Werder et al. 2008). 

Algae and cyanobacteria are the main colonizers of building façades, and they can adapt to a large 
variety of substrates, on which a suitable condition for growth as combination of dampness, warmth 
and light (Kastien 1999, Gaylarde, Ribas Silva et al. 2003, Hofbauer, Breuer et al. 2003, Gaylarde 
and Gaylarde 2005, Johansson 2005a, Miller, Sanmartín et al. 2012). Algal biofouling could also 
become a habitat for other species like mould, lichens and fungi. However, in this report, only the 
phenomenon of growth related to algae and cyanobacteria is investigated, since they are the first 
responsible of the formation of the biofilm matrix that permits the consequent growth of other 
microorganisms (Crispim, Gaylarde et al. 2003, Escadeillas, Bertron et al. 2009b). On the contrary, 
the development of ferns, creepers and higher plants are not addressed here, since their growth can 
be avoided by ordinary maintenance and cleaning of the external walls. 

Green algae, belonging to the division Chlorophyta, are a polyphyletic group of eukaryotic organisms, 
and they are very ancient living organisms. They belong to several orders in the kingdoms of Plants 
and Protists. Some algae, called terrestrial algae, can live in terrestrial environments as, for instance, 
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on tree trunks or on building façades (Hoffmann 1989, Crispim, Gaylarde et al. 2003, Johansson 
2005a, Lopez-Arce and Garcia-Guinea 2005, Barberousse, Lombardo et al. 2006, Flores-Colen, de 
Brito et al. 2008, Venzmer, Von Werder et al. 2008, Amaro, Saraiva et al. 2013). 

Cyanobacteria, belonging to the division Cyanophyta, also known as blue-green algae, can survive in 
the biofilm even during summer months when the temperature on a building façades exceeds 60 °C 
coupled with high light intensity and extreme dryness (Imre Friedmann and Ocampo-Friedmann 
1995, Pattanaik and Adhikary 2002, Billi 2010). 

Biofouling on building facades caused by algae and cyanobacteria can lead to the appearance of 
stains, which induces aesthetic degradation on the façades. Algal communities are usually readily 
recognizable on building exposed surfaces, because they form patina or sheets varying in extent, 
thickness, consistency, and colour. In well-lit and relatively dry environments, patinas are thin, tough, 
sometimes green, and very often grey or black, depending on the different-coloured pigments of the 
algae (Saiz-Jimenez 1994, Kumar and Kumar 1999, Flores-Colen, de Brito et al. 2008). 

Apart from the aesthetic deterioration, algae may also cause biochemical deterioration (Saiz-Jimenez 
1994). It has been reported that the presence of a microbial layer may facilitate the production of 
acids and the biochemical deterioration of the material through the etching of mineral components 
and dissolution of binding minerals, especially in carbonates (Tiano 2001). Biophysical deterioration 
of the materials may also occur. Considerable force may be exerted through repeated shrinking and 
relaxing of the slimy sheath of the cyanobacteria during their cycle of drying and moistening. This 
eventually loosens mineral grains of the stone surface (Tiano 2001). 

Another effect of the presence of biofilm on exposed surfaces is the acceleration of the accumulation 
of atmospheric pollutants. The slimy surfaces of these microorganism facilitate adherence of airborne 
particles of dust, pollen, oil, and coal ash, giving rise to hard crusts and patinas that are difficult to 
eliminate (Tiano 2001). 

3.4.1.2 Biodeterioration of the building envelope caused by fungal 
colonization 

In addition to discoloration of facades caused by algal and cyanobacterial growth (section 3.4.1.1), 
also micro-fungi can cause discoloration. Micro-fungi consist of the same group of mould fungi that 
grow inside building structures (section 3.1). However, although a vast range of those fungi can grow 
on facades, only a few causes discoloration. Most of the mould fungi have dematiaceous, 
“colourless”, cells while the fungi causing discoloration has dark pigment in their cells. 

The general conditions discussed for mould growth within buildings are the same for microbial 
growth on the facades: available nutrients, access to moisture and a favourable temperature. Access 
to water is the limiting factor for life to exist at all. If a façade is sufficiently dry, no organisms will 
cause discoloration to grow. The minimum level of amount of water required varies. Generally, fungi 
can live at lower moisture levels than cyanobacteria and most algae (section3.4.1.1), although 
moisture requirements are also connected to temperature.  

Water is supplied to the façade through rain and humid air. Temperature and RH at facades vary 
highly during the day and during the year. In addition, the facades are exposed to UV-radiation. The 
fungi growing in these environments must therefore be adapted to such conditions. For example, the 
pigment in the cells can provide protection against UV radiation and dehydration. 
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In contrast to algae and cyanobacteria (section 3.4.1.1), fungi cannot produce their own carbon source 
but are dependent on available nutrients within the material they grow on. Environmental factors are 
therefore more crucial than the nutrient content of the material for algae to grow (Tanaca, Dias et al. 
2011), while the façade material may also have an important impact on the establishment of fungi. 

3.4.2 Material at risk 

3.4.2.1 Algae 

The biological colonization on building surfaces is highly dependent on the material substrate: a large 
variety of porous building materials (e.g. bricks, stones, mortar, paints) was found to be colonized by 
algae (Tomaselli, Lamenti et al. 2000, Dubosc, Escadeillas et al. 2001, Crispim, Gaylarde et al. 2003, 
Gaylarde and Gaylarde 2005, Barberousse, Lombardo et al. 2006, Ruot and Barberousse 2007, 
Flores-Colen, de Brito et al. 2008, Miller, Sanmartín et al. 2012). 

Furthermore, the presence of moisture in large and enough quantities mainly trigger algae 
development (Di Giuseppe 2013). Considering that the more porous a material is, the more moisture 
it can contain, historic masonry walls, that are generally built by porous bricks and natural stones, are 
greatly exposed to moisture impact (Bjarløv, Finken et al. 2015, Uranjek and Bokan-Bosiljkov 2015, 
Biseniece, Žogla et al. 2017). Moreover, roughness affects the flow of water on the surface and 
favours the adhesion of algae cells and organic material blown by the wind or brought by water flow 
on the substrate (Figure 3.6). Consequently, rough building facades are more subject to biofouling 
than smooth ones (Tomaselli, Lamenti et al. 2000, Tran, Govin et al. 2014). 

 
Figure 3.6: Growth of green algae on a wall (Johansson 2005a) 

3.4.2.2 Fungal discolouration 

Microfungal growth on facades is primarily an aesthetic problem, causing discolouration that will not 
affect the strength of the façade elements. The appearance of discolouring is a complex phenomenon. 
Climatic factors such as the structure and properties of the façade material affect the growth, as well 
as other factors such as surrounding vegetation and contamination. Given the complexity behind the 
emergence of microbiological growth on facades, it is not easy to reduce the problem of discolouring 
growth and there is not a single general solution to the problem (Johansson and Capener 2015). 

Water is supplied to a building's façade mainly through rain and humid air. In addition, water left in 
the material from the manufacturing or from the construction site can contribute to increased moisture 



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 19 of 155 

at the surface during the time the material dries out. The possible enhanced risk for discolouration on 
the facades of internal insulated buildings is linked to increased RH at the surface of the façade.  

The temperature, and hence the moisture level, at the façade surface is affected by the wall structure. 
The surface temperature will be higher, and moisture conditions lower on a poorly insulated wall than 
on a well-insulated, as the heat loss through the wall is higher. Additional insulation of an outer wall 
can therefore increase the risk of fungal growth on the new façade surface. This effect has been 
observed by, for example (Becker 2003, Krus, Fitz et al. 2013).  

On relatively cold walls, there may be sections that are locally warmer, and thus drier. An example 
is where the ceiling joints connect to external walls, promoting heat transport to the façade (thermal 
bridges). This can give rise to patterns on facades, with growth only on cold parts (Figure 3.7)  
(Becker 2003, Johansson 2011). The temperature difference between areas with growth and surfaces 
without growth was not very large, only a few C. It is not surprising that small differences can give 
effect because each degree's rise in temperature causes a greater reduction of RH, an effect even more 
apparent at lower temperatures. 

 
 

Figure 3.7: (A) A facade with growth of discoloured organisms (right part). In the light circles, there is no growth. Behind these are fasteners (B) 
that conduct heat from the inner part of the wall. Such attachment was lacking in areas where there was growth (C). Where there were fasteners 

under the pad, the surface became somewhat warmer, and therefore drier than surrounding surfaces. From (Johansson 2011) 

3.4.3 Critical positions in the building envelope 

Several factors such as the local environment, the building design and the material substrate influence 
the algal biofouling on building materials (Guillitte 1995). 

The growth of algae is also influenced by orientation of the facade. Indeed, the north-facing facades, 
which are wetter for longer time and less irradiated by the sun, are faster colonized (Ortega-Calvo, 
Ariño et al. 1995, Barberousse, Lombardo et al. 2006). Similarly, a facade exposed to dominant winds 
seems to be colonized more easily than the other sides of the same building. The wind can transport 
both rain and biological propagules on the facades promoting the biofouling. A façade, which is often 
wet by rainfall, promotes the growth of algae. However, a high temperature caused by direct 
irradiation induces water evaporation by heating the materials. Similarly, exposed façades to the wind 
are more subject to drying phenomenon (Ortega-Calvo, Ariño et al. 1995). 
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The geometry of the building may offer preferential routes where the water could stagnate after a rain 
event, creating the ideal conditions for the proliferation of algae and cyanobacteria. If balconies or 
roof overhangs reduce the wind driven rain on the walls, a light inclination of the façade increase the 
surface exposed to the water (Di Giuseppe 2013). Once the algae have grown, the run-off rain water 
contributes to replacing the old cells with new cells, and favours the spread of spots of biofilm to 
other non-contaminated building components (Künzel 2007). 

Parts of building often moistened for long periods, or easily covered by propagules, are highly 
sensitive to the biological colonization. Biofouling often increases at the foot of walls, junctions of 
different coatings, and overhanging elements (cornices, mouldings, balconies, etc.) (Barberousse 
2007, Tran, Govin et al. 2014). 
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4 Threshold values from literature 

4.1 Threshold values for mould growth 

Mould fungi can grow on building materials in the range of RH 75 -100%. Each fungal species has a 
minimum moisture requirement in order to grow (Flannigan and Miller 2001). Xerophilic fungi can 
grow in the lower range of RH, while hydrophilic fungi need RH above 90 % for growth (Figure 
4.1A). However, the majority of fungi will grow well at high moisture conditions, at room 
temperature. Moisture requirements are also related to temperature; at lower temperatures, fungi 
require a higher RH to germinate and grow (Sedlbauer 2001b) see Figure 4.1B. 

  
 

(A) (B) 

Figure 4.1: Moisture requirements of mould fungi. (A) Limits for growth of different groups on mould fungi on building materials (at room 
temperature). (B) Curves defining the limiting conditions for different species of mould growth. Note that the growth limits are valid for optimal 

nutrient media. (Sedlbauer 2001b) 

As stated in section 3.1.2, materials containing organic compounds are at risk for mould growth when 
exposed to the favourable conditions for mould growth. However, different materials vary in their 
susceptibility for mould growth. The differences between materials can be explained by differences 
in the concentration of organic compounds, which are essential nutrients for mould fungi, as well as 
by differences in other characteristics that may affect growth (such as pH, surface structure, etc.). 

(Block 1953) conducted one of the earliest studies of mould growth on different types of building 
materials at different moisture levels. Numerous researchers e.g. (Ritschkoff, Viitanen et al. 2000, 
Hofbauer, Kreuger et al. 2008, Johansson, Ekstrand-Tobin et al. 2012) have since studied mould 
growth at different conditions, some with the aim of identifying the climates in which different types 
of building materials begin to mould, other with the aim to compare the susceptibility for mould 
growth at high RH. 

The ability to withstand mould growth at RH above 90-95 % is often called mould resistance. Several 
standardised tests methods are available for evaluating the mould resistance of building materials. 
Mould resistance is evaluated by exposing test specimens of a material to spores of mould fungi and 
then incubating the specimens at a relative humidity and temperature favourable to mould growth. 
Some of the test methods are presented and discussed in (Adan 1994, Johansson 2014, Johansson, 
Ekstrand-Tobin et al. 2014). 
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Another way to describe and test the susceptibility for mould growth is the critical moisture level for 
different building materials, RHcrit, i.e., the lowest RH at which mould growth can grow on a certain 
material. RHcrit is also dependent on the temperature, at lower temperatures RHcrit is higher. RHcrit 
can also be tested with a standardised test method (SIS 2014). 

In Figure 4.2 the difference and connection between RHcrit and mould resistance is described. While 
being able to discriminate between materials in a “worst case scenario”, the mould resistant test 
methods do not provide any information on how a material will perform in a part of a building where 
the moisture conditions are not as high as in the test. Therefore, it may be possible to use materials 
that showed mould growth in the ‘mould resistance tests’, in buildings in which the RH is expected 
to be lower, without risk of mould growth.  

  
(A) (B) 

Figure 4.2: (A) Comparison of range of  mould resistance and RHcrit; mould resistance is tested at optimal growth conditions (see Figure 4.1A) 
while RHcrit represents the lowest RH that makes mould growth possible. (B)  RHcrit as a function of temperature for two different materials 

(schematic) 

In general, when there is a high content of organic compounds in a substrate, the RH requirement for 
mould growth is lower, and the biodiversity of fungi may be higher than if the concentration of these 
compounds is low. (Hyvärinen, Meklin et al. 2002) found that mould growth was highest on wooden 
materials and paper materials, which are rich in organic compounds, and lowest in samples of mineral 
insulation, ceramic products, and paints and glues, in which the content of organic compounds is 
expected to be low (Pietarinen, Rintala et al. 2008) found the highest diversity of microbes on wooden 
materials. 

Attempts has previously been made to place different products in specific groups of materials, such 
as ”wood based boards”, ”gypsum boards” etc. However, it was shown not to be possible, as it is 
difficult to know how these groups should be defined (Johansson 2014). Different brands of one type 
of material, that is a specific product, may have different susceptibility for mould growth, for example 
due to additives. In addition, new products are constantly being developed. Therefore, each product 
needs to be tested and this report will not provide any list of the threshold values for building materials 
in general. 

4.1.1 Control actions 

Mould fungi are a natural part of the organic lifecycle, and spores are present everywhere, both in the 
air and on material surfaces. It is therefore not possible to protect building materials from 
contamination by mould spores. It is the germination and growth of these spores (see also Figure 3.2) 
that must be prevented. In practice, there are two fundamental ways of preventing the growth of 
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mould in buildings. Either the moisture and temperature conditions should be such that mould growth 
is not possible, or materials on which mould cannot grow under the prevailing conditions should be 
chosen.  

To avoid mould growth, it is important to be able to estimate or calculate the expected microclimates 
in different layers of the wall construction before retrofitting, both for existing construction parts and 
new materials, and to know the critical moisture level (RHcrit) for each of these materials. Control 
parameters include for example verified RHcrit value of the materials, relevant values of RH and 
temperature in the different parts of the wall and, in some cases, air tightness performance testing. A 
condition that might occur when applying internal insulation is the risk of elevated humidity load 
from the indoor moisture content in the air leaking out through convection into the colder parts of the 
wall construction. Insufficient airtightness of the added internal insulation must, as generally for new 
constructions, be considered as a potential risk of damage.  

Following the above reasoning, the control actions below are recommended: 

 estimate/calculate the expected humidity conditions for building material layers in the wall 
construction after applying internal insulation 

 choose materials/applications with higher RHcrit than the estimated actual conditions 
 choose clean, dry materials to eliminate additional building moisture and if storing material 

outdoors, use weatherproof cover to avoid excess moisture from precipitation. 
 ensure air tight mounting to circumvent additional moisture content leakage from indoor air 

into the wall 

To treat surfaces and mix materials with mould inhibitors such as e.g. asphalt or fungicides is not 
recommended as these products can fortify the development of an odour and/or health hazard to the 
indoor air. The precautionary principle is recommended as an approach. 

4.2 Threshold values for Rot 

Decay in wood can be initiated by three types of rot fungi: brown rot, soft rot and white rot. Brown 
rot fungus is more likely to appear earlier than white and soft rot and develop faster than the other 
types of rot fungi. The decay process initiated by brown rot fungi causes around 50% more weight 
and strength loss compared with white and soft rot fungi (Curling, Clausen et al. 2002, Brischke and 
Meyer-Veltrup 2015). Moisture content and temperature are the overriding parameters for 
development and survival of rot fungi (Low, Palfreyman et al. 1999), although humidity also play a 
role (Singh 1999). Through sorption curves, humidity and moisture content are correlated. In addition, 
decay and degradation of wood is highly dependent on the wood species; e.g. larch and pine are more 
likely to decay than fir (Brischke and Meyer-Veltrup 2015). Furthermore wood used in historic 
buildings is more favourable for fungal attacks than new wood (Low, Palfreyman et al. 1999). Finally, 
threshold values of moisture content and temperature also depend on the fungi species as illustrated 
in Figure 4.3. 
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Figure 4.3: Example of threshold values depending on fungi species, the most relevant fungi for beam ends are written in red  (Koch 2014) 

Although the threshold values for environmental factors for enabling rot fungi growth determined in 
different studies vary significantly. Table 4.1 gives an overview of the obtained threshold values 
across the literature. Table 4.2 includes a more detailed list that shows the variety of test methods and 
resulting different threshold values, determined in different studies including the reference and more 
info.  

Table 4.1: Typical threshold values for rot found in literature  

Environmental factors Typical threshold values found in literature 

Temperature  The critical temperature for decay caused by rot fungi is between 20 ºC and 30 ºC 

 The optimum temperature for dry rot is 23 ºC (critical value) 

 No fungi growth is initiated or developed at temperatures between 40 ºC-65 ºC 

 At temperatures below 5 ºC the fungi are dormant  

Relative humidity  The optimum RH for rot is 98 % 

 At 30 ºC the lowest level of decay is above 90-92 % RH 

 Between 0 ºC and 5 ºC the lowest level of decay is 97 % RH 

Water activity 
(equivalent to RH) 

 The critical value for water activity is between 0,97 and 0,98, which is the optimal 
condition for fungi growth provided that RH and temperature are not limiting 
conditions 

Moisture content  The ideal condition for rot fungi growth is when the moisture content in wood is 
between 20 and 30 weight %. However, this threshold is lower for already infected 
wood. Above 70 weight-% there is no fungi growth (Traeportal 2019) 

pH  At 20 ºC, the minimum pH value for fungi growth is between 1 and 3, the optimum 
value is pH = 4,1, while no fungi growth occurs above pH = 8,2 
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Table 4.2: Summary of threshold values for rot 

Source Material/ 
product 

Age of 
material  
H: historical 
N: New 

Test results Test method used 

(Low, Palfreyman et al. 
1999) 

Pine 
sapwood 

H Slight decay 76 % < RHslight < 
86 % 

Small-scale models 
& larger-scale 
models 

(Boddy 1983) Beech & oak N 20º < Toptimal < 30º 

No growth below 5º and above 
35º 

 

(Curling, Clausen et al. 
2002) 

Southern 
pine 
sapwood 

H No threshold values but results 
after exposure:  
Brown-rot: 80-100 % strength 
loss and 25-40 % weight loss. 
White-rot: 20-40% strength loss 

Biological exposure 
method with 
infected soil in 
contact with wood 

(Saito, Fukuda et al. 
2012) 

Japanese red 
pine 

N Mass loss 0.4 at 100% RH and 
20 º < T < 30º, no mass loss at 
97% RH at any temp. 

 

(Morris and Winandy 
2002) 

Southern 
pine 
sapwood - 
oriented 
strand board 
(OSB) 

H Moisture content  (mass) ≤ 20% 
- no decay 

20 < MC < 30% - grey area 

MC ≥ 30 % - decay  

RHcrit = 27 % for OSB 

FPL soil pan decay 
technique 

(Maurice, Coroller et 
al. 2011) 

Beech H Min. growth T = 1,5º 

No growth above 25º 

Min. growth temp -2,3º , 
optimal growth temperature 
20,6º,  
max growth temperature 25,7º 

Optimum growth at water 
activity rate 0,993 (99,3% RH) 

Min. pH = 1-3 at 20º 
optimal pH=4,1 
max pH=8,2 (no growth) 

 

(Fuhr, Schubert et al. 
2011) 

Norway 
spruce  Mean hyphal growth µ relates to 

water activity rate 0,972 
(equivalent to 97,2 %RH) at 
T=22º and pH=5 

 

(Viitanen 1997b) Pine and 
spruce 
sapwood 

N (samples cut 
out from trees 
aged 80-90 
years) 

Conditions for fungal activation 
and mass loss: RH >94-96%, 
moisture content around 25-
28% at 20º (for weeks) and at 5º 
(for months). Lowest RH >90-
92% at T=30º. Lowest RH≥97% 
at 0º<T<5º 

Mathematical 
model 



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 26 of 155 

Some of the primary methods to determine threshold values and detection methods for fungi in wood 
are listed below. However, the basic methods for experimental determination of temperature, 
moisture content, pH, etc. are not included. 

 Moisture meter, ultrasonic hammer, endoscopes and genetics (Singh 1999) 
 Immunodiagnostic (Immuno-dot blot) and enzyme-linked immunosorbent assay (ELISA), 

developed in late 80’s to early 90’s are effective serological methods that can be applied to 
detect fungi in early stages (Clausen, Green III et al. 1991)  

 Biological exposure methods (strength test, weight loss test and chemical analysis): basic 
feeder strip and direct inoculation. Four-point bending test can be used to determine strength 
and weight loss (Curling, Clausen et al. 2002) 

 Terminal restriction fragment length polymorphism (T-RFLP), to identify the occurrence of 
fungi species (Råberg, Brischke et al. 2007) 

In addition, a number of assessment algorithms have been developed to predict the risk of rot based 
on measured values for governing environmental conditions like moisture content and temperature:  

 Mathematical model for predicting wood decay and service life (de Freitas, Molina et al. 
2010).  

 Durability assessment: Hygrothermal analysis model that can predict hygrothermal conditions 
and decaying process in the wood. The model can be applied to foresee wood decay progress 
under dynamic conditions (Saito, Fukuda et al. 2012).  

 Mathematical model: Combination of exponential model and cardinal model (CM) to predict 
growth conditions of various fungi species (Maurice, Coroller et al. 2011) 

 Fungal growth model (FGM) – to predict the hyphal growth of white rot fungi 

4.2.1 Control action 

The most important measures to minimize or prevent rot attacks are: 

 Controlling the moisture through design of construction, ensuring the moisture level will not 
exceed the threshold value, coupled with a temperature threshold 

 Prevent water ingress into the wall; e.g. make sure joints in brick walls are filled, and avoid 
leaks from rainwater drainage systems or through roofs 

 Limit the use of wood in critical parts of the envelope, especially less robust species 

Moisture content and moisture ingress is the most important factor in limiting the risk of wood decay 
in existing constructions containing wood. If parts of the original structure are renewed e.g. due to rot 
attack in the existing construction it is possible to choose other materials. Replacing wooden beam-
ends with concrete beams is one possibility. When parts of the construction are replaced, not only the 
damaged wood is removed; sound wood must also be removed to create a safety zone. How much 
sound wood that should be removed depends on the fungi species. Recommended safety zones are 
described in Table 4.3.  
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Table 4.3: Safety zone of apparently sound wood when replacing wood with fungi attack (Koch 2014) 

Fungi Safety zone 

Serpula lacrymans (dry rot) 100 cm 

Coniophora puteana (brown rot)  20 cm 

Antrodia sinuosa and Antrodia vaillantii (brown rot) 30 cm 

Gloeophyllum sepiarium (brown rot) 10 cm 

Other fungi 10 cm 

When installing new internal insulation, wood-based materials should be avoided if it is difficult to 
control the moisture content or moisture ingress. 

Dependent on the measures to minimize or prevent rot attack it is important to know the coupled 
threshold values for moisture and temperature for different wood species. 

4.3 Threshold values for Frost damage 

Frost damage presupposes three conditions to be fulfilled (section 3.3.1): 

 The material must be sufficiently wet 
 Phase change must happen in the material  
 The material must be sensitive to frost damage 

Threshold values for these conditions are not easily established. Frost damage may initiate when the 
moisture content in the building material exceeds its ‘critical saturation degree’ during an interval of 
‘freezing conditions’ (Fagerlund, 1977). When these criteria are fulfilled, a pressure will build up in 
the material, possibly leading to frost damage, if the ‘mechanical resistance’ of the material is insuf-
ficient. All three parameters (critical saturation degree, freezing conditions, mechanical resistance) 
are highly material dependent, and formulating generally valid threshold values is impossible. Maage 
(1984), among others, shows that the critical saturation degree is strongly related to porosity and pore 
size distribution, see section 4.3.1. Additionally, the temperature at which the freezing conditions 
occur also depends on the pore size distribution, see section 4.3.2. Finally, the mechanical resistance 
of building materials is equally linked to porosity and pore size distribution, see section 4.3.3.  

Complementarily, there is no clear definition on what is considered (un)damaged in relation to frost 
damage. Often, a mere visual inspection is used to determine the final state of the materials, see e.g. 
NBN B23-002/A2 , (NBN 1986), only capturing the very severe damage. EN 12371   on the other 
hand stipulates a 30 % reduction of the Young’s modulus as criterion, again hinging the threshold on 
the material involved (EN 2010). Moreover, it is not clear how this relative criterion pertains to the 
absolute performance criteria with respect to the mechanical properties of the facade materials. 

Moreover, much of our current knowledge on frost damage in building materials results from direct 
accelerated freeze-thaw tests at very low frost temperatures and very high moisture contents. These 
tests can be deemed binary: if the material successfully endures the extreme conditions, it will most 
likely also perform reasonably under milder conditions; if not successful, it is commonly considered 
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inapt for exterior applications. While there are general concerns on the dependability of this method 
(P. Ingham 2005) more subtle but fundamentally crucial flaw is present when considering internally 
insulated retrofitted facades. These retrofits lower the facades’ temperatures and raise their moisture 
contents to a certain degree only, generally not down or up to the extreme conditions applied during 
freeze-thaw testing.  

Even if it were possible to establish valid threshold values from the current literature, these would not 
necessarily apply to the usually milder conditions found in masonry facades with(out) internal 
insulation. To correct for that issue, Section 6.2 presents and employs a novel test method, wherein a 
spectrum of frost temperatures and moisture contents is investigated. The results there validate though 
that the occurrence and intensity of frost damage in building materials is highly material dependent, 
again impeding determination of generally valid threshold values. Nevertheless, the current state-of-
the-art on the three conditions is summarised in the sections below. 

4.3.1 Must be sufficiently wet 

In most of the frost testing, as e.g. described in NBN B23-002/A2, (NBN 1986), fully saturated 
samples are used, inhibiting the definition of a threshold moisture content or saturation level for the 
(non-)occurrence of frost damage. Experience has demonstrated though that a lower limit for these 
does exist, below which no frost damage will occur. This is typically expressed as the ‘critical 
saturation degree’, in which the saturation degree quantifies the relative occupancy of the pore space 
by water. Theoretically, if frost damage would exclusively originate from the volume increase of 
water upon freezing, this critical saturation degree would be 0.917. However, among others Fagerlund 
(1977) has shown that the critical saturation degree is typically far lower than this value Table 4.4: 
collects values for the critical saturation degrees of common building materials. This table indicates 
that large variations within the same material category may occur. Therefore, it is commonly 
recommended to use a conservative value (lowest value in Table 4.4:) or to judge the critical 
saturation degree for the material involved by laboratory measurement. Below the two main 
measuring techniques for that property are briefly outlined. 

Table 4.4: Critical saturation degree of building materials 

Material Critical saturation 
degree (%) 

References 

Natural stone 65-96 (Hens 2014) 
Concrete 60-90 (Fagerlund 1972, Litvan 1973, Hens 2014) 
Cellular concrete 40-47 (Fagerlund 1972) 
Brick 25-87 (Fagerlund 1972, Mensinga 2010, Hens 2014) 
Sand lime stone 65-80 (Fagerlund 1972, Hens 2014) 
Cement mortar 60-90 (Fagerlund 1972, Hens 2014) 
Lime mortar 45-70 (Fagerlund 1972, Hens 2014, Kočí, Maděra et al. 2017) 
Limestone  58-100 (Prick 1997, Al-Omari, Beck et al. 2015) 
Sandstone  88-96 (Wessman 1997) 

The critical saturation degree is measured by evaluating a material response, like Young’s modulus 
or the dilatation, at various degrees of saturation. Young’s modulus is often determined with ultraso-
nic wave propagation or vibration frequency methods. An exemplary result of the experiment based 
on vibration frequencies is illustrated in Figure 4.4. That method was originally used in this context 
to determine the critical saturation degree of concrete (Fagerlund 1977) but has later been employed 
for all kinds of building materials. 
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Figure 4.4: Example of Young’s modulus after freeze/thaw cycles as a function of degree of saturation, for limestone, with Scr indicating the 

critical saturation degree (Prick 1997). 

The second method, based on the material dilatation, was equally developed more than 30 years ago 
(e.g. (Mamillan 1984)), and is normalized via ASTM C671-86 (ASTM 1986). The method recently 
regained interest in Canada to assess the risks for frost damage in renovation projects with brick 
facades with internal insulation (Mensinga et al., 2010). In that same research group, (Van Straaten 
2014) further elaborated this method, and established a measurement protocol, which should allow to 
apply the technique in practice. Figure 4.5 illustrates exemplary results from dilatation testing, as well 
as the experimental apparatus to execute such measurements. 
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Figure 4.5: Top: Example of dilatation as a function of saturation degree for ‘Upper Canada brick’ (Mensinga 2010); Bottom: developed 

measuring apparatus to determine dilatation (Van Straaten 2014) 

4.3.2 Phase change must happen 

In unconfined and unpolluted water, the phase change from water to ice occurs at 0 °C. In confined 
state, like in the pores of a building material, that freezing temperature TL (K) is below the standard 
0 °C, and depends on the pore size. The relation between the freezing point depression ΔTf (K) and 
the pore radius r (m) is given by Gibbs-Thomson equation (Kočí et al. 2017):  

∆𝑇𝑓  =  
2𝑇0𝛾𝑠𝑙𝜈𝑙

∆ℎ𝑏𝑟
  (1) 

where 𝛾𝑠𝑙 (J/m²) is the surface energy of water/ice interface, 𝜈𝑙 (m³/mol) the molar volume of water, 
𝛥ℎ𝑏 (J/mol) the melting enthalpy in the bulk state and T0 (K) the reference freezing temperature. 
Figure 4.6 illustrates this relation, which implies that the freezing point depression only becomes 
really significant for small pores (< 100 nm). 
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Figure 4.6: Freezing point depression as function of the pore radius (logarithmic scales) 

However, most building materials have wide pore size distributions, including a large share of pores 
bigger than 100 nm. The process of ice formation in these materials is not yet fully understood (Sun 
and Scherer 2010, De Kock, Boone et al. 2015). Both these authors discuss detailed experiments on 
ice formation in building materials, which reveal, for example, that the freezing point depression is 
also influenced by the size of the test sample. Furthermore, the exact location of ice formation in 
heterogeneous building materials as well as the propagation of the ice front are still points of 
discussion in these articles. 

4.3.3 The material must be sensitive 

Notwithstanding the occurrences of sufficient moisture levels and frost temperatures, if the building 
material is not significantly sensitive for the resultant pore pressures, no frost damage develops. The 
sensitivity for frost damage can be determined with various direct or indirect methods, see below. It 
should be noted again though that the conditions imposed in these direct and indirect approaches are 
typically severe, in comparison with reality, because very high moisture contents and very low tem-
peratures are applied. Consequently, it can be safely assumed that no frost damage will occur in real 
life if the building material passes the test positively. Of course, the severe conditions in the method 
may result in false positive errors: building materials not passing the frost damage sensitivity evalu-
ation but without risk for actual frost damage for milder conditions met in practice.  

4.3.3.1 Direct methods 

Direct test methods expose samples at an elevated moisture content to freeze-thaw cycling with low 
frost temperatures, after which the frost damage is investigated. Examples of such direct approaches   
are NBN B-23-002/A2, EN 771-1 , CSA Standard A82-06 (clause 14), and ASTM Standard C67-07 
(clause 9). As an example of such protocols, the Belgium standard NBN B-23-002/A2 (NBN 1986) 
prescribes to impregnate at least five full bricks to nearly vacuum-saturated conditions. After that, the 
wet brick samples are positioned in a bed of sand and are exposed to 20 freeze/thaw cycles from 15 
°C to -15 °C, after which the frost damaging of the samples is evaluated visually.  

While most other standards maintain the same critical principles, numerous differences exist with 
relation to the uni- or omnidirectional frost ingress, the temperatures levels and time profiles, the 
moisture contents and conditioning, the number of freeze-thaw cycles, the evaluation of the frost 
damage etc. Illustratively, the European standard for natural stone EN 12371 imposes the freezing 
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and thawing on all six surfaces of the sample, leading to an omnidirectional test, while its counterpart 
for clay masonry units CEN/TS 772-22 exposes just one surface to the conditions, giving a 
unidirectional test. In addition, the frost temperature in EN 12371 is about -10 °C against -15 °C in 
CEN/TS 772-22. Furthermore, one full cycle in EN 12731 lasts minimally half a day, whereas 
CEN/TS 772-22 restricts the cycle to a few hours. In addition, EN 12371 prescribes an interval of full 
immersion of the samples as initial moisture conditioning, while CEN/TS 772-22 on the other hand 
adds cyclic spraying of the exposed surface as further continuous moisture conditioning. EN 12371 
moreover does not implement a preset number of freeze-thaw cycles but tests until failure, CEN/TS 
772-22 in contrast imposes 100 cycles – whereas other authors go as low as 6 cycles (Mensinga et 
al., 2010). Finally, EN 12371 characterizes the damage via quantitative measurements, CEN/TS 772-
22 on the other hand applies visual evaluations.  

It is clear that no agreement has been reached on a generally accepted methodology for accelerated 
freeze-thaw testing. Nonetheless, these experiments are widely accepted as the standard approach to 
assess the sensitivity to frost damage of building materials.  

4.3.3.2 Indirect methods 

The indirect methods, on the other hand, are based on correlation studies between directly measured 
frost damage sensitivities and simple material parameters (capillary absorption coefficient, capillary 
and saturated moisture contents, porosity, pore volume distribution, …), enabling an indirect evalu-
ation of the frost damage sensitivity of building materials. However, due to the complexities of frost 
damage and the large variety of porosities and pore volume distributions of building materials, these 
methods are not always reliable, and may lead to false negative or false positive errors. Examples of 
such methods are described below. 

Durability factor (Maage 1984) 

Based on a large-scale lab and field investigation (Maage 1984) defines a Durability Factor (DF) for 
clay brick materials: 

𝐷𝐹 =  
3,2

𝑃𝑉
+ 2,4. 𝑃3 (2) 

wherein PV (cm³/gram) corresponds to the total porosity and P3 (%) to the percentage of pores with 
radii bigger than 3µm, properties which can both be obtained from e.g. mercury intrusion porosime-
try. Materials with a DF over 70 are classified as frost resistant, while DF values below 55 are clas-
sified as sensitive for frost damage. This method has been validated by several authors (e.g. Bajare 
(2000); Dondi, Fabbri et al. (1993)) with satisfying results.  
Further attempts to evolve this method have been equally discussed in the literature (Koroth, Fazio et 
al. 1998). Illustratively, their DIAP(S) methods are solely based on the total porosity and the ab-
sorption properties, and are thus an alternative if no mercury intrusion equipment is available. Fur-
thermore Dondi, Fabbri et al. (1993) also compare the DF-method (Maage 1984) to the ‘Critical di-
ameter method’ (Italian standard UNI 8635/12) for 144 Italian clay bricks (UNI 1984). The authors 
deduce that Maage’s method should be preferred. 

GC-method (NBN B27-010) 

This test is based on a simple free water uptake experiment, from which the GC-value is calculated: 
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𝐺𝐶 =  −14.53 − 0.309 ∙
100 ∙ √60 ∙ 𝐴𝑐𝑎𝑝

𝑤𝑠𝑎𝑡
+ 0.203 ∙

100 ∙ 𝑤𝑐𝑎𝑝

𝑤𝑠𝑎𝑡
 (3) 

where Acap is the capillary absorption coefficient (kg/ms0.5), wsat and wcap (kg/m³) the saturated and 
capillary moisture content (kg/m³) and the values 100 and √60 are there for unit conversion. Table 
4.5: gives the frost resistance classification based on this GC-factor: 

Table 4.5: GC-based material classes 

Gc Frost resistance 

            Gc < -2.5 Material is frost resistant even under most severe exposure 
  -2.5 < Gc < -0.95 
-0.95 < Gc < 0 
      0 < Gc < 4.5 

Usage of the material subjected to increasingly severe limitations 

   4.5 < Gc Material is not frost resistant 

ASTM Standard C62-05 & C216-07a, CSA Standard A82-06 

This American classification method is also purely based on the total porosity and the water absorp-
tion parameters and is therefore similar to the GC-method Table 4.6: summarizes the upper limits of 
these parameters in order to be classified as a frost-resistant brick (Mensinga et al., 2010). 

Table 4.6: Exterior grade/Severe weathering acceptance criteria (Mensinga et al., 2010) 

 Compressive 
strength 

Max. Boiling 
Absorption 

Max. Saturation 
coefficient 

Max. 24-hour 
cold absorption 

 MPa psi 5-hour, % (-) 24-hour, % 
CSA individual brick 17.2 - 17.0 0.78 8.0 
Five-brick average 20.7 - - - - 
ASTM individual brick 17.2 2500 20.0 0.80 8.0 
Five-brick average 20.7 3000 17.0 0.78 - 

4.3.4 Control actions 

Of the three conditions to be fulfilled to induce frost damage (section 3.3.1): 

 The material must be sufficiently wet 
 Phase change must happen in the material  
 The material must be sensitive to frost damage 

The first and second conditions can primarily be affected by the type and thickness of the insulation 
material. However, only material with very low thermal resistance will not affect the moisture and 
temperature conditions, nullifying the desired impact of the thermal retrofit via internal insulation. 

The third condition cannot be altered in the design or the application of the internal insulation thermal 
retrofit. However, it can be evaluated whether it applies for the masonry material involved. As a first 
step, a visual inspection of the existing facade may reveal evidence of frost damage from the past, 
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which logically is an indicator of potential future frost damage. In these cases, the application of 
internal insulation cannot be recommended. If there is no visual evidence, one should secondly 
consider a direct or indirect evaluation of the masonry material, based on the methods from section 
4.3.3. If these (extreme) evaluations give a negative result, it should thirdly be considered to assess 
the sensitivity to frost damage at milder conditions with the methodology set forward in section 6.2. 
One should keep in mind though that this requires an extensive experimental effort, wherein a large 
number of material samples has to be available 

4.4 Threshold values for Algae and Cyanobacteria 

A building façade is characterized by extreme fluctuations of temperature, repeated desiccation and 
high UV-radiation, so any organism living here must be able to tolerate these variations, maintaining 
a metabolic activity. Different algal species have very different appearances, life-styles and tolerance 
of variations in temperature, moisture etc. and they are metabolically active when appropriate 
combinations of dampness, warmth and light are present (Ortega-Calvo, Ariño et al. 1995, Saiz-
Jimenez 1997, Tiano 2001). Algae and cyanobacteria growth combined with the dissolutive effect of 
water may also result in micro-cavities, or micro-indentation of the stone. This effect facilitates algae 
and cyanobacteria growth by providing to the cells much more asperities to anchor themselves. 

In general, there is a lack of knowledge about conditions which influence algae and cyanobacteria 
growth, but some common demands can be specified. For photosynthesis process, the combination 
of sufficient light, water, temperature, carbon dioxide and some mineral nutrients must be present. 
Algae can find also nutrients in some trace elements (Fe, Mn, Si, Zn, Cu, Co, Mo, B, V) for growth, 
which are normally available in the environment (rain, dust, material substrate), so that the local micro 
climate is the determining factor for biological growth on façades (Zillig, Lenz et al. 2003). 

However, humidity and temperature are the most important environmental conditions. Water is 
fundamental for algae growth, as it is needed for photosynthesis. The water uptake must occur directly 
through the cell wall by osmosis and the growth limit for green and for blue algae is about 100% RH 
(liquid water) (Lengsfeld and Krus 2001). Wind driven rain and dew water are the main causes for 
wetting of façades with liquid water (Miller, Dionísio et al. 2009). However, algae and cyanobacteria 
can survive dry periods and can restart their growth when enough humidity is available. Therefore, 
the drying of façades during the day is not sufficient to prevent algae growth (Moon and Augenbroe 
2004). 

For each species of microorganism, there is an optimal temperature for growth and a range between 
a minimum and a maximum outside of which growth is not possible (Singh and Singh 2015). 
According to literature, for most algae and cyanobacteria an optimal temperature for growth was 
estimated within the range of 20 °C and 30 °C (Konopka and Brock 1978, Mai, Militz et al. 2004, 
Serra-Maia, Bernard et al. 2016), while the range of suitable growth is usually considered between 5 
°C and 40 °C (Raven and Geider 1988, Lengsfeld and Krus 2001). However, the resistance to high 
temperatures (above 50 °C) or low temperatures (below 0°C) appreciably varies from one type of 
microorganism to another (Imre Friedmann and Ocampo-Friedmann 1995, Billi 2010, Shukla, 
Kvíderová et al. 2013). 

The influence of pH action on algae is not well known and depends on their tolerance. Microorganism 
can be classified into acidiphiles, neutrophiles and basiphiles, but there also exist indifferent 
microorganisms which normally develop in a wide range of pH, such as bacteria whose growth is 
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satisfactory between pH values equal to 6.0 and 9.0. Most algae and cyanobacteria found on building 
façades can normally develop at a pH equal to 8.0 (Verhoef 1988, Singh and Singh 2015). 

Finally, as photosynthetic organisms, algae and cyanobacteria need light and carbon dioxide to permit 
photosynthesis biochemical process and produce energy needed for maintenance, growth and 
reproduction. 

It was found that the physical phenomenon of growth and multiplication of algal cells generally 
follow a trend similar to a sigmoid curve (Tran, Govin et al. 2013). Indeed, the growth of a micro-
algae culture is characterized by three phases: an initial lag phase during the so-called "latency time" 
(when algal stains are not still visible), a phase of rapid growth and a final stagnation phase, when the 
covered surface by microorganisms become constant over the time (Figure 4.7) (Tran, Govin et al. 
2012, Tran, Govin et al. 2014). 

 
Figure 4.7: Typical growth of a micro-algae culture 

4.4.1 Control actions 

To induce algae growth the material surface must be sufficiently wet. Since it is not possible to control 
the outdoor environmental conditions, the most recommended measure to prevent or minimize algal 
development is to avoid the presence of free water on the material surface. In fact, water is the most 
important factor to consider when limiting the risk of algal growth, and the consequent building 
material decay. The use of high porous and rough materials in the critical parts of the envelope should 
also be limited, especially where wind driven rain and leaks from rainwater drainage systems or from 
the roof can occur. 

However, once the building materials’ surface is affected by the presence of algae, mechanical 
methods can be used to remove stains and patinas from contaminated elements either by hand or with 
tools such as scalpels, spatulas, scrapers, etc. These methods have the advantage of not adding any 
substance that might cause further deterioration, but mechanical actions could physically damage the 
substrate (Tiano 2001). Anyhow, a preliminary biocide treatment (applied before the mechanical 
intervention) is advantageous to facilitate the removal of biofilm (Hofbauer, Breuer et al. 2003), but 
some chemical substances can enter in contact with the substrate in any case. 

Among the physical interventions, one of the most widespread method against algal and 
cyanobacteria growth is ultraviolet (UV) radiation treatments. The germicidal activity is obtained 
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with the part of the UV spectrum between 300-200 µm (Tiano 2001). However, UV radiation does 
not have a deep penetration power and sometimes they can modify the material of the substrate, 
changing the colours of the surface (Tiano 2001). Thus, it is not always appropriate in cultural heritage 
or similar applications. 

Other possibilities are related to chemical methods, which use biocide agents of synthetic origin like 
pesticides and disinfectants (Tiano 2001). A side problem with chemical methods is related to the use 
of pesticides that persist in the soil or water (Bester and Lamani 2010). In addition, all the methods 
described above require re-application over time because they are not able to create a permanent film 
on the treated surface. In this field, some recent works investigated remediations against the 
biofouling process by novel techniques as TiO2 nano-coatings (Fonseca, Pina et al. 2010, La Russa, 
Ruffolo et al. 2012, Graziani, Quagliarini et al. 2013, Maury-Ramirez, De Muynck et al. 2013, 
Radulovic, MacMullen et al. 2013, Graziani, Quagliarini et al. 2014a, Martinez, Bertron et al. 2014). 
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5 Overview of models for predicting failure mode 

5.1 Mould growth in buildings 

Mould growth is expected on a certain material if the actual RH conditions exceed the limit value for 
mould growth at the present temperature (section 4.1). However, RH and temperature are seldom 
constant, instead they are varying both in the long and short term and hence the critical limit may be 
exceeded only occasionally, see Figure 5.1 for an example. Favourable conditions for mould growth 
are therefore replaced by unfavourable conditions by time, as shown schematically in in Figure 5.2.  

There is always a time before mould growth begin also at the most favourable conditions. This is 
called the lag phase. This varies among different materials, levels of RH and temperature (Viitanen 
1997a, Fog Nielsen, Nielsen et al. 2000, Johansson, Ekstrand-Tobin et al. 2012). Also, the length of 
periods with unfavourable or favourable conditions effects mould growth (Viitanen and Bjurman 
1995, Johansson, Bok et al. 2013). The long-term cycling affects mould growth more than the short-
term.  

 
Figure 5.1: Example on how RH and temperature vary by time in a crawl space, showing the actual RH for some periods exceeding the limit 

values for mould growth 
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Figure 5.2: Illustration on variations of RH and temperature by time. Periods of favourable conditions for mould growth appears when actual RH 
is above the limit value for growth (RHcrit) (A) and unfavourable when RH is below this limit (B). RHcrit varies over time as it is dependent on the 

temperature 

In order to avoid mould growth, different mould prediction models may be used in the design phase 
of new buildings, including moisture safety design. Several such models have been developed during 
the last 20-25 years, aiming to estimate the “risk” for mould growth at given conditions of RH and 
temperature. Some models are presented in (Sedlbauer 2002, Ojanen, Viitanen et al. 2010, Vereecken 
and Roels 2012, MRD 2016, Gradeci, Labonnote et al. 2018). The models are available as part of 
hygrothermal simulation tools, as stand-alone programs or have been described and published as 
journal or conference papers.  

The simplest models consider only the situation if the actual RHcrit values exceeds the limit values 
for mould growth (A in Figure 5.2), while more complex models also consider length of time of 
unfavourable and favourable conditions. A general overview and description of several mould models 
is given in (Vereecken and Roels 2012) and (Gradeci, Labonnote et al. 2018). Some of the models 
are also described in Section 7.1, where a round robin test comparing different models is presented. 
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5.2 Rot 

There are several models for predicting rot or phenomena associated to rot. Table 5.1: presents a 
compilation of some of the most relevant models and what parameters they include in the modelling. 
Very specialized models e.g. for wood in contact with soil are omitted. However, most of the models 
are based on a limited number of experiments or very specific cases e.g. growth of a specific fungi or 
a specific wood species. Therefore, the equations describing the models may not be applicable in 
cases relevant for internal insulation in historic buildings. Instead, Table 5.1: is illustrating the 
hygrothermal factors that are needed in models that are relevant for the RIBuild project. Material 
parameters describing e.g. water uptake in sound and damaged wood respectively, would be relevant 
as well, but difficult to determine. In case of simulations where these parameters are relevant, general 
assumptions must be made. 

In Table 5.1 below, models for predicting rot are presented. Moisture conditions are described 
differently in the models. They can be Relative Humidity, Moisture Content (MC) or water activity, 
as these terms are correlated, they are only described as moisture conditions in this table. Most of the 
models are based on studies of specific wood species, see Table 4.2. 

Table 5.1: Models for predicting rot.  

Reference Modelled 
parameter 

Needed parameters 
Moisture 
conditions 

Temperature Time Others 

(Saito, Fukuda et al. 
2012) 

Mass loss X* X X  

(Maurice, Coroller et 
al. 2011) 

Radiant growth rate 
inoculated fungi 

X X X pH 

(Fuhr, Shcubert et al. 
2011) 

Hyphal growth X X X pH 

(Rapp, Peek et al. 
2000) 

Moisture induced risk 
of decay 

X*   Liquid absorption at MCcrit 
Vapour desorption at MCcrit 

(Brischke and Meyer-
Veltrup 2015) and 
(Isaksson, Brischke et 
al. 2012) 

Decay rate X X X  

(van de Kuilen 2006) Service life X X X Load 
(Viitanen, T. et al. 
2010) 

Mass loss X X X  

*) Moisture dependency is simply described as above a given critical value independent of e.g. temperature  

Of the presented models the model given by (Viitanen, T. et al. 2010), seems to be the most applicable 
for the use in RIBuild, as it describe a relevant parameter (mass loss) by using hygrothermal 
parameters in a nuanced way, instead of e.g. defining a general critical value for moisture content 
independently of temperature. 

5.3 Frost damage 

In section 4.3, the three prime parameters for frost damage have been introduced: critical saturation 
degree, critical frost temperature and frost damage sensitivity. However, to the authors’ knowledge, 
no real models exist that translate the exceedances of the first two parameters to an initiation and 
development of mechanical stresses and strains, to be weighed against the frost damage sensitivity of 
the material. For mould growth or wood rot, on the other hand, dynamic models exist that transform 
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the occurring hygrothermal conditions to the evolution of mould and rot. For frost damage, most of 
the models available to judge frost damage are limited to hygrothermal damage indicators, 
quantifying exceedances of the critical saturation degree and critical frost temperature. Kočí, Maděra 
et al. (2017) provide this overview of the indexes put forward in the literature: 

 Modified Winter Index:  𝑀𝑊𝐼 = ∑ (𝑇𝐿 − 𝑇𝑖)(𝑤𝑖 − 𝑤𝐿)[𝑇𝑖 < 𝑇𝐿 & 𝑤𝑖 > 𝑤𝐿 ]8760
𝑖=1 ; 

 Amount of Frozen Water:  𝐴𝐹𝑊 = ∑ 𝑤𝑖[𝑇𝑖 < 𝑇𝐿 & 𝑤𝑖 > 𝑤𝐿 ]8760
𝑖=1 ; 

 Time Of Freezing:   𝑇𝑂𝐹 = ∑ [𝑇𝑖 < 𝑇𝐿 & 𝑤𝑖 > 𝑤𝐿 ]8760
𝑖=1 ; 

 Indicative freeze/thaw cycles:  IFTC = number of frost periods > 2h with 𝑤𝑖 > 𝑤𝐿 

in which Ti (K) and wi (kg/m³) are hourly values for temperature and moisture content at the consi-
dered location, and TL and wL refer to the critical frost temperature and moisture content (deduced 
from the critical saturation degree).  

Such simple indexes aim at providing indications of the risk for frost damage. They are comparable 
thus to the Time Of Wetness for the prediction of wood rot. However, they do not provide information 
on the damage evolution itself as for example the VTT-model does for wood rot. In addition, it should 
be stressed again that there is a lack of info on the critical saturation degrees of building materials, 
since the mentioned frost indexes are only relevant if detailed wL values are available. These values 
are very material specific, with large differences amongst materials within the same building material 
group, see Table 4.4:. Finally, it must be noted that these indexes are cumulative, increasing with 
increasing exposure. Evidence from the literature and from our own measurements, see section 6.2, 
does indicate though that there is no linear link between damage and the length, the intensity or the 
frequency of the exposure. 

In contrast to other damage phenomena like mould growth or wood rot, for which predictive models 
can be applied as decoupled post-processing tools around the basic HAM-calculation, quantification 
of frost damage actually necessitates an extension of the current HAM-models, firstly with freezing 
and thawing physics and secondly with mechanical analyses. The level of detail with which the two 
aspects are implemented in HAM-models will affect the results of the frost damage evaluation. The 
latter aspect is considered out of reach still – there are first attempts however, see (Gawin, Pesavento 
et al. 2016) below –, and in what follows primarily the integration of freeze and thaw phenomena is 
described. Mainly three approaches can be distinguished in the literature:  

1: No ice formation included  

The simplest way of dealing with freezing and thawing in hygrothermal simulation is of course their 
exclusion from the model. In doing so, the effects of freezing point depression or latent heat conver-
sion are not considered. The actual ice formation is hence not directly quantified with this approach, 
but tentative information can still be obtained by using the abovementioned frost indexes.   

Examples:  
 WUFI (Fraunhofer) (Sedlbauer and Kunzel 2000) 
 HAMFEM (KU Leuven) (Vereecken, Van Gelder et al. 2015) 
 COMSOL based model (TU/e) (Van Aarle, Schellen et al. 2015) 
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2: Ice formation included, assuming instantaneous equilibrium between all phases and components 

To the authors’ knowledge only two existing models in this category can be distinguished: DELPHIN 
5.9 (Nicolai and Sontag 2013), and an EMPA COMSOL-model (Zhou, Derome et al. 2017). For the 
DELPHIN software, a first step toward implementing freezing and thawing phenomena has been ta-
ken. Currently, DELPHIN takes ice formation into account by assuming the instantaneous equilibri-
um between the three phases (vapour, liquid and ice), by applying a freezing point depression under 
the assumption that the pore space fills from the smallest to the largest pore, and presuming that ice 
crystalizes outside of the liquid phase (Nicolai and Sontag 2013). Basically, this model investigates, 
based on the concept of freezing point depression, whether the moisture content is sufficiently high 
to fill pores wherein water could freeze. In this way, DELPHIN takes into account that low moisture 
content levels will require much lower temperatures. In addition, DELPHIN incorporates latent heat 
effects connected to freezing and thawing.  

First attempts to account for the impacts of ice formation on the heat and moisture transport properties 
in the DELPHIN-framework have also been documented (Sontag, Nicolai et al. 2014). A very similar 
approach is applied by Zhou, Derome et al. (2017). These authors report on the impressive impact on 
the moisture distribution when taking freezing into account. Figure 5.3 below is adopted from Zhou, 
Derome et al. (2017) and it illustrates that the moisture content is consistently higher in winter for a 
brick facade with internal insulation when freezing is considered. The authors link this effect to 
moisture migration towards the freezing front. They also provide a validation of the model with 
experimental results (Zhou, Zhou et al. 2014), confirming the importance of this effect within soils. 
However, preliminary numerical investigations by the authors with the DELPHIN 5.9 model could 
not identify similar levels of moisture migration towards the freezing front within bricks. 

 
Figure 5.3: Simulation results on the impact of taking freezing process into account (Zhou, Zhou et al. 2014) 

In addition, it must also be mentioned that a global assumption in both models – pores filling from 
the smallest to the biggest pore with a subsequent quantification of the freezing point depression for 
the smallest filled pore (see section 4.3.2) – is probably overly simplified. Such assumption is based 
on completely redistributed moisture in porous media. In dynamic conditions though, this may not 
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(always) hold. Bigger pores may (temporarily) be filled before this moisture is redistributed to smaller 
pores. As a consequence, this handling of the freezing point depression might result in an underesti-
mation of frost damage processes under dynamic conditions. 

Examples:  
 DELPHIN 5.9 (TUD) (Sontag, Nicolai et al. 2014) 
 COMSOL based model (EMPA) (Zhou, Derome et al. 2017) 

3: Ice formation included, considering non-equilibrium between all phases and components 

Gawin, Pesavento et al. (2016) implemented a model (HMTRA-FREEZE) wherein a non-equilibrium 
approach considers the thermodynamics of the freezing and thawing processes. This model also takes 
the resulting mechanical stresses and strains into account, permitting the prediction of damage 
patterns. The first validations of the model with the experiments of (Sun and Scherer 2010) are pro-
mising. More research is required though to verify the need to implement kinetic effects of freezing 
and thawing in the overall simulation of frost’s and frost damage’s initiation and development. 

5.4 Algae on the facades 

Only a few studies have attempted to model biofouling on building materials (Ruot and Barberousse 
2007, Tran, Govin et al. 2013, D'Orazio, Cursio et al. 2014, Graziani, Quagliarini et al. 2016a, 
Graziani, Quagliarini et al. 2016b) and further research is needed to predict the growth of algae and 
cyanobacteria. The biofouling process was numerically simulated and it was found that Avrami’s 
theory allows to suitably model biofouling under accelerated laboratory growth conditions (Tran, 
Govin et al. 2013, Graziani, Quagliarini et al. 2016a, Graziani, Quagliarini et al. 2016b). Avrami’s 
theory was developed as an exponential equation (Avrami 1939, Johnson and Mehl 1939, Avrami 
1940, Avrami 1941) and was originally used to describe the allotropic phase transformation in solids 
(M.Fanzoni and M.Tomellini 1998, Khawam and Flanagan 2006). Currently it is used in many 
domains: crystallization of polymers, heat treatment, decomposition of solids (Hay 1971, Slovácek 
2004). 

Two processes are at the base of this theory: the nucleation, which corresponds to the appearance of 
nuclei of a new phase, and the growth, which represents the increase in the size of the nuclei during 
time. The algal colonization can be described by two processes: attachment and growth of algal cells. 
The biofouling starts by attachment of algae on the material surface which creates many spots and 
the colonization rate follows a sigmoid curve for the surface fraction colonized as function of time. 
The colonization can be simulated considering the algal spots as nuclei. The extension of the fouling 
results from the increase in the size of the first algal spots by the growth of algal filament as a function 
of time. 

In order to represent the growth process also in case of a surface not totally covered by the biofouling, 
the original Avrami’s law was improved into a modified model (Graziani, Quagliarini et al. 2016a, 
Graziani, Quagliarini et al. 2016b, Graziani and Quagliarini 2018) described by the equation 4.: 

1( )( ) (1 exp )
nK t t c

t

AX t
A

 
  

 
(4) 

where the covered area by algae X(t) [-] is given as a function of time t [day]. The rate coefficient K 
[-] is a parameter related to the growth rate and it is constant for each material. The time t1 [day] 
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represents the latency time before a chromatic alteration occurs on the material surface. The Avrami’s 
exponent n [-] is a coefficient which can be reasonably assumed equal to 4 in case of algae growth: 
three dimensions represents the growth and one represents nucleation rate assumed as constant (Jena 
and Chaturvedi 1992, Tran, Govin et al. 2013, Graziani and Quagliarini 2018). Lastly, the final 
covered area ratio, indicated as Ac/At [-], expresses the percentage of covered area at the end of the 
growth process. Ac is the covered area by algae at the end of the accelerated growth test, and At is the 
total area of the sample exposed to biofouling (Graziani and Quagliarini 2018). 

The parameter K depends on the nucleation rate of algal cells and it is related to material properties. 
It can be calculated from equation 5. 

2
g cK k k     (5) 

where kg [spot/μm2 day2] is the specific attachment rate constant, indicating the rate of the nucleation 
of new particles, and kc [μm/day] is the specific growth rate constant. The Avrami’s constant Λ [-] 
can be determined by equation 6. 

2
( 1) ( 2) ( 3)q q q

 
    

 (6) 

with: 

3 1q n    (7) 

The specific attachment rate constant kg can be obtained by linear regression from the specific 
attachment rate dγ/dt [spot/μm2 day], which defines the number of algal spots that appears on a 
surface unit per time unit (equation 8): 

( )1
d qk t tgdt

    (8) 

where γ is the number of algal spots at time t per unit area [Spot/μm2]. 

The growth rate constant kc can be experimentally determined by calculating the equation 9: 

(( ) )
t t t

c
S S

k
t t t
 


  

 (9) 

where St [μm2] represents the area of an algal spot at time t, and St+Δt [μm2] is the area of the same 
algal spot at time t+Δt. 

The modified Avrami’s model (equation 1) for the biofouling modelling was validated by (Graziani, 
Quagliarini et al. 2016a, Graziani, Quagliarini et al. 2016b, Graziani and Quagliarini 2018). 
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Figure 5.4: Example of algae growth on fired bricks, overlapping the analytical curve (red and blue lines) on the experimental data from 

(Graziani, Quagliarini et al. 2016a, Graziani, Quagliarini et al. 2016b, Graziani and Quagliarini 2018) 
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6 Laboratory testing of threshold values in RIBuild 

6.1 Determination of RHcrit for mould growth on new insulation 
materials 

6.1.1 Aim of the study 

The aim of the study was to determine the critical moisture value, RHcrit, for mould growth on different 
insulation materials commercially used in Europe. Some of the products are used in RIBuild WP3 
case study buildings. The results may be used in the evaluation tool developed in WP6, to determine 
if there is a risk for mould growth on the tested products during given conditions of RH and 
temperature.  

The laboratory tests of threshold values for mould were performed at RISE, Division Built 
Environment – Building Technology in Borås, Sweden.  

6.1.2 Materials and method 

6.1.2.1 Test method 

The test was performed according to ‘Laboratory method for assessment of the lowest hygrothermal 
conditions required for mould growth’ (SIS 2014), also named the CML-method (Critical Moisture 
Level-method) (Johansson, Ekstrand-Tobin et al. 2014).  It is based on different standardised methods 
for determining the mould resistance of building materials and on laboratory testing (Johansson, 
Ekstrand-Tobin et al. 2012) and is validated in field studies (Johansson, Svensson et al. 2013). The 
method is also described and discussed in (Johansson, Ekstrand-Tobin et al. 2014) and is published 
in (Johansson 2014). 

6.1.2.2 Materials  

The partners in the RIBuild project were asked to select products used for internal insulation in their 
own country or used in RIBuild test stands (Freudenberg, Ruisinger et al. 2018). Samples of products, 
clean and unused, were sent to RISE (Borås, Sweden). The samples were packaged moisture open to 
avoid mould growth during transport and were also dry and clean before wrapping. Twelve different 
insulation boards and one loose fill insulation material was tested. In addition, one gypsum board and 
seven different kinds of mortars were tested. 

At RISE, the samples of board materials were divided into test specimens, sizing 50x100 mm. Test 
specimens of loose-fill insulation were prepared by placing samples of the material in a cage of fine 
stainless-steel mesh (autoclaved) with an internal volume of approximately 0.05 litres. The mortars 
were prepared according the instructions for each product and was partitioned in petri dishes with a 
diameter of 90 mm. The thickness of each sample was approximately 7-10 mm  

The tested products are shown in Figure 6.1and Figure 6.2. In some cases, the product was made of 
two or three different materials. In those cases, each facing was evaluated separately during the test. 
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In this report the professional product name is not given, as this would conflict with the impartiality 
of RISE. Instead, the names are decoded in the result section, see Table 6.7. 

 
Figure 6.1. The building materials tested. The numbers refer to material name presented in Table 6.2. Note that there may be two different faces 

of the same product 

 
Figure 6.2. Tested mortars 
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Table 6.1: Materials referring to Figure 6.1 . Note that the numbers extend in two columns 

Number according to 
Figure 6.1 

Material Number according to 
Figure 6.1 

Material 

1 CaSi board 3 11 Loose fill cellulose 
2 CaSi board 1 12 Aluminium foil  
3 CaSi board 4 13 Wood fibre board 
4 CaSi board 2 14 PUR 
5 Foil on PUR* 15 Polystyrene 2 
6 Gypsum board 4  16 Gypsum board 3 
7 Polystyrene 1 17 Gypsum board 2 
8 Polystyrene 3 18 Gypsum board 1 
9 Mineral wool 19 Wood fibre board 2 
10 Soft tissue on mineral wool 

board 
  

*The core consists of PUR. The tested surface is the outer foil 

6.1.2.3 Laboratory test 

A spore suspension consisting of six different kinds of mould spores, according to Table 6.2, was 
prepared under sterile conditions. The concentration of spores was counted, diluted and mixed to 106 
spores per ml of each species in the solution. 0.4 ml of the spore suspension was sprayed evenly onto 
one surface of each test specimens. 

Table 6.2: Test fungi 

Test fungus  CBS number  
Eurotium herbariorum  115808  
Aspergillus versicolor  117286  
Penicillium rubens* 401.92  
Aureobasidium pullulans  101160  
Cladosporium sphaerospermum  122.63  
Stachybotrys chartarum  109292  

*This was previously named as Penicillium chrysogenum 

Following this inoculation, the test specimens were incubated horizontally in the dark in four different 
climate test chambers (CTS C-20/350, CTS GmbH, Hechningen, Germany) for 12 weeks, inoculated 
side of the specimen was faced up. The chambers are calibrated once a year from an accredited 
laboratory. The set RH in the chambers was 80%, 85 %, 90 % and 95 % respectively. The temperature 
was 22°C. Air with the desired RH and temperature streamed over the test pieces at a velocity of 0.3-
0.5 m/s, which ensured that the microclimate at the surface of each test specimen was the same 
(Johansson, Ekstrand-Tobin et al. 2012). Temperature and RH were recorded every 12 minutes with 
calibrated integrated sensors in the chambers.  

Every 14 days, the test specimens were removed from the chambers for a short time. Mould growth 
on the inoculated surface of each test sample, excluding the edges, was assessed. Both mould growth 
visible to the naked eye and that which was only visible under the microscope at 10–40x 
magnification were rated according to a five-point rating scale according to Table 6.3. 
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Table 6.3: Rating scale for the assessment of mould 

Rating Description of extent of growth Schematic illustration* 
0 No mould growth. 

 

1 Initial growth; one or a few 
hyphae and no conidiophores. 

 

2 Sparse, but clearly established, 
growth; often conidiophores are 
beginning to develop.  

3 Patchy, heavy growth with many 
well-developed conidiophores. 

 

4 Heavy growth over more or less 
the entire surface. 

 

*Note that the pictures are only schematic for guidance and that the growth may not be visible to the naked eye. 

6.1.2.4 Determination of RHcrit at 22°C 

An individual test specimen is defined as having failed when the mould growth equals or exceeds 
rating 2. The critical moisture level is considered reached at the RH level where at least two test 
specimens have failed (RHup) at the end of the test (12 weeks) and no growth is detected on the test 
specimens at the next lower RH level tested (RHLow). The actual critical moisture level is then expected 
between these two values or at the RH level when the test specimen is positive. The value is therefore 
reported as a range RHLow < RHcrit ≤ RHup. This principle, with examples, is shown in Figure 6.3. If 
mould is detected at 80% RH, then the critical moisture level is estimated to 75% ≤ RHcrit ≤ 80%RH, 
since the lowest RH for mould growth on building materials is 75 %. 

 
Figure 6.3: Principle of determination of critical moisture level. The numbers of RH represent the tested RH, except for 75% which is used as the 
lowest limit for mould growth based on literature. On material A, there is mould growth at 95% RH but not at 90% RH and the critical moisture 
level is therefore 90% < RHcrit ≤ 95%. on material B there is mould growth at 80% RH and the critical moisture level will consequently be established 
as 75% ≤ RHcrit  ≤  80%. (From Johansson et al 2014). 

The mean RH and temperature in the test chamber will not always be equivalent to the set value, due 
to measurement uncertainties. The expanded measurement uncertainty, U, for each chamber was 
calculated according to equation 10 and 11. 
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𝑢𝑐 = √𝑠2 + 𝑢𝑐𝑎𝑙
2  (10) 

           where     𝑢𝑐𝑎𝑙 the measurement uncertainty from calibration of the test chamber 
                              𝑠  the standard deviation from the measurements  

𝑈𝑐 = 𝑘 ∗ 𝑢𝑐  (11) 

 
            where 𝑘=2 and corresponds to a coverage probability of 95 % 

Simply expressed, this means that there is 95% probability that the true mean value of the measured 
RH in the test chamber is in the interval mean RH ± U. To ensure that the various incubation RH 
level differ from each other, the intervals cannot overlap. For the test to be valid, mean values with 
uncertainties must fall into specified limits for the test to be valid, see Figure 6.4. 

 
Figure 6.4: Illustration of the evaluation of incubation criteria. The specified limits of incubation condition are described in  

Table 6.4:. The dots represent mean measured values of RH or temperature and the whiskers represent the calculated expanded uncertainty. In 
(a) the mean value with uncertainties fall into allowed limits. In (b) it does not, since the upper limit is exceeded. Therefore, in this case, the test is 

not valid 

 

Table 6.4: Set points of each incubation condition of the test method 

Incubation condition Set point Specified lower limit Specified upper limit 

T 22.0°C 20.0°C 24.0°C 

RH 1 80.0 77.5% 82.5% 

RH 2 85.0 82.5% 87.5% 

RH 3 90.0 87.5% 92.5% 

RH 4 95.0 92.5% 97.5% 

The product tested will belong to one out of five material classes, according to Table 6.5. 

 

Table 6.5: Material classes 

Class RHcrit at 22°C 
A 75% ≤ RHcrit ≤ 80% 
B 80% < RHcrit ≤ 85% 
C 85% < RHcrit ≤ 90% 
D 90% < RHcrit ≤ 95% 
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E                RHcrit > 95% 

6.1.2.5 RHcrit at other temperatures 

As RHcrit is temperature-dependent, the test results are only valid for the temperature tested, that is, 
22°C. RHcrit is assessed also for other temperatures by using equation 12. The equation is based on 
the shape in Sedlbauers LIMcurves and extensive testing of mould growth on different temperatures 
and RH (Johansson, Ekstrand-Tobin et al. 2012). A value is produced for the lower as well as the 
higher level in the RHcrit expression RHlow < RHcrit ≤ RHup. 

𝑅𝐻𝑐𝑟𝑖𝑡𝑇 =  105 + 𝑐(𝑇2 − 54 ∗ 𝑇) (12) 

Where c takes values according to Table 6.6. 
Table 6.6: Values of c 

Class RHlow RHup 
A 0.043 0.036 
B 0.036 0.028 
C 0.028 0.021 
D 0.021 0.017 
E 0.017 - 

If calculations are repeated for a series of temperatures common in buildings, the critical moisture 
levels can be expressed as growth limit curves, see Figure 6.5. 
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Figure 6.5: Growth limit curves for the different material classes according to equation 12  

6.1.3 Results 
The results, RHcrit, for each product, facing of the product or component of a product, is shown in 
Table 6.7. 
  
The incubation RH of one of the chambers did not fulfil the criteria. This was not found until after 
the test ended, in connection with the annual calibration of the climate cabinet. The prior calibration 
result, on which the test relied, was proven wrong. The test in this chamber therefore had to be 
restarted and is not yet finished at the time of writing this report. The results for some materials are 
therefore preliminary, marked with * in. In addition, the testing of mortars started close to the writing 
of this report and there are still no results for products in this group. The final results will be included 
in WP6 as the final outcome of RIBuild.     
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Table 6.7: Determined RHcrit Cells marked with grey: Cases where specific product differ from other products in 
the same material group. Some products contain different kind of material, e.g. product “l” containing gypsum, 

PUR and aluminium foil 

Group Material Product id RHcrit (%) Class RHcrit 

CaSi board 

CaSiboard1 b RHcrit > 95 E 

CaSiboard2 r 90 > RHcrit ≤ 95 D 

CaSiboard3 a 90 > RHcrit ≤ 95* D 

Casiboard4 o 90 > RHcrit ≤ 95 D 

Gypsum board 

Gypsumboard1 e 85 > RHcrit ≤ 90 C 

Gypsumboard2 h 90 > RHcrit ≤ 95 D 

Gypsumboard3 h 90 > RHcrit ≤ 95 D 

Gypsumboard4 l 90 > RHcrit ≤ 95 D 

Mineral wool 
Mineral wool board c 90 > RHcrit ≤ 95 E 

Membrane on mineral wool 
board c RHcrit > 95 E 

Mortar 

Mortar1 n No results yet No results yet 

Mortar2 i No results yet No results yet 

Mortar3 j No results yet No results yet 

Mortar4 v No results yet No results yet 

Mortar5 q No results yet No results yet 

Mortar6 m No results yet No results yet 

Mortar7 d No results yet No results yet 

PUR 

PUR l RHcrit > 95% E 

Foil on PUR k 90 > RHcrit ≤ 95 D 

Aluminium foil on PUR l 85 > RHcrit ≤ 90 D 

Polystyrene board 

Polystyrene1 g RHcrit > 95 E 

Polystyrene2 e RHcrit > 95 E 

Polystyrene3 s RHcrit > 95 E 

Wood fibre 
insulation 

Loose fill cellulose f RHcrit > 95 E 

Woodfibreboard1 p 75 > RHcrit ≤ 80* A 

Woodfibreboard2 u 75 > RHcrit ≤ 80* A 

*Preliminary results. The final results will be included in WP6. 
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6.1.4 Discussion 

RHcrit varied among the different products included in this study. Conventional tests for mould 
resistance are performed at high RH generally above 95 % (section 4.1). Many of the products in this 
study would have failed such a test. However, a product not fulfilling the mould resistance test, could 
still be used in building parts were the RH are not expected to be as high.  

From the results above it is confirmed, as have been previously stated (Johansson, Ekstrand-Tobin et 
al. 2012) that it is not possible to predict RHcrit for one specific product, or mark, from the result from 
another product belonging to the same group of materials. For example, different CaSi boards in the 
study belong to two different classes of RHcrit (D respectively E). Some of the products (CaSi-boards) 
with the lowest RHcrit contains wood fibres, which might have affected the mould susceptibility.  

In the building sector, it is sometimes argued that building materials with high pH are inert to mould 
growth and therefore may be used in building parts with high expected RH without risk for mould 
growth. Even though the pH of the CaSi boards of this study was not measured, it is expected to be 
high. Mould growth was still growing on three out of the four products, indicating that it is not the 
pH that govern if there will be growth or not on a product (although it may affect the mould growth 
rate). 

During production, different batches of a product may vary in their quality that possibly can affect 
RHcrit. Therefore, the test method description prescribes that test samples should be “preferably from 
different batches in production. This is particularly important if the quality is expected to vary 
between batches.” In this study, RIBuild partners were asked to send materials from different boards 
of the same product. However, it is suspected that, in most cases, the board samples of a specific 
product belonged to the same board. If there were samples from different boards, there is no 
traceability and it is not possible to identify if they come from different batches. The results from the 
study is therefore valid for the specific samples tested and there might be different results if the same 
product from another batch are tested. 

Contamination of the materials with dirt etc. may affect the susceptibility for mould growth. At the 
RISE laboratory, the specimens were handled with clean gloves and the partners had previously been 
asked to handle the samples to minimize the risk for contamination. However, it cannot be ensured 
that they were totally clean. However, as seven samples from each product was used for each RH 
tested, the possible risk of contamination affecting the results was reduced as much as possible. 

6.1.5 Conclusion  

The results verify previous findings that mould susceptibility, in this study determined as RHcrit, 
cannot be estimated based on which group of material it belongs to, supposed contents of organic 
compounds or pH. Instead, each product must be tested.  

Even different faces of a material may vary in susceptibility for mould growth. If a product has two 
different facings, each facing should be tested separately. In addition, all individual components of a 
composite product should be tested. 

Testing of RHcrit widens the use of materials comparing with mould resistance test that only evaluates 
the resistance to mould growth in a “worst case scenario”, i.e. at levels limited to relatively high RH 
and temperature. 
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6.2 Frost damage 

6.2.1 Aim of the tests 

The physical phenomena governing frost damage make it clear that the actual frost temperature and 
moisture content are important parameters with respect to the occurrence and magnitude of frost da-
mage in building materials. In regular frost damage experiments, only a single extreme combination 
of frost temperature and moisture content is evaluated, leading to a binary finding on the sensitivity 
of the material for frost damage. Given that these binary outcomes are irrelevant with respect to the 
impact of thermal retrofits (e.g. by internal insulation), the experimental campaign aims at widening 
that sole combination into a spectrum of frost conditions. In this analysis, we examine frost damage 
in four types of ceramic bricks for frost temperatures ranging from -2 °C to -20 °C and for moisture 
saturation degrees going from 0.1 to 1.0. The dilatation and ultrasonic methods are employed as da-
mage assessment techniques. In the section below, the material and experimental details are put for-
ward. Then, the experimental results are presented and discussed in detail. Finally, conclusions con-
cerning the impact of frost temperature and moisture content on frost damage are drawn. 

6.2.2 Materials and methods 

In this section, we first characterize the building materials used for our study. After that, the freeze-
thaw cycling is explained as well as both the dilatation and the ultrasonic testing applied to quantify 
the frost damage. 

6.2.2.1 Materials 

As a typical facade material, ceramic bricks are chosen as target materials in this study. Concretely, 
four types of ceramic bricks are used. The Vandersanden brick is a frost-resistant brick, thus appro-
priate for exterior use, while the Vogelensangh brick is frost-sensitive, and hence limited to interior 
purposes, both commercially available. In addition, Wienerberger has produced two types of bricks 
specifically for the investigation, with firing temperatures of 925 and 970 °C in an attempt to obtain 
frost-sensitive bricks. Table 6.8 summarizes some fundamental properties of these bricks: bulk den-
sity (bulk, kg/m3), open porosity (, -), capillary absorption coefficient (Acap, kg·m-2s-0.5) and capillary 
moisture content (wcap, kg·m-3). The Vandersanden brick clearly has a similar bulk density and open 
porosity as the others, but deviates strongly on capillary absorption coefficient and capillary moisture 
content. This may subsequently give it a relatively stronger frost resistance, see section 4.3.3.2. 

Table 6.8: Fundamental properties of the four types of ceramic bricks 

Brick type bulk (kg·m-3)  (%) Acap
 (kg·m-2s-0.5) wcap (kg·m-3) 

Vandersanden 1838 31.4 0.487 176 
Vogelensangh 1704 35.4 0.143 244 

Wienerberger (925 °C) 1750 33.5 0.145 248 
Wienerberger (970 °C) 1778 32.0 0.165 229 

Evaluating these properties with the GC-factor (section 4.3.3.2), we obtain -3.5, -0.6, 0.4 and -0.1 
respectively, classifying all bricks except for the Vandersanden brick as sensitive to frost damage. 
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6.2.2.2 Freeze-thaw cycles 

In preparation for the test, raw bricks are first cut into samples with the same dimension of 17×10×5 
cm3 and then preconditioned to various moisture contents. After this the moist samples are wrapped 
with plastic film to avoid evaporation, and then they are placed vertically in the climate chamber on 
top of an insulation board, Figure 6.6. This gives an omnidirectional test, with frost conditions at all 
surfaces except for the bottom. Although this protocol is open to discussion, see section 4.3.3.1, the 
relative comparison between the different brick samples and the various frost conditions is possible. 

The execution of the actual freeze-thaw cycling is based on a prior Belgian standard for freeze-thaw 
testing, NBN B05-203, and the resulting temperature evolution is illustrated in Figure 6.7. The free-
zing process starts at an ambient air temperature of 15 °C and cools down to 0 °C within 2 h. After 
that, the targeted frost temperature is approached at a rate of -4 °C/h and maintained for 8~14 h. For 
the thawing process, the ambient temperature rises rapidly to 15 °C in about 1 h, and remains at that 
level for 6 h. The variable interval at the actual frost temperature is motivated by imposing a full 24 
h cycle in all measurements. In all experiments, 10 freeze-thaw cycles are executed. 

In total seven saturation degrees (S) and six frost temperatures (T) have been applied in the test cam-
paign, specifically 0.10, 0.25, 0.40, 0.55, 0.70~0.75, 0.85, 1.0 for S and -2, -4, -6, -8, -14, -20 °C for 
T. Given the extensive number of frost conditions and the restricted volume of the climate chamber 
used, only a single sample of each type of brick is tested at each set of frost temperature and saturation 
degree. 

 
Figure 6.6: Wrapped brick samples (left) and samples positioned in climate chamber (right) 
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Figure 6.7: The 24-hour freeze-thaw cycle imposed in all experiments, with the different frost temperatures used 
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6.2.2.3 Damage evaluation 

The frost damage is examined via dilatometric and ultrasonic testing, wherein the responses of each 
sample before and after 5 and 10 freeze-thaw cycles is compared. To perform the dilatometric tests, 
the dimension of the sample along the longitudinal and transversal axis is measured before and after 
the freeze-thaw cycling, at the same positions, via calipers with a resolution of 0.01 mm, Figure 6.8 
left. A damage index ε (-) is then calculated as the relative dimension change: 

𝜀 =  
𝑙 − 𝑙0

𝑙0
 (13) 

with l0 and l (m) the original and final dimension.  For all values of l0 and l, an average of two mea-
surements is taken.  

For the ultrasonic test, a C373N high performance ultrasonic tester emitting a pulse with a frequen-
cy of 55 kHz is used. The time needed for the pulse to travel through the sample is measured along 
the longitudinal and transversal axes, before and after freeze-thaw cycling, at the same sensor loca-
tions, Figure 6.8 right. A damage index Ω (-) is calculated as (Løland 1980, Li, Pour-Ghaz et al. 
2012). 

𝛺 =  1 − (
𝑡0

𝑡
)

2

 (14) 

with t0 and t (s) the original and final pulse travel time. It should be mentioned that preliminary tes-
ting proves that the plastic film wrapped around the samples has a negligible impact on our results; 
it is therefore kept throughout the whole study to prevent evaporation. 

 
Figure 6.8: The set-ups for the dilatometric (left) and ultrasonic (right) testing 

6.2.3 Results and discussion 

In this section, we first report the results obtained from the dilatometric test and analyse them briefly. 
Next, the ultrasonic test results are presented and studied more deeply. The impact of the measure-
ment direction, the freeze-thaw cycle number, and most importantly, the frost temperature and sa-
turation degree, is examined profoundly. 

6.2.3.1 Dilatometric test 

The dilatometric test is first performed on samples having experienced the -20 °C frost cycles. The 
results after five freeze-thaw cycles are brought together in Figure 6.9. A general tendency can be 
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seen: when the saturation degree S increases then also the damage index ε increases, indicating that 
moisture content does indeed contribute to frost damage. A closer look disappointingly reveals that 
even for fully saturated samples (S = 1) the ε values remain very limited, never exceeding 0.4%. At 
lower moisture contents, ε is generally below 0.2%. This minor amount of dimension change can 
easily be affected by experimental errors, and is thus deemed insufficiently accurate for quantitative 
analysis, as for freeze-thaw cycling at milder frost temperatures; the results are presumed to be even 
less discernable. Consequently, we conclude that dilatometric tests are not reliably applicable for our 
purpose, and we instead restrict the further analysis to the ultrasonic test. 
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Figure 6.9: Results from the dilatometric evaluation, after 5 freeze-thaw cycles at -20 °C 

6.2.3.2 Ultrasonic test 

Effect of measurement direction and cycle number 
As mentioned previously, the ultrasonic tests are performed after 5 and 10 freeze-thaw cycles along 
both the longitudinal and the transversal axis. To use Ω as a reliable frost damage index, we first 
investigate the impact of the measurement direction and the freeze-thaw cycle number. Figure 6.10 
and Figure 6.11 illustrate their respective impacts. 

It is clearly reflected in Figure 6.10 that different measurement directions do not necessarily produce 
similar results. However, as observed before, it is generally established that higher moisture contents 
(larger S values) lead to more severe frost damage. When the ultrasonic tests are executed along the 
longitudinal direction, this trend is always observable, whatever the material or temperature. On the 
contrary, the transversal measurements often lead to irregular damage quantifications, rendering the 
longitudinal measurement direction more dependable. In addition, the ultrasonic technique itself ad-
vocates a longer measurement length for better accuracy. Therefore, in the analyses below, only the 
outcomes from the longitudinal direction are included. 
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Figure 6.10: Influence of measurement direction on the ultrasonic evaluation, after 10 freeze-thaw cycles; top left: Vandersanden, top right: 

Vogelensangh, bottom left: Wienerberger (925), bottom right: Wienerberger (970) 

From Figure 6.11 it can easily be noted that the freeze-thaw cycle number has a systematic impact: a 
larger freeze-thaw cycle number always produces a larger Ω. This is a reasonable trend approved by 
other studies (P. Ingham 2005, Zhou, Derome et al. 2017). Some researchers even claim that mainly 
the first few freeze-thaw cycles cause the frost damage, i.e. the result not being heavily influenced by 
the number of cycles (Al-Omari, Beck et al. 2015). This appears to be confirmed by Figure 6.11. In 

our investigation, the impact of cycle number is in most cases limited, and we therefore limit our 
evaluation to the outcomes after 10 cycles. 

It should be noted that for the ultrasonic test there are in total six applied frost temperatures, while 
we only show results for -4 °C, -8 °C and -20 °C in Figure 6.10 and Figure 6.11, in order to present 
’mild’, ’intermediate’ and ’harsh’ conditions respectively. Moreover, the saturation degrees in both 
figures start from 0.55 rather than 0.10. This is partly because not all tests combining mild frost 
temperatures and mild moisture contents have been executed for all four types of bricks – since only 
minimal damage is expected – and partly because higher moisture levels tend to cause more damage, 
where measurement uncertainties interfere less and experimental tendencies appear more clearly. 
Despite the frost temperature and saturation degree spectra in Figure 6.10 and Figure 6.11 being 
restricted, the general conclusions should still be valid. 
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Figure 6.11: Influence of the freeze-thaw cycles on the ultrasonic evaluation along the longitudinal axis; top left: Vandersanden, top right: 

Vogelensangh, bottom left: Wienerberger (925), bottom right: Wienerberger (970) 

Impact of frost temperature and moisture content 
Having fixed the measurement direction and the freeze-thaw cycle number, it is time to compare the 
frost resistance of the four types of ceramic bricks, as well as quantifying the impact of the frost 
temperature and the moisture content. We furthermore identify their respective critical saturation 
degrees Scr (-), with the EN 12371 limit of 30% change of Young’s modulus translating to Ω equal to 
0.3 as critical value. These results are illustrated in Figure 6.12 and Figure 6.13. It should be reiterated 
that only one single sample is applied for each test condition, which yields occasional irregularities 
due to experimental uncertainties. The general trends are however reasonably reflected. 

A first glance at Figure 6.12 tells that both the frost temperature and the moisture content are positive 
contributing factors to frost damage: at the same moisture contents a lower frost temperature causes 
a greater Ω, while at the same frost temperatures a higher moisture content incurs a larger Ω. Resul-
tantly, the most extreme condition (S = 1 and T = -20 °C) is accompanied by the largest Ω values. It 
is also clearly illustrated in Figure 6.12 that the interior-application-oriented Vogelensangh brick has 
the largest red-yellow-green area, implying that this brick is most sensitive to frost damage. 
Contrarily, the Vandersanden brick shows to be less sensitive to frost damage, in agreement with its 
exterior-application purpose. The two types of Wienerberger bricks are, surprisingly, the least 

0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.2

0.4

0.6

0.8

1.0


E

S

 -4C, 5 cycles     -4C, 10 cycles
 -8C, 5 cycles     -8C, 10 cycles
 -20C, 5 cycles   -20C, 10 cycles



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 60 of 155 

sensitive to frost damage, contrary to their original purpose. It can also be observed that the 
Wienerberger brick fired at 970 °C is slightly less sensitive than its counterpart fired at 925 °C. This 
can be attributed to the fact that a higher firing temperature tends to result in larger pore sizes and 
smaller porosity, both contributing positively to the resistance to frost damage (Netinger, Vracevic et 
al. 2014). 
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Figure 6.12: Influence of frost temperature and moisture content on the ultrasonic evaluation along the longitudinal axis after 10 freeze-thaw 

cycles; top left: Vandersanden, top right: Vogelensangh, bottom left: Wienerberger (925), bottom right: Wienerberger (970) 

Figure 6.13 illustrates this trend from another angle, as a larger Scr value implies a greater frost resis-
tance, when keeping all other conditions the same. Figure 6.13 furthermore demonstrates that Scr 
depends on the frost temperature, rather than the usually assumed single value. It is hence more reaso-
nable to express Scr as an isopleth. In addition, the S values at the capillary moisture content Scap (-) 
are 0.72 and 0.74 for the Wienerberger bricks fired at 970 °C and 925 °C, respectively, just around 
or smaller that their Scr. This implies the moisture content of these two types of bricks would hardly 
ever go above Scr in common facade applications. They can therefore be considered as virtually fully 
frost-resistant, as long as the frost temperature does not drop below -20 °C. By the same argument 
the Vandersanden brick, whose Scap is 0.56, would generally be frost-resistant when the frost tempe-
rature does not go below -17 °C. On the other hand, the Vogelensangh brick with Scap 0.69 starts to 
deteriorate at a mild frost temperature of -6 °C when saturated up to its capillary moisture content. 
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Figure 6.13: The critical saturation degree in function of the applied frost temperature for all four bricks 

6.2.3.3 Towards a practical application 

Frost damage to building materials and structures have been a central aspect in the arena of building 
physics for years. There are currently multiple hygrothermal damage indicators to quantify potential 
frost damage, see section 5.3, like the Modified Winter Index, Time of Frost, ... These damage indi-
cators functions are however restricted to the climatic exposure and do not comprise the mechanical 
resistance of the material to frost damage. It is however straightforward that different materials have 
different sensitivities to frost damage, and hence respond differently when exposed to the same cli-
matic exposure. Consequently, to predict and prevent frost damage in real world situations, both the 
climatic exposure and the mechanical resistance of the material should be considered. One approach 
towards this integration is to combine hygrothermal simulation outcomes with the material frost da-
mage characteristics. Illustratively, we assume the Vandersanden brick is applied as facade material 
in a building and convert its three-dimensional Ω profile in Figure 6.12 into a two-dimensional 
contour (for visual simplicity) in Figure 6.14. 

 
Figure 6.14 Damage isopleths of the Vandersanden brick and the imaginary frost temperature and saturation degree variations of a masonry 

wall without and with internal insulation 
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Before and after the application of internal insulation, hygrothermal simulations can predict the res-
pective temperature and moisture content levels. These can be added to the damage contour plot for 
the Vandersanden brick, as shown in Figure 6.14 with imaginary hygrothermal simulation results for 
a winter situation. It is clearly illustrated that without the internal insulation most points stay within 
the range of Ω < 0.3, meaning that the facade does not suffer from significant frost damage. On the 
contrary, the retrofit with internal insulation moves the data cloud to Ω values of 0.3~0.5, increasing 
the frost damage. These frost damage isopleths hence perform a similar function as the well-known 
mould growth isopleths. They are however more rich in information, as they do not just contain one 
single boundary curve, but instead signal the actual damage potentials at the resulting hygrothermal 
states. However, while these frost damage isopleths are a major step forward from the binary freeze-
thaw testing that is generally applied, it is still unclear how the superposition of the different damage 
potentials should be accumulated towards a real frost damage development over time. Much more 
research is needed to that purpose.  

6.2.4 Conclusion 

This section studies the frost damage to four types of ceramic bricks (Vandersanden, Vogelensangh, 
and two Wienerberger, fired at 925 and 970 °C). Accelerated freeze-thaw tests at frost temperatures 
ranging from -2 °C to -20 °C and moisture saturation degrees going from 0.1 to 1.0 were performed. 
Dilatation and ultrasonic measurements were carried out to assess the frost damage. The following 
conclusions have been drawn: 

 The ultrasonic test along the longitudinal direction after 10 freeze-thaw cycles is most relia-
ble for our purpose, with the relative decrease of the elasticity modulus as the damage index; 

 The Wienerberger brick fired at 970 °C is most frost-resistant, followed by the Wienerberger 
brick fired at 925 °C, the Vandersanden brick and finally the Vogelensangh brick; 

 Both the frost temperature and the moisture content are positive contributing factors to frost 
damage, meaning that a lower frost temperature and a higher moisture content tend to cause 
more severe frost damage; 

 The critical saturation degree is not a constant but a function of the frost temperature; 
 Damage isopleths are put forward as a means to assess the risk of frost damage when milder 

frost temperature and moisture contents are to be evaluated. However, these are not the opti-
mal damage model yet, as the superposition of the different damage potentials towards a de-
velopment of damage remains unclear still. 

6.3 Algae 

6.3.1 Aim of the tests 

A better understanding of biodeterioration mechanisms that generally happen on façades due to the 
proliferation of algae and cyanobacteria is necessary in order to define a reliable prediction model. 
However, the study of bioreceptivity, which is related to the aptitude of a certain material to be 
colonised by organisms, may raise some methodological problems regarding its expression as readily 
observable and measurable phenomena (Guillitte and Dreesen 1995). Since the first visible biological 
developments generally begin after a 1-year or more of natural exposure (Dubosc 2000, Barberousse 
2007), the studies carried out on algae colonization of the façades require the implementation of 
accelerated tests. 
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Laboratory experiments were carried out in order to investigate the influence of substrate properties 
and evaluate how different environmental conditions could affect the biofouling process on building 
materials. 

6.3.2 Materials and methods 

6.3.2.1 Materials 
The microbial cultures chosen for the experimental tests were a green alga (Chlorella mirabilis strain 
ALCP 221B) and a cyanobacterium (Chroococcidiopsis fissurarum strain IPPAS B445), since they 
can be commonly found on building façades, especially in European countries (Tomaselli, Lamenti 
et al. 2000, Dubosc, Escadeillas et al. 2001, Crispim, Gaylarde et al. 2003, Gaylarde and Gaylarde 
2005, Barberousse, Lombardo et al. 2006, Barberousse 2007, Lupan and Popescu 2012, Miller, 
Sanmartín et al. 2012). The microbial strains were cultivated as pure cultures in 5 l glass flasks 
containing Bold’s Basal medium (BBM), prepared in accordance with ASTM D5589-09 (ASTM 
2009). 

Algae biofouling was evaluated on ceramic bricks, since this type of building material is usually 
found on façades, and especially in Cultural Heritage (Giuseppe 1990, Giuliani 1993). Five different 
types of bricks were selected, considering their different total porosity P, as reported in Table 6.9. 
The tested bricks can be considered representative of the variety of bricks in terms of porosity found 
in literature, with values mostly ranging between about 16% and 45% (Cultrone, Sebastián et al. 2004, 
Cultrone and Madkour 2013, Coletti, Cultrone et al. 2016b, Coletti, Cultrone et al. 2016a, Viani, 
Cultrone et al. 2018). In addition to the porosity, different roughness R was examined. A smoothing 
treatment with sand paper was manually applied on some samples. Smoothed samples were identified 
with “S”, while samples with original surface roughness were named with “R” at the end of the 
acronym. 

Table 6.9:Properties of the tested brick types (mean value ± standard deviation) 

Sample 
 

Total porosity 
[%] 

Roughness 
[μm] 

AS 19.24 ± 0.37 4.50 ± 0.27 

AR 19.24 ± 0.37 5.54 ± 0.42 

B 24.62 ± 1.02 2.95 ± 0.63 

CS 44.09 ± 1.63 6.60 ± 0.49 

CR 44.09 ± 1.63 7.60 ± 0.57 

The brick materials were preliminarily characterized before the tests. Total porosity P [%] of each 
material was determined onto three samples by mercury intrusion porosimetry (Micromeritics 
Autopore III) following ASTM D4404-10 (ASTM 2010). The surface roughness, as arithmetical 
mean roughness Ra [µm], was determined according to UNI EN ISO 4287:2009 (UNI 2009), by using 
a Taylor Hobson CCI 3D Optical Profiler. 
 



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 64 of 155 

6.3.2.2 Experimental set up and test apparatus 

As preliminary investigations before the accelerated tests, the effect of five different temperatures 
were analysed, evaluating the growth rate of algae cultures, without considering the material 
substrate. The aim was to understand the suitable temperatures to set during the accelerated tests on 
brick samples, in order to obtain useful results for the implementation of the failure model, and not 
to waste time in non-favourable environmental conditions for growth. 

According to the available literature, algae and cyanobacteria can live in a wide range of temperature, 
which are usually comprised between 5° and 40°C (Raven and Geider 1988, Lengsfeld and Krus 
2001). Considering this range, algal cultures were incubated at the following temperatures: 5°C, 
10°C, 27.5°C, 35°C and 40°C. The set temperatures were maintained with the accuracy of ± 2.5°C. 
Growth tests were carried out on both pure and mixed cultures of Chlorella mirabilis and 
Chroococcidiopsis fissurarum, using glass bottles containing 100 ml of each culture incubated at 
constant temperature. Since algal cells need sun light to reproduce, a 39 W neon (5000 K light 
temperature) was provided for day/night cycles of 14/10 h (Johansson 2005b). Every week the 
cultures were sampled and a microscopy count was carried out using a Thoma-Zeiss hemocytometer 
(Gwo, Chiu et al. 2005): the results were expressed in logarithmic scale as number of cells/ml. All 
the tests were performed in duplicate. 

Subsequently, accelerated growth tests, for the evaluation of biological defacement of building 
materials, were performed at different controlled environmental conditions (temperature and relative 
humidity). The behaviour of samples in each environment was investigated until the end of the 
biofouling process (stagnation phase). For each tested material three prismatic samples (8×8×3 cm3) 
were placed inside the climatic chambers (100×40×53 cm3), positioned on aluminium-glass racks 
inclined at 45°. All the three growth chambers were placed in a dark room to avoid the influence of 
the external environment (daily light, outdoor temperature and relative humidity). Each test apparatus 
was equipped with two neon lamps (Sylvania TopLife 39W) to provide an adequate illumination to 
simulate a day/night cycles of 14/10 h (Johansson 2005a). The lamps were positioned on the top of 
the chamber at a constant distance from the sample surface. 

In order to evaluate the influence of relative humidity on the growth of algae on fired brick surfaces, 
three different relative humidity (RHi) conditions were reproduced inside three separate climatic 
chambers (Figure 6.15a). Saturated solutions were used to condition the indoor environment of three 
glass chambers, according to EN ISO 12571:2013 (UNI 2013). RH1 (75 ± 2%) was obtained using a 
saturated solution of NaCl, RH2 (about 87 ± 2%) using a saturated solution of Na2CO3, and RH3 (about 
98 ± 2%) using deionized water (Perry 1942). To exclusively evaluate the effect of relative humidity, 
during all the tests temperature was constantly controlled and maintained at 27.5 ± 2.5°C. This 
temperature was selected considering the results of the preliminary tests and in accordance with 
literature about the optimal temperature for algae growth (Konopka and Brock 1978, Singh and Singh 
2015, Serra-Maia, Bernard et al. 2016). Once at the beginning of each test, samples were inoculated 
on nine different points on their surface with 5 µl of the mixed culture per point. 
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Figure 6.15: View of the glass chambers used to maintain different constant relative humidities; b) View of the inside growth chamber used for 

the evaluation of temperature influence on algae biofouling 

Investigations on the effect of temperature on algae growth were carried out following the 
methodology adopted in previous research (Graziani, Quagliarini et al. 2013, Graziani, Quagliarini et 
al. 2014b, Graziani, Quagliarini et al. 2016a, Graziani, Quagliarini et al. 2016b). The method well 
simulates the behaviour of roof or external wall surfaces exposed to bad weather, or leaky parts of a 
building or design defects. It consists in accelerated tests with periodical water spray on the material 
surface. 

Different growth chambers were filled with 35 l of BBM and microbial suspension, composed by a 
mix of the two algal strains, in a concentration of about 4 mg of algal cells per litre. A PVC tube, with 
three holes drilled every 20 mm in correspondence of each sample, was connected to a 500 l/h water 
pump (Blupower) submerged in the broth culture. By doing so, the algal suspension was sprinkled on 
sample surfaces, with run/off cycles of 15 minutes, for a total duration of 6 hours per day (3 hours 
run and 3 hours off). The distance from the samples to the rails to was approximately 50 mm and 
designed to allow water to run on the entire sample surfaces Figure 6.15b). 

According to the results from the preliminary experiments using different temperatures (section 
6.3.3.1) and considering the available literature (Konopka and Brock 1978, Raven and Geider 1988, 
Guillitte and Dreesen 1995, Lengsfeld and Krus 2001, Escadeillas, Bertron et al. 2009a, Singh and 
Singh 2015, Graziani, Quagliarini et al. 2016b, Serra-Maia, Bernard et al. 2016), the accelerated tests 
were set under two different temperatures. A temperature of 27.5 ± 2.5°C was selected to be within 
the range of the optimal growth conditions comprised between 20°C and 30°C (Konopka and Brock 
1978, Guillitte and Dreesen 1995, Escadeillas, Bertron et al. 2009b, Singh and Singh 2015, Graziani, 
Quagliarini et al. 2016b, Serra-Maia, Bernard et al. 2016), and a lower temperature of 10 ± 2.5°C, 
within the range of suitable growth for both the studied strains (Raven and Geider 1988, Lengsfeld 
and Krus 2001). A modified refrigerator Electrolux RC 5200 AOW2 was used to set the lower test 
temperature. In these experiments, relative humidity was assumed equal to 100%, since the wet and 
dry cycles allow keeping the sample surface wet during the test time. 

6.3.2.3 Measurement and evaluation of algae growth 

During the accelerated growth test, both quantitative and qualitative analyses were performed to 
evaluate the biofouling process on the samples' surface (Graziani, Quagliarini et al. 2013, Graziani, 
Quagliarini et al. 2014b, Quagliarini, Graziani et al. 2018). 



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 66 of 155 

Qualitative analyses were performed by chromatic investigations during the tests. Colorimetric 
measurements for the evaluation of the chromatic variation (ΔE) were carried out using a portable 
spectrophotometer (Konika Minolta CM-2600d), in accordance with UNI EN 15886:2010 and UNI 
1602371:2018 (UNI 2010) (UNI 2018). On each sample surface, nine measurements were repeated 
weekly on the same points. Results were expressed in CIELab colour space (Gwo, Chiu et al. 2005) 
and averaged to obtain a representative value for each material. Colour variations were calculated in 
terms of total colour difference ∆E, following the equation (15): 
 

∆𝐸 =  √(𝐿0
∗ − 𝐿∗)2 + (𝑎0

∗ − 𝑎∗)2 + (𝑏0
∗ − 𝑏∗)2 (15) 

where L0
*, a0

* and b0
* indicate the colour coordinates of samples before the start of the test, and L*

, 
a*, b* the coordinates periodically measured during the tests. According to standard methods (UNI 
2018) and researches (Franzoni, Fregni et al. 2014), a total colour difference ΔE<1 can be considered 
not visible by naked human eyes, while a ΔE ranging between 1 and 2 can be detectable only with a 
close observation. From an engineering point of view, a ΔE=1 could be assumed as the acceptable 
lowest limit for algae growing. In case of average ΔE>1, the term a0

*-a* was evaluated to verify if the 
colour change was actually due to the presence of algae. In fact, the variation Δa indicates to a colour 
difference in a red/green scale. That way, it permits to associate the colour variation to the appearance 
of algae as green stains: the amount of red is indicated by positive values (Δa>0), while a green toning 
by negative values (Δa<0). Thus, in case of average 1<ΔE<2 but at the same time average Δa>0, it 
can be reasonably assumed that the colour variation is not due to the presence of algae. 

The colorimetric analyses were associated to the quantification of the biofouling extension, evaluated 
by a (quantitative) Digital Image Analysis (DIA) (De Muynck, Ramirez et al. 2009, Giovannacci, 
Leclaire et al. 2013, Graziani, Quagliarini et al. 2014b, Quagliarini, Graziani et al. 2018), which is a 
non-destructive test and whose effectiveness has been confirmed in previous studies (Escadeillas, 
Bertron et al. 2009b, Giovannacci, Leclaire et al. 2013). 

In particular, to calculate the extension of colonized area the threshold method was adopted (De 
Muynck, Ramirez et al. 2009, Giovannacci, Leclaire et al. 2013, Graziani, Quagliarini et al. 2014b, 
Quagliarini, Graziani et al. 2018). Sample surfaces were digitalized weekly with a scanner HP Scanjet 
G3010 (600 dpi resolution). The scanned images were elaborated to calculate the algal coverage, 
expressed as a percentage of the total sample area. To identify the colonized area, the acquired images 
were processed with ImageJ software (Tiago and Wayne 2011, Schneider, Rasband et al. 2012): once 
set the threshold values in CIELab colour space, images were binary converted to consider only the 
contaminated pixels by algal cells (Figure 6.16). The covered area by microalgae was represented as 
the percentage of the black pixels on the total area of the sample (De Muynck, Ramirez et al. 2009). 
Measurements were carried out once a week during the accelerated growth tests and results were 
reported as average values and standard deviations of three samples for each fired brick material. The 
samples were tested in the accelerated growth environment until their maximum coverage was 
reached and maintained after two subsequent measurements defining a stabilization point. 
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Figure 6.16: An example of binarization process; from left to right: scanned images from the original sample were elaborated by a filtering 

process (threshold method) to obtain binary images 

6.3.3 Results and discussion 

6.3.3.1 Preliminary investigations on growth rate of algae cultures 

The results of the preliminary investigations at different constant temperatures and wet conditions, 
without the influence of the substrate are expressed as growth curves of the pure (CM or CF) and 
mixed (MIX), in Figure 6.17. Regarding Chlorella mirabilis (CM) (Figure 6.17a), an increasing 
number of cells was counted at both 10 and 27.5 °C. The growth process was in accordance with 
observations reported in (Shukla, Kvíderová et al. 2013), that studied the growth of Chlorella 
mirabilis in low-temperature environments. On the contrary, at T=5 °C the number of cells was 
constant over the time (attested at about 105 cells per ml). The higher tested temperatures (35 °C and 
40 °C) leaded to a remarkable decrease in the cell numbers of the tested strains, with a considerable 
reduction after 14-21 days of test. Regarding the growth of Chroococcidiopsis fissurarum (CF) 
(Figure 6.17b), no particular effect of the tested temperatures was observed at the end of the 
monitoring, thus confirming the high adaptation of this blue algal species to extreme environments 
(Billi 2010). Finally, the growth curves of the mixed cultures (Figure 6.17c) substantially reflected 
the trends of the growth curves related to the two pure cultures. 

In order to assure the presence of both the two microorganism species during the tests on the building 
materials, the growth temperatures of the accelerated tests were chosen following these results. Thus, 
T=10 °C and T=27.5 °C were selected, as the most suitable temperatures to allow the growth of both 
Chlorella mirabilis and Chroococcidiopsis fissurarum. The chosen temperatures correspond to what 
is reported into the available literature (Raven and Geider 1988, Lengsfeld and Krus 2001). 
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Figure 6.17: Growth curves of: a) Chlorella mirabilis CM; b) Chroococcidiopsis fissurarum CF; c) mixed culture MIX. The growth of the 

microbial species was tested at five different temperatures 

6.3.3.2 Accelerated tests on types of brick 

Figure 6.18 (a, b, c) shows the total colour difference ΔE of the brick samples exposed to different 
relative humidities (RH1=75%, RH2=87%, RH3=98%). During the 36 weeks of test, all the samples 
AR and B showed an average colour variation ΔE < 1 at all the tested RHs, thus under the limit of 
human perception. Average colour variations higher than 1 (but lower than 2) were registered only 
on samples CR from 9th week and onward when exposed to RH3=98%, while an average ΔE<1 was 
always measured at RH1 and RH2. However, the red/green difference Δa*, investigated to check a 

a) 
  

 

 

b) 
  

 

c) 
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possible chromatic change to green due to the presence of chlorophyll, gave always positive average 
values (Figure 6.19). Therefore, it can be assessed that at RH ≤ 98% no (qualitative) signs of algae 
growth was present. 

 
Figure 6.18: Total colour difference ΔE of samples AR, B and CR: a) RH1=75%; b) RH2=87%; c) RH3=98%. Results are reported weekly; 

vertical line bars indicate standard deviations 

a) 
  

 

b) 
  

 

c) 
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Figure 6.19: Red/green colour difference Δa of sample CR_98 (98 % RH). Results are reported weekly; vertical line bars indicate standard 
deviations 

Digital Image Analysis results on bricks exposed to constant relative humidities confirmed the 
previous qualitative colorimetric analysis. Measurements are not reported, since the covered area 
during all the tests was always equal to 0 for each sample. This quantitatively demonstrated that the 
exposure to RH ≤ 98% does not seem to allow algae growth on the tested brick samples. 

Figure 6.20 reports the results, obtained by DIA, about the quantification of the covered area by algae, 
during the accelerated run-off tests on brick materials at two different temperatures: 10°C and 27.5°C 
(i.e. moisture conditions comparable with 100 % RH according to section 0. Samples AR and AS 
showed similar growth processes after the exposure under 27.5 °C (Figure 6.20 a-b). A very slow 
growth was observed until the 27th day, and after 140 days, the maximum covered areas in both cases 
reached about 80%. Concerning the results from tests at T=10 °C, it is noticeable that biofouling was 
significantly affected by the lower temperature. Indeed, the measured covered areas were less than 
10% of the total area during the stagnation phase of growth after 182 days of test (Figure 6.20 a-b).  

A similar behaviour was observed on brick type B. The tested samples at T=27.5 °C were covered on 
average up to 65% of the total area after 63 days, while at T=10°C samples reached on average 12% 
of coverage after about 70 days (Figure 6.20 c). Considering brick type C, both rough (CR) and 
smoothed (CS) surfaces showed green coverage equal to 90% of the total area at T=27.5°C (Figure 
6.20 d-e). After 42 days, the trend of the measured data reached the stagnation phase. On the contrary, 
at T=10 °C (Figure 6.20 d-e), CR and CS samples showed on average 35 % of algal coverage after 
49 days. 

Moreover, comparing the measurements of the two accelerated tests performed at T=27.5°C and 
T=10°C, it is possible to assess that the covered area decreased when the samples were exposed to a 
colder temperature (T=10°C). 
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Figure 6.20: Average area coverage on fired bricks: a) samples AR; b) samples AS; c) samples B; d) samples CR; e) samples CS, at the 

temperatures of T=10°C and T=27.5°C 

a)  b)  

c)  

d)  e)  
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Finally, the role of the substrate was accounted, by evaluating the differences in terms of maximum 
covered area by algae at the end of the tests and the time to reach it Figure 6.21 (a) reports the number 
of days until the stagnation phase was reached in relation to the porosity of each sample. However, it 
is evident how a brick type with a high porosity (type C, P=44%) accelerated the coverage process 
compared to a brick type with a low porosity (type A, P=19%). Porosity also influenced the effect of 
temperature, having a higher effect on the duration of the biofouling process at low porosity (duration 
30 % longer at 10 C than at 27.5 C) than at high porosity (duration 15 % longer). 

The effect of roughness on the average covered area at the end of the tests is reported in Figure 6.21 
(b). A roughness higher than 6 µm favoured algae growth, compared to samples with lower 
roughness. Roughness influenced the effect of temperature, too. On samples with high roughness the 
average algal coverage decreased by 60%, while on samples with low roughness it was decreased up 
to 80%. 

a) 
 

b) 
 

 
Figure 6.21: a) Duration of the accelerated biofouling process on the tested brick types (having different porosities); b) Average covered area by 

algae at the end of the tests depending on the surface roughness 

6.3.4 Conclusion and future work 

The biofouling processes of a green alga Chlorella mirabilis and a cyanobateria Chroococcidiopsis 
fissurarum were investigated on five types of brick, through accelerated growth tests at different 
relative humidity and temperature. 

Concerning the tests evaluating the effect of relative humidity, colorimetric variations detected on 
samples’ surfaces were generally lower than the perceptible threshold for the human eye. Quantitative 
analysis (DIA) confirmed this result, since no covered area by algae was detected on any sample at 
RH ≤ 98%. Results are independent on substrate properties such as total porosity and roughness. An 
eventual presence of algae and cyanobacteria at the microscopic level, not detectable by the 
instruments used in this work, could be also acceptable since it corresponds to a non-visible algae 
growth on a façade from an engineering point of view. Thus, from an engineering standpoint, RH < 
98% can be assumed as a safety limit not to exceed. 

In accelerated growth tests performed at T=10°C and T=27.5°C (optimal growth temperature), the 
algal biofouling was highly influenced by the temperature conditions. 10°C slightly reduced the rate 
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of the biofouling process and significantly the total covered area on samples at the end of the test 
compared to 27.5°C. Experimental results confirmed the role of the substrate on algae growth: high 
porosity and high roughness favoured colonization, by influencing it in terms of growth rate and 
covered area at the end of the process. 

Finally, it can be pointed out that porosity strongly influences the rate of biofouling process: a higher 
value of porosity corresponds to a faster algae growth. At the same time, roughness seems to affect 
the covered area reached at the end of the biofouling: the percentage of algal coverage has an 
increasing trend from smoother to rougher surfaces. Moreover, the biofouling is significantly reduced 
by the effect of a substrate characterized by low porosity and/or low roughness combined with a low 
temperature. 
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7 Evaluation of and advance on prediction models 

7.1 Round robin of mould prediction models 

7.1.1 Aim of the study 

As described in section 5.1, several models for predicting mould in buildings are available. 
Previously, comparisons of the design and/or results of the models have been performed. In some 
cases, suggestions on how to improve the models have been presented. However, to the best of our 
knowledge, the results from the most commonly used prediction models have not previously been 
compared to real outcome. In the present study, we aimed to evaluate the models in relation to actual 
mould growth in different building parts.  

In all models, choices of input parameters need to be made by the person performing the simulation. 
One such parameter is related to a material’s susceptibility to mould growth. Therefore, there is a 
possibility that the outcome of the model will be different depending on who is performing the 
simulation. To map this possibility, the study was performed as a round robin test. The design or the 
in-depth equations and assumptions on which the different models are based, were not evaluated. In 
addition, not all possibly available models have been evaluated, instead the models to be used were 
chosen by each partner in the round robin. 

7.1.2 General description of the study 

In a previous field study, samples of different building materials were exposed in different 
crawlspaces and attics for up to three years. The development of mould growth on the samples was 
studied by time and RH and temperature was continuously logged (Johansson, Wadsö et al. 2018). In 
the present study, mould models were used to predict the “risk” for mould growth on building 
materials in five test sites by using the measured climate data. 

Different partners in RIBuild performed simulations and predictions independently of each other on 
the same data. The outcome was compared between performers and to results from analysis of mould 
growth on test specimens. The procedure is schematically described in Figure 7.1.  
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Figure 7.1: Schematic overview of the design of the study. The green area represents the field study previously performed. The blue area 

represents the round robin presented in this report 

7.1.3 Input data from field study 
Field study data that formed the basis for the round robin in the study is described in (Johansson, 
Wadsö et al. 2018). Below is a brief description of the test. 

Test specimens, sized 5x10 cm, of five different building materials (gypsum board, plywood, thin 
hardboard, chipboard and spruce) were placed in crawlspaces and attics in different parts of Sweden 
in up to 3 years. In each test site, seven replicates of each material were mounted in clips of stainless 
steel on the inner roof or blind floor. A data logger with internal sensors (Testo 175H1) was placed 
near to the specimens to ensure that the conditions logged were as close as possible to those that the 
specimens were exposed to. The temperature and RH at each test site was registered hourly. 

The loggers were calibrated at several temperatures and RH before and after exposure. In many cases, 
the loggers had drifted, so that they showed higher values after exposure than before exposure in the 
field. The measured values of the loggers were therefore adjusted both according to calibration and 
drift, as described in (Johansson, Svensson et al. 2013). The expanded measurement uncertainty for 
each logger was calculated.  
 
The original study included 12 different test sites. In the present round robin, results from five of the 
test sites, four attics and one crawlspace, was used. Note that the numbering is not the same as in the 
original report (Johansson, Wadsö et al. 2018). In this study, the different test sites are denominated 
“Climate1”, “Climate2”, “Climate3”, “Climate5” and “Climate6”. The measured RH and temperature 
(adjusted according to calibration) in each test sites are shown in Figure 7.2 and Figure 7.3. 
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Figure 7.2: Measured RH (%) and temperature (°C) by time (hours). The blue and red dotted  horizontal lines is the mean value of RH and 

temperature respectively 

 
Figure 7.3: Measured RH (%) and temperature (°C). Each dot is hourly measurements. The blue, horisontal, and red, vertical, dotted line shows 

the mean value of RH and temperature respectively 

The surface exposed to open air in the attics and crawl spaces was examined for mould growth at 10-
40x magnification under the microscope at irregular intervals of three to six months. Both mould 
growth visible to the naked eye and mould growth only visible under the microscope was included 
and  rated according to a five-point rating scale (Johansson, Ekstrand-Tobin et al. 2014), see section 
6.1.2.3 and Table 6.3. Observe that the numbers of the rating scale cannot directly be translated to 
other, similar rating scales.  
 
Mould growth was considered established at each test specimen when the rating was at least 2 for the 
first time and for the material group when the median value of ratings of all seven test specimens 
were ≥ 2. The rating scale and the definition of established growth has been thoroughly estimated and 
validated (Johansson, Ekstrand-Tobin et al. 2012, Johansson, Svensson et al. 2013, Johansson, Wadsö 
et al. 2018). 
 



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 77 of 155 

The results from the mould growth analyses at the end of the test period are presented in Figure 7.4 
and for each analysis time and climate in Appendix 2 and Appendix 3. 

 
Figure 7.4: Results from the analysis of mould growth on seven test specimens of each material at the end of the evaluated test period 

7.1.4 Prediction using mould growth models 

Field measurement data were sent to five different RIBuild partners as separate .csv files for each 
climate. The file contained hourly values of calibrated RH, temperature and time stamp. The partners 
were asked to use the data in the model(s) commonly used in their organisation to predict mould 
growth on the five different materials: plywood, chipboard, pine, gypsum board and thin hardboard. 
No other information than photos and description was given to the partners. 

The models used was the updated VTT model, Sedlbauers LIMcurves, WUFI®-Bio, MRD-model, 
m-model version 2.0 (in this paper denominated as the m-model) and the PJ-model. The models are 
presented in short below. For a more thorough description of each model, we refer to the references 
given for each model respectively. Some of the models are also described in (Vereecken and Roels 
2012, Gradeci, Labonnote et al. 2018).  

To illustrate the outcome and evaluation of models and to compute statistics on agreement of 
prediction of models and real outcome, each of the models used was programmed and conducted by 
RISE in R (R  Core Team 2018), also using packages dplyr (Wickham, Francois. et al. 2017), lubridate 
(Grolemund and Wickham 2011) and ggplot2 (Wickham 2009). To ensure that the programming of 
the models agreed with the original model, the outcome was compared to the outcome from each 
partner’s simulation. As the algorithms for WUFI®-Bio are not public, simulation was made in the 
program and the results, .csv files, were used. 
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7.1.4.1 VTT model 

General description 
This model was first presented in a version aiming to predict mould growth on wood (Hukka and 
Viitanen 1999). It was later modified to handle also other materials. The latter version is often 
referred to as “the new VTT model” (Ojanen, Viitanen et al. 2010). The model is available as a 
postprocessor in the hygrothermal simulation programs DELPHIN and WUFI. In this study, the 
partners used either DELPHIN or excel files, programmed after published version  

Parameters in the model 
The material susceptibility parameters to be chosen in the model are shown in Table 7.1. The 
description differ slightly between the published description (Ojanen, Peuhkuri et al. 2011) and 
DELPHIN. Two additional parameters linked to material properties can be chosen in the model; 
Wood species (W=0 for pine or W=1 for spruce) and surface quality (SQ=0 for sawn surfaces, SQ=1 
for kiln dried surfaces). In addition, a parameter (Cmat) is used in the model in relation to the effect of 
the duration of unfavourable conditions, see Table 7.2. 

Table 7.1: Sensitive classes in the VTT model. The descriptions vary some between the model as it is described in 
the published model (Ojanen, Peuhkuri et al. 2011) and in DELPHIN (Bauklimat-Dresden 2019). M is the value 

of mould resistance parameter in the m-model (Section 7.1.4.4) 

Mould 
Sensitivity 
Class 

Material description according to 
(Ojanen, Peuhkuri et al. 2011) 

Material description in DELPHIN M in m-model 
(Section 
7.1.4.4) 

Very sensitive Pine sapwood Untreated wood; includes lot of nutrients 
for biological growth 

0.58 

Sensitive Glued wooden boards, PUR with 
paper surface, Spruce 

Planed wood, paper-coated products, 
wood-based boards 

1 

Medium 
resistant 

Concrete, aerated and cellular 
concrete, glass wool, polyester 
wool 

Cement or plastic based materials, 
mineral fibers 

8 

Resistant PUR polished surfaces Glass and metal products, materials with 
efficient protective compound treatments 

18 

 

Table 7.2: Description of Cmat 

Ceff/Cmat Description 

1.0 Pine in original model, short periods 

0.5 Significant relevant decline 

0.25 Relatively no decline 

0.1 Almost no decline 
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Outcome of the VTT model and evaluation of results 
The outcome of the model is a dimensionless value, denominated Index. It describes the mould 
growth intensities, with values between 0 (no growth) and 6 (heavy and tight growth, coverage about 
100%). The partners in this study used the index 1 as limit values, according to (Ojanen, Viitanen et 
al. 2010). However, in other publications other limit values can be used. 

7.1.4.2 WUFI®-bio 

General description 
The WUFI®-Bio model is an add-on tool to the hygrothermal simulation program WUFI (WUFI 
2019) . It is either used directly in the hygrothermal WUFI simulation program or as a separate model 
with input data from other simulation tools or from measurements.  

The idea behind the model and its’ design is described in (Sedlbauer 2001b, Gradeci, Labonnote et 
al. 2016), however the equations are not published. In this project output from the program in the 
form of .csv files are used. 

Parameters in the model 
The model is based on isopleth system curves. The isopleths for the different material groups are 
presented graphically in the description within the program. The model includes the material 
classifications seen in Table 7.3. 

Table 7.3: Classes in WUFIbio and Sedlbauer Isopleths (WUFI 2005) 

Material 
classification 

Materials 

Class 0 Optimal culture medium (e.g. full medium). This represent the maximum growth 
possible for any mould found in buildings 

Class I Bio-utizable substrates, such as wall paper, plaster board, building products made of 
biologically degradable materials, materials for permanent joints, strongly 
contaminated surfaces 

Class II Less bio-utizable substrates with porous structure, such as plaster, mineral building 
materials, certain woods, insulating materials not belonging to Class I 

 

Outcome of WUFI®-Bio and evaluation of results 
Results are presented as graphs showing either mould growth in mm by time or mould growth index 
by time during one year at a time. The index corresponds to the index in the VTT model (see section 
7.1.4.1). The results are also presented in a so-called signal light system according to Table 7.4.  

The limit for mould growth corresponds to an index of 2, this was also used as the limit criteria by 
the partner performing the simulation. In Table 7.4, it says that green light corresponds to a mould 
index of approx. 0.5. In (Viitanen, Krus et al. 2015) it is stated that it is only a negligible risk for 
mould growth and the traffic light remains green. In the “yellow light” field, it is up to the user of the 
model to decide on what is accepted in the specific case. 

In this project, the logged climates span over more than one year. The results are evaluated for the 
whole logged period (approximately 2.5 years). The threshold limit for mould growth was set to 2 
(“red light”) and 1 (“yellow light”).  
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Table 7.4: Description of evaluation according to traffic light signal in WUFIBio (WUFI 2005)  

Light Description 
Red Mould growth exceeds 200 mm/year, which corresponds to a mould index of approximately 2. 

Usually not acceptable 
Yellow Mould growth is between 50 mm/year and 200 mm/year.  

Additional criteria or investigations are needed. 
Green Mould growth is below 50 mm/year, which corresponds to a mould index of approximately 0,5.  

Usually acceptable 

7.1.4.3 MRD model 

General 
The MRD model is presented in (Isaksson, Thelandersson et al. 2010), as a stand-alone program  and 
as a postprocessor in WUFI (MRD 2016). 

The model uses mean values of RH and temperature in a time interval of 12 h as input, and the input 
data must start at hours 8:00 or 20:00.  

Material parameter   
The model is based on a critical dose (Dcrit) which represents the number of days before mould growth 
is initiated on a material at 90 % RH and 20 °C. In the description of the model, it is stated that Dcrit 
should be tested in the laboratory and no values for different materials are presented. In an information 
document to the model (MRD 2016), some examples of Dcrit for different materials are presented, see  
Table 7.5. One of the partners using this model has interpreted that this could be used to estimate 
RHcrit also for other materials and this was used as input in the study, see section 7.1.5. Dcrit is defined 
as ”the number of days it takes before mould growth starts on a specific material during constant 
climate exposure, 20 °C and 90 % RH.” In this table only the first four values are shown, as these 
were chosen in the study. Dcrit of five other materials, all impregnation or modifications of wood, 
are presented in the full table 
 

Table 7.5: Values of the material parameter in MRD modelling the tool (reference).  

Material Dcrit,d (Days) 

Norway spruce, planed, commercial quality 17 

Scots pine, planed 12 

Norway spruce, sawn surface1 10 

Scots pine, sawn surface1 8 

… … 

Outcome of the MRD-model and evaluation of results 
In the model, a dose, D, is produced by time. The output is the MRD index, calculated by dividing D 
with the critical dose Dcrit. When the MRD-index exceeds 1 it is assumed that mould growth can 
occur.   
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7.1.4.4 M-model version 2.0 

General description 
The m-model was originally developed by Skanska to be used as an internal tool that could be used 
both to predict if a building part could get mould growth and to make rational choices between 
different design options (Togerö, Svensson Tengberg et al. 2011). The model is also described in 
(Gradeci, Labonnote et al. 2018) 

In 2013, it was decided to release the model to the public domain. Before making the m-model public 
the model was investigated in a research project (Johansson, Wadsö et al. 2018). The model was 
slightly simplified, and the nomenclature and symbols have been revised. The new version is called 
the m-model version 2.0 and a postprocessor program is available at (Fuktcentrum 2019) 

Material parameter 
The choices of material parameters for group of building materials are the same as in the VTT model, 
Table 7.1. To each group, there is a corresponding value M. This value is based on values in the first 
version of the m-model, however the values will be updated in the future. For now, these are the 
values available when evaluating the model.  

Outcome of the m-model and evaluation of results 
The result of the m-model is a parameter m, by time. Six different values are calculated based on 
different time scales,  (1 d, 1 w, 2 w, 4 w, 8 w, 12 w). If the m-value for any of the time scales 
exceeds M of a certain material, the model predicts mould growth. 

7.1.4.5 The Sedlbauer´s LIMcurves  

General 
The Sedlbauer´s LIMcurves is an Isopleth model taking into account the temperature and RH at a 
material surface. The curves used in the model is further described in (Sedlbauer 2001a).   

Material parameters 
There are 3 different substrate classes according to Table 7.3.  

Evaluation of results from the Sedlbauer´s LIMcurves 
To evaluate the results there are different curves for different duration of the temperature and RH, 
e.g. 2 days, 4 days etc. (Sedlbauer 2001a).  However, in most of the cases in this round robin only the 
lowest LIMcurve was used. 

7.1.4.6 The PJ-model  
General 
The PJ-model is a static Isopleth model. The model has not previously been described as a model. It 
is a part of the application of a standard test method for assessing the critical moisture level for mould 
growth on building materials, appendix B, in (SIS 2014) also described in section 6.1.2.5. In this 
study, version 1.0 is used. However, the PJ-model is under development and later version may be 
published.  
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Material parameters 
The material parameter input to the model is RHcrit, which is the tested critical moisture level for a material. A 

specific product can belong to one of five material classes according to  

Table 6.5. From these, growth limit curves are constructed according to equations in section 6.1.2.5 
and Figure 6.5.  

The RHcrit according to the method/model has been published for some materials (Johansson, 
Ekstrand-Tobin et al. 2012). However, as different products have their specific RHcrit, according to 
the model material data needs to be provided for each product through testing.  

If the RHcrit is not known, it is recommended to use Class A. This is also in line with recommendations 
from the Swedish National Board of Housing (Boverket Swedish National Board of Housing 2014). 
It is recommended that the material producers provide and communicate data of RHcrit. Some 
producers in Sweden have performed tests at RISE. As this is commercial information, it is not 
referred to in this study. We have no knowledge about whether testing have been performed at other 
laboratories for other materials.  

Outcome of the PJ-model and evaluation of results 
If RH values are below the lower growth curve in Figure 6.5 no mould growth is expected. If it 
exceeds the upper limit growth curve, mould growth is predicted. Values in the zone between the 
upper and lower curve represent a “yellow-light case”. However, the model also predict mould in 
these cases to be on the safe side. (Johansson 2012, Johansson, Svensson et al. 2013). 

7.1.5 Selected parameter values for different models in the study 

Different partners chose different parameter values in the round robin study. In the VTT model, there 
are many choices and hence many possible combinations of parameters. The different combinations 
chosen by different partners are shown in Table 7.6. The parameters chosen for the other models are 
presented in Table 7.7. 

Table 7.6: Combinations of parameters for different materials chosen by different RIBuild partners using the 
VTT model. Each unique combination of parameters corresponds to a letter (ltr), to identify different cases 

during the evaluation. Note that different materials may belong to the same group (ltr) 

Material Class Surface Wood Cmat ltr 

Chipboard, Gypsum board, Thin hardboard Sensitive 0 0 0.100 a 
Chipboard, Gypsum board, Thin hardboard, Spruce, 
Plywood Sensitive 0 0 0.300 b 

Chipboard, Gypsum board, Thin hardboard Sensitive 0 0 0.500 c 
Chipboard, Gypsum board, Thin hardboard, Spruce, 
Plywood Sensitive 1 1 0.250 d 

Plywood, spruce Very sensitive 0 0 0.100 e 

Plywood, spruce Very sensitive 0 0 0.500 f 

Gypsum board, spruce Very sensitive 0 0 0.250 g 
Chipboard, Gypsum board, Thin hardboard, Spruce, 
Plywood Sensitive 0 0 0.000 h 

Plywood, Thin hardboard, Chipboard Sensitive 0 0 0.250 i 
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Table 7.7: Summary of choices of parameters in other models used by different RIBuild partners 

 Sensitivity 
Class WUFI 
bio and 
Sedlbauers 
LIMcurves 
Table 7.3 

Dcrit MRD model 
 

RHcrit  

PJ-model 
 
Table 6.5 

m-model 
Sensitivity class 
Table 7.1 Estimated from 

Table 7.5 
(Johansson, 
Ekstrand-Tobin 
et al. 2012) 

Plywood Class I Dcrit=10 Dcrit =7 A*** Very sensitive, Sensitive 

Chipboard Class I Dcrit=8 Dcrit =28 B*** Sensitive 

Thin hardboard Class I Dcrit=17 Dcrit =77 C*** Sensitive 

Gypsum board Class I Dcrit=8 Dcrit =100* D*** Very sensitive, Sensitive 

Spruce Class I Dcrit=10 Dcrit =70** C** Very sensitive, Sensitive 

*There was no mould growth on this material hence there is no Dcrit available. The length of the test was 84 days. In the 
description of the MRDmodel (Thelandersson and Isaksson 2013) it is not specified how long time a test for determining 
Dcrit should last. 

**Results from laboratory tests in (Johansson, Wadsö et al. 2018) 

***Results from laboratory tests according to (SIS 2014) and presented in (Johansson 2012)  

7.1.6 Comparison of predications and real outcome 

The outcome of the models based on the evaluation criteria of each model were compared to the 
analysis for mould growth in the previous field study. As the possibility for mould growth vary by 
time in some models and test climates, the evaluation criteria was to consider if there was predicted 
mould growth at any point of time. This was then compared to if there was mould growth or not at 
the end of the exposure in the field study. 

The static models (PJ-model and Sedlbauers isopleths) considered the conditions during the whole 
test period and the mould growth at the end of the period, see an example in Figure 7.6. 

7.1.7 Results 

Examples on how the comparison between predictions and results of mould growth were performed 
are presented in Figure 7.5 and Figure 7.6. In the example in Figure 7.5 two cases (VTT model 
predictions) predicted growth. However, mould growth was established on all samples (after around 
10.000 hours). Consequently, most of the predictions were wrong in this example. In Figure 7.6 all 
samples predicted growth and it agreed with the real results. Comparisons in this case were made in 
the end of the measured period.   

The complete comparison given as the same type of graphs can be found in Appendix 2 for the 
dynamic models and Appendix 3 for the static models.  
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Figure 7.5: Comparison of the outcome of dynamic models (upper four graphs) and mould growth on test specimens, lower graph (Climate 1, 

material Plywood). Descriptions on how the outcome is evaluated for each model is found in section 7.1.4.  
The lower most graph shows real mould growth by time, the thick horizontal line in each box represents the median growth on seven test 

specimens. Mould growth is established when the median is at or above 2 (horizontal dotted line).  
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Figure 7.6: Comparison of the outcome of static models (PJ-model and Sedlbauers limcurves) and mould growth on test specimens (Climate 1, 
material Plywood). If the measured RH is above the red limit curve, mould growth is predicted (both models). If it is above the yellow line, 
RHcritlow, there is a possible risk for mould growth (PJ-model). The right graph shows the real outcome. When the median is 2 or more 

(horizontal dotted line) mould growth is considered established.   

In Climate5, the conditions for mould growth were favourable as RH is relatively high and the 
temperature is over 0°C during the entire test period (Figure 7.2). In addition, the variations between 
higher and lower RH are small. Mould growth was established on all samples of every material. The 
other extreme is Climate6, where the conditions of RH and temperature were unfavourable and there 
was no mould growth on any of the samples. In the three other climates, Climate1, Climate2 and 
Climate3, the RH and temperature varied considerably between unfavourable and favourable 
conditions during the entire test period. In the comparison between predicted and actual growth, 
Climate1, Climate2 and Climate3 was evaluated as one group and Climate5 and Climate6 as separate, 
extreme climates. The results for all models are shown in Table 7.8, Table 7.9 and Table 7.10. 

 
Table 7.8: Summary of comparison of predicted outcome for each model and results from field tests for 

Climate1, Climate2 and Climate3 treated as one group. Cells that are marked with green represents cases where 
prediction and actual mould growth agreed and red where it disagreed. 

Model Predicted mould growth 
by model 

Established mould growth on test specimens 
(Numbers of observations for each model. percentage 
of total observations for each model is shown in 
bracket) 
No  Yes 

m-model version 2.0 
No 5 (27%) 13 (72%) 
Yes 0 (0%) 0 (0%) 

MRD-model 
No 4 (22 %) 14 (78%) 
Yes 0 (0%) 0 (0 %) 

VTT model 
No 16 (22%) 44 (61 %) 
Yes 2 (3 %) 10 (14 %) 

WUFI®-bio, “yellow 
traffic light” 

No 3 (25%) 9 (75%) 
Yes 0 (0%) 0 (0%) 

WUFI®-bio, “red traffic 
light” 

No 3 (25%) 9 (75%) 
Yes 0 (0%) 0 (0%) 

SedlbauerLIM 
No 0 (0 %) 0 (0%) 
Yes 5 (33 %) 10 (67%) 

PJ-model RHcritlow 
No 1 (7%) 0 (0 %) 
Yes 4 (26 %) 10 (67%) 

PJ-model RHcritup 
No 4 (26%) 1 (7%) 
Yes 1 (7 %) 9 (60 %) 
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Table 7.9: Summary of the results from comparison of the predicted outcome for each model and results from 
field tests for Climate5. Cells that are marked with green represents cases where prediction and actual mould 

growth agreed and red where it disagreed 

Model Predicted mould growth 
by model 

Established mould growth on test specimens 
(Numbers of observations for each model. percentage 
of total observations for each model is shown in 
bracket) 

No Yes 

m-model version 2.0 
No 0 (0%) 0 (0%) 
Yes 0 (0%) 6 (100%) 

MRD-model 
No 0 (0%) 0 (0%) 
Yes 0 (0%) 6 (100%) 

VTT model 
No 0 (0%) 0 (0%) 
Yes 0 (0%) 24 (100%) 

WUFI®-bio, “yellow 
traffic light” 

No 0 (0 %) 0 (0 %) 
Yes 0 (0 %) 15 (100 %) 

WUFI®-bio, “red traffic 
light” 

No 0 (0 %) 0 (0 %) 
Yes 0 (0 %) 15 (100 %) 

SedlbauerLIM 
No 0 (0 %) 0 (0 %) 
Yes 0 (0 %) 15 (100 %) 

PJ-model RHcritlow 
No 0 (0 %) 0 (0 %) 
Yes 0 (0 %) 15 (100 %) 

PJ-model RHcritup 
No 0 (0 %) 0 (0 %) 
Yes 0 (0 %) 15 (100 %) 
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Table 7.10: Summary of the results from comparison of the predicted outcome for each model and results from 
field tests for Climate6. Cells that are marked with green represents cases where prediction and actual mould 

growth agreed and red where it disagreed 

Model Predicted mould growth 
by model 

Established mould growth on test 
specimens 
(Numbers of observations for each model. 
percentage of total observations for each 
model is shown in bracket) 

No Yes 

m-model version 2.0 
No 6 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

MRD-model 
No 6 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

VTT model 
No 24 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

WUFI®-bio, “yellow traffic light” 
No 15 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

WUFI®-bio, “red traffic light” 
No 15 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

SedlbauerLIM 
No 15 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

PJ-model RHcritlow 
No 15 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

PJ-model RHcritup 
No 15 (100%) 0 (0%) 
Yes 0 (0%) 0 (0%) 

7.1.7.1 Dynamic models 

When the extreme climates (Climate5, Climate6) were used as input in the models with the different 
parameters chosen, there was an 100 % agreement between the prediction of mould growth using the 
different dynamic models (VTT model, WUFI®-bio, m-model version 2.0 and MRD-model) and the 
outcome of mould growth analysis (field study). All models predicted mould growth in Climate5 and 
mould growth was established on all materials. The models predicted no mould growth in Climate6, 
in agreement with the results from the field study. 

In the cases were the RH and temperature varied a lot, both daily and seasonally (Climate1 Climate2, 
Climate 3), the agreement between the prediction from the models and actual mould growth on test 
specimens varied. The summary of the predictions and real outcome for those climates is presented 
for all dynamic models in Table 7.11. 
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Table 7.11: Summary of comparing predictions for mould growth of the dynamic model and outcome of analysis 
from the field exposure test for Climate1, Climate2 and Climate3 

Predicted growth by models Established mould growth on test specimens 
No Yes 

No 31 (23%) 89 (67%) 

Yes 2 (2%) 10 (8%) 

7.1.7.2 Static models (limcurve models) 

In the extreme climates (Climate5 and Climate6), the prediction from static models (PJ-model and 
Sedlbauers LIMcurves), and actual growth are in 100 % agreement. 

For Climate1, Climate2 and Climate3, the agreement between predicted and outcome is in general 
very good. In the cases where there is no agreement, the models are conservative, that is they predict 
mould growth when there is no established growth. However, the margin differs between the two 
models, se example in Figure 7.7.  

 
Figure 7.7: Example case of when the static models are conservative (Climate 2, Thin hardboard). If the measured RH is above the red limit 

curve, mould growth is predicted (both models). If it is above the yellow line, RHcritlow, there is a possible risk for mould growth (PJ-model). When 
the median is 2 or more (horizontal dotted line) mould growth is considered established.   

7.1.8 Discussion 

Mould prediction models aim to predict whether there will be mould growth or not in a building part 
with known or simulated RH and temperature. Several such models have been developed based on 
laboratory data. In this study, the prediction of mould growth on different building materials in 
different building parts were compared to actual mould growth in a round robin study. The models 
require input choices made by the user of the model. The aim of the study was to assess the 
performance of the models based on choices and interpretation made by the different partners 
participating in the round robin.  

The results show that the outcome of mould prediction models for mould growth on the same building 
materials in the same climatic data is dependent on the end user of the model. In addition, the result 
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showed that in most cases there was a discrepancy between the outcome of the dynamic prediction 
models and real results of actual mould data. Unfortunately, in some cases the partners did not 
interpret the results from their simulations, i.e. would there be mould growth or not. However, they 
did describe how the interpretations should be made and we based the evaluation on these 
descriptions. 

In the “extreme cases”, dry conditions (Climate5) or wet conditions (Climate6), with small 
fluctuations, the outcome of all models was in good agreement with results from field studies of 
mould growth. For an experienced practitioner, the prediction of possibility for mould growth on 
materials, in these extreme climates, could possibly have been made without using an advanced 
prediction model. However, when favourable and unfavourable conditions for mould growth are 
varying by time, and the difference between these conditions are quite high, it is more complicated 
to estimate if there would be mould growth or not. The dynamic models used in this study were 
developed with the purpose to make such predictions also under fluctuating conditions.  

In most cases, the results from comparing the outcome of the dynamic models to actual mould growth 
were false negative (67 % of cases), i.e., the model predicted no growth while there was mould growth 
on samples exposed to the actual climate. In many cases, the growth was actual even heavy. For the 
static models, on the other hand, the outcome of the predictions was mostly in agreement with the 
results from mould analysis. When the results differed, the predictions were false positive, i.e., the 
models predicted mould growth when there was none. The best agreement to actual mould growth 
was given using the PJ-model. In the cases where the dynamic VTT model predicted in agreement 
with the actual mould growth, Cmat, the parameter that considers the effect of fluctuating conditions, 
was chosen to be zero or was very low (Cmat=0.1). This indicates that the simpler models only 
considering the material limit parameters and not the dynamic conditions are useful and reliable. 

A perfectly accurate model should predict mould growth when there is growth and no growth when 
there is none. Although no model could be expected to be perfect, the aim should be that there would 
be a margin of safety in practical implications. In order to avoid actual mould growth in a building 
part it means that the models preferably should be conservative, i.e. predicting mould growth when 
there is none. However, the safety margin should not be too big, as this may lead to big costs when 
designing a building. Both static models in this study were shown to be conservative, however the 
safety margin was much bigger for Sedlbauers LIM-curves than in the PJ-model. In the cases where 
the PJ-model was conservative, only a few measured RH was just above the lower curve.   

It could be argued that the rating scale for determining mould growth on the test samples (see Table 
6.3) are not the same as the mould index in the VTT model and WUFI®-bio and the criteria for mould 
growth in the m-model. This would then affect the comparisons of the outcome of the models and the 
real mould data. However, even though the different descriptions and numerical values of mould 
growth are not directly comparable, the limit rating value used in the evaluation comprises more 
extended growth than the limit values in the models. In addition, sometimes the growth was very 
heavy.  

The results show that it is often difficult for the end user of the models to know which input 
parameters that would be most correct. Different products of the same material group, for example 
wood based boards, may have different susceptibility for mould growth (Tanaca, Dias et al. 2011, 
Johansson, Ekstrand-Tobin et al. 2012) as might different qualities of wood (Johansson, Mjörnell et 
al. 2017, Johansson, Wadsö et al. 2018) and treatments of wood (Bok, Johansson et al. 2012). It is 
therefore not possible to “guess” the mould resistance of a specific material and hence classify it to a 
proper material group in the actual model. Instead, the input for the models regarding material data 
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should be based on laboratory testing of the product. This is the case in the PJ-model, where a 
standardised test method is used to get the material input data. The material parameter in the MRD-
model, Dcrit, is recommended to be determined by laboratory tests at 90 % RH and 22°C, although 
the method is not specified. In this study, we used results from testing at the prescribed conditions 
and following routines in (SIS 2014). 

In the study, a discrepancy was identified in documentation on how to interpret the results and which 
in data to be used in some of the models. The limit value for mould growth in the VTT model varies 
between different publications and explanations for the model. In this round robin, all partners using 
the VTT model choose index 1 as the limit value. If a higher value was chosen, the results would 
have been even more false negative cases. It was also identified in the study that there is a lack of 
information in the models of how to interpret the cases where the outcome is close to the limits. 

The end users of the prediction models should be able to understand how evaluation is done and how 
to interpret the results. It is worth noticing that in this study, the models were used and interpreted by 
researchers with good insight in the research area of mould growth in buildings, yet the input 
parameter choices and interpretation varies.  

The input data from measurements in the different climate cases need to be discussed, as these are 
the basis of the predictions. In the study, the values were adjusted according to calibration at different 
temperatures and RH. Sometimes the adjustment was several percentages. If there would have been 
no such adjustment in the input data, the outcome from the models would possibly have been 
different. Therefore, it is emphasised that data from field studies must always be adjusted according 
to calibration data. Measurements of RH and temperature are always connected to some measurement 
uncertainties and the measurement uncertainty were estimated for the different calibrated data. In 
addition to adjustment to calibration, the data was in some cases also adjusted to the drift of the 
loggers. The combined measurement uncertainty could in some cases be as high as 2.5 %. In this 
round robin, the measurement uncertainties are not considered into the mould models, as there is no 
given way to handle this in the models. Not taking the measurement uncertainties into account may 
affect those results that are close to the critical limit for mould growth.  

Mould growth on a material is governed by the microclimate at the surface. In the field study, the 
measurement of RH and temperature was performed as close as possible to material surfaces of the 
test specimens. However, the microclimate at the surface might differ from the measured climate 
close to the surface. This have been raised as possible explanation for the discrepancy between the 
outcome of the dynamic models and actual mould growth. However, it does not explain the 
differences of the outcome between the models. 

Even if the round robin shows that dynamic models give false negative results, it should be mentioned 
that the dynamic models are still useful on a relative basis for comparing and deciding between 
different constructions during a design phase. However, if a specific construction is to be considered 
safe or not, the results must be handled with care. 

Finally, some words on the design of the models, apart from uncertainties of how the input parameters 
should be chosen as discussed above. The aim of the study was to compare the outcome of different 
models based on how different users choose their input parameters, interpret the results etc. and not 
about the philosophy behind or design of the models. However, some points are worth to mention 
and discuss. In the dynamic models, the output parameter describing mould growth present on 
material increase and decrease by time. When mould growth has established, it will not vanish, even 
though the activity of the fungi may vary by time. However, this is not what the parameters describes. 
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Another point is that the MRD model assumes a Dcrit based on testing at 90%, 22 °C but it is 
impossible to get such a result if the critical moisture state is higher, i.e. that mould will never grow 
at 90% RH. Another identified issue is that in WUFI®-bio, annual predictions are given. However, 
in actual situation using the prediction tool longer periods need to be evaluated.  

7.1.9 Conclusion and future work 

When using models for prediction of mould growth in materials, considering the dynamic conditions 
of RH and temperature in buildings, the risk of underestimating the potential for mould growth is 
significant. Therefore, it is important to use caution when interpreting the results.  

Static models were shown reliable, as they were in good agreement with the field results. In addition, 
in the few cases when there was no agreement, the models were conservative, meaning that there is 
a safety margin. The model using Sedlbauers LIMcurves lead to a big safety margin, as it nearly 
always predicts mould growth. The PJ-model is more accurate in its prediction as the safety margin 
is smaller. 

In general, there is a need for better manuals and information concerning mould models on how to 
select parameters and which limit values to be used for the evaluation. This is especially important 
when the outcome of the models is close to the limit values. This is true for all models used in this 
study. 

It is difficult to “guess” which material group a certain material belongs to and this may lead to 
differences between users of the same model and to inaccurate predictions. When using laboratory 
test results, from a standardised test method, the predictions are more accurate and reliable. Material 
producers should be encouraged to test their products and present the results. In addition, the models 
should be customized to use such data. 

More knowledge is needed to evaluate the complex relationships between fluctuating conditions of 
RH and temperature encountered in buildings and the risk for mould growth. However, the prediction 
models should not be too complex. This study shows that simpler models may even be more useful.  

In none of the prediction models, the effect of measurement uncertainty of measured data is 
considered, nor any uncertainties from simulations of expected RH and temperatures. In future 
versions, the models should also consider this effect for more accuracy, since the uncertainties are 
especially important when the outcome of the models are close to the limit values. 

7.2 Rot 

As stated in section 5.2, the VTT model of wood decaying fungi was considered most useful in 
RIBuild context, as it generates mass loss (%) based on hygrothermal conditions (T and RH) and 
exposure time in critical conditions. However, the model has in more than one case shown to generate 
too conservative results with regard to mass loss. Nevertheless, it has proven to be valuable for 
evaluation of performance, and comparison purposes. 
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7.2.1 Weakness of the rot model 

The inclusion of wood rot models as a RIBuild failure mode was further discussed, due to the 
following factors; 

 Wood rot is initiated at higher moisture levels than mould growth; therefore, if a solution is 
disregarded due to mould growth, there is no need for modelling wood decay. Furthermore, 
if a solution is regarded safe in terms of mould growth, likely there is also no wood rot. 
However, there might be cases, where mould growth might be acceptable, if the indoor climate 
is not affected, while rot is still not acceptable. 

 It can be misleading to include wood rot in 1D simulations, as embedded wood, e.g. beam-
ends, are at least a 2D problem. Furthermore, in wood capillary suction is an anisotropic 
property. The hygrothermal conditions in embedded wood are therefore highly dependent on 
the direction of the wood, which is not accounted for in the wood rot model or in simulations. 
Therefore, the 1D simulations do not cover beam-ends sufficiently. Prediction of wood decay 
based on these could therefore be misleading.  

 The wood decay model may be able to provide indication of potential risk of wood decay; 
however, the model is based on experimental data of decay in only small specimens of pine, 
and under constant conditions. Furthermore, the embedded wood will not be subjected to 
driving rain directly, and thus according to (Viitanen, T. et al. 2010) wood decay can be 
avoided for a longer period. The model merely presents preliminary indications of decay. 

7.2.2 Test of rot model on existing building without internal insulation 

A way to test if combination of 1D simulations and the VTT rot model gives reliable results, is to 
perform 1D simulations on an existing building without internal insulation, feed the hygrothermal 
results over time to the VTT model and see if the results comply with mass loss seen in reality. If the 
VTT rot model shows high mass loss over few years, while the construction has lasted for decades, 
the rot model overestimates the risk of rot in this case. 

1D simulations were performed on a case building facing renovation including internal insulation. 
The modelling included a 1D construction of 350 mm brick and 10 mm internal render. The material 
properties of the bricks in the model were constructed based on “Old Building Brick (Dresden ZH)” 
from the DELPHIN material database, with alterations due to experimental data (λ, Cp, ρ, Aw) from 
a brick retrieved from the building. The interior render was of historical lime plaster from the 
DELPHIN material database. Simulations were performed with constant indoor climate of 20°C and 
50% RH. The external climate applied as boundary conditions was projected future climate for 
Copenhagen 2020-2050, provided by the EU project “Climate for Culture”.  

Although the simulations are not based on real weather data, and therefore could be more precise, 
this kind of simulations would be comparable to how simulations are performed to predict future 
behaviour. The orientation was SW – corresponding to the orientation most exposed to wind-driven 
rain in Denmark. In order to assess the conditions in beam ends despite the 1D origin of the models, 
the hygrothermal conditions generated at a depth of 10 cm from the internal side, were chosen to 
represent the location of wood, either beams or laths, and the following analysis is based on output 
from this location. 

The VTT model for wood decay was applied to simulated values of temperature and relative humidity 
in the masonry. The results are illustrated in Figure 7.8. 
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Figure 7.8:Mass loss in uninsulated reference walls with orientations SW and NE 

As seen in the figure, it appears that there is no risk of mass loss in the beams facing northeast 
orientation. On the contrary, beams in the southwestern façade exhibit a risk of extreme mass loss. 
The mass loss in the southwest façade is initiated after the first year of simulations, and after 3 years 
of simulation, 100 % mass loss is generated. The case building is from 1928. The construction has 
not been opened for determination of actual mass loss in the beams, however the significant mass 
loss generated after 3 years, does not appear to agree with reality. Despite the weather implemented 
in simulations being forecasted weather, one can imagine that in the past 90 years of the building’s 
service life, there will have been wet and dry years as well, and likely conditions also initiating mass 
loss according to the model, especially as the wood decay is irreversible. If 100% mass loss could 
appear after 3 years of simulation, it would have likely appeared during 90 years of service life, 
whereas there are no actual indications of wood decay. 

7.2.3 Test of rot model on experimental data 

Measurements of temperature and relative humidity from a large-scale experiment with internally 
insulated masonry and embedded wood, has been applied to the VTT model. The experimental setup 
consists of several 1½ brick thick solid masonry walls built into two shipping containers. A variety 
of internal insulation systems were applied to these walls (including calcium silicate, AAC, PUR 
foam with calcium silicate channels), and furthermore some external surfaces were hydrophobized. 
Each of the walls include a wooden beam, and a wooden lath. The walls are subjected to actual 
outdoor climate, and the interior conditions are kept constant at 20°C and 60% relative humidity. 

The experimental setup of each wall is shown in Figure 7.9, and is further described in RIBuild 
deliverable D3.1 (Freudenberg, Ruisinger et al. 2018). Since 2015, measurements of temperature and 
relative humidity have been performed at several locations in the masonry, including the wooden 
beam and lath, as marked in the figure.  
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Figure 7.9: Experimental setup of wall configurations, and sensor locations. A) vertical section view, B+C) horizontal section views [Tommy 

Riviere Odgaard] 

Table 7.12 lists a variety of the test walls and their configurations combined with the results from the 
VTT wood decay model and VTT mould model (mould index) generated for measurements 
performed in the wooden construction elements. The models were applied to measurements from 
both the beam-ends (point 6) and the wooden lath (point 5). The mould index was based on very 
sensitive sensitivity class (untreated wood), and a relatively low decline factor of 0.25. From the table, 
we can derive that; 

 Seven of 28 investigated sensor locations in wood, generated mass loss in the range of 15-
108% 

 Wood decay is initiated only in the cases of mould index above 5.5 
 Higher risk of wood decay in the lath, when compared to the beam end 
 Southwest appears to be the dominant orientation for cases with wood decay 
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Table 7.12: Studied wall configurations with results for wood decay (% mass loss) and mould index with VTT 
models (wood decay model and mould model). Generated mass loss in rows marked with red. 

Wall Point Or. Start End 
Internal insulation 
system 

Exterior 
surface 

Interior surface 

Wood decay 
model, VTT 

Mould model, 
VTT 

% mass loss Mould index 

C3 1 5 Lath SW 01-05-2015 18-01-2018 
Mineral wool + vapour 
barrier 

Bare brick 
Gypsum + diffusion 
tighter paint 

36.9 6.0 

C3 1 6 Beam SW 01-05-2015 18-01-2018 
Mineral wool + vapour 
barrier 

Bare brick 
Gypsum + diffusion 
tighter paint 

32.1 6.0 

C3 2 5 Lath SW 01-05-2015 18-01-2018 PUR w. CaSia Hydrophob. Diffusion open paint <1 5.5 

C3 2 6 Beam SW 01-05-2015 18-01-2018 PUR w. CaSia Hydrophob. Diffusion open paint 0 3.6 

C3 3 5 Lath SW 01-05-2015 18-01-2018 Reference wall Bare brick Rendering 39.2 6,0 

C3 3 6 Beam SW 01-05-2015 18-01-2018 Reference wall Bare brick Rendering 0 4.1 

C3 4 5 Lath SW 01-05-2015 18-01-2018 Calcium silicateb Bare brick Diffusion open paint 108.0 6.0 

C3 4 6 Beam SW 01-05-2015 18-01-2018 Calcium silicateb Bare brick Diffusion open paint <1 5.6 

C3 7 5 Lath SW 01-05-2015 18-01-2018 PUR w. CaSia Bare brick Diffusion open paint <1 6.0 

C3 7 6 Beam SW 01-05-2015 18-01-2018 PUR w. CaSia Bare brick Diffusion open paint 0 5.3 

C3 10 5 Lath NE 01-05-2015 18-01-2018 PUR w. CaSia Bare brick Diffusion open paint 52,8 6.0 

C3 10 6 Beam NE 01-05-2015 18-01-2018 PUR w. CaSia Bare brick Diffusion open paint 0 5.5 

C3 13 5 Lath NE 01-05-2015 18-01-2018 Calcium silicateb Bare brick Diffusion open paint 0 4.9 

C3 13 6 Beam NE 01-05-2015 18-01-2018 Calcium silicateb Bare brick Diffusion open paint 0 4.9 

C3 14 5 Lath NE 01-05-2015 18-01-2018 Reference wall Bare brick Rendering 0 0.1 

C3 14 6 Beam NE 01-05-2015 18-01-2018 Reference wall Bare brick Rendering 0 4.4 

C3 15 5 Lath NE 01-05-2015 18-01-2018 PUR w. CaSia Hydrophob. Diffusion open paint 0 4.3 

C3 15 6 Beam NE 01-05-2015 18-01-2018 PUR w. CaSia Hydrophob. Diffusion open paint 0 2.6 

D4 2 5 Lath SW 01-05-2015 24-10-2017 Mineral insulation panelsc Bare brick Diffusion open paint 28.2 6.0 

D4 2 6 Beam SW 01-05-2015 24-10-2017 Mineral insulation panelsc Bare brick Diffusion open paint 0 4.0 

D4 3 5 Lath SW 01-05-2015 24-10-2017 Mineral insulation panelsc Hydrophob. Diffusion open paint <1 6.0 

D4 3 6 Beam SW 01-05-2015 24-10-2017 Mineral insulation panelsc Hydrophob. Diffusion open paint 0 4.1 

D4 4 5 Lath SW 01-05-2015 24-10-2017 Reference wall Hydrophob. Rendering 0 4.8 

D4 4 6 Beam SW 01-05-2015 24-10-2017 Reference wall Hydrophob. Rendering 0 3.0 

D4 5 5 Lath SW 01-05-2015 24-10-2017 Reference wall Bare brick Rendering 15.7 5.9 

D4 5 6 Beam SW 01-05-2015 24-10-2017 Reference wall Bare brick Rendering 0 3.3 

D4 7 5 Lath SW 01-05-2015 24-10-2017 
Mineral insulation panels 

w/ T.B.d 
Bare brick Diffusion open paint 0 5.5 

D4 7 6 Beam SW 01-05-2015 24-10-2017 
Mineral insulation panels 

w/ T.B.d 
Bare brick Diffusion open paint 0 2.7 

a) IQ-Therm, PUR foam insulation, with calcium silicate channels in 40x40mm grid 
b) SkamoPlus indeklimaplade 
c) Multipor, Xella 80kg/m3 
d) Multipor, Xella 80 kg/m3 with thermal bridge to beam 

 

Due to the unnaturally high-generated mass loss in several cases, an investigation was initiated to 
confirm or deny the high levels of wood decay. The two walls with highest generated mass loss, C3-
4 (108%) and C3-10 (53%) were opened in January 2019, and samples from the lath removed. The 
wood samples were all the way through the lath, from the interior side (interface with insulation) to 
the exterior side (interface with masonry). Moisture content in the laths was registered with a pin type 
moisture meter after removal of internal insulation, and prior to drilling in the wood. Due to very high 
heat generation, and water used for cooling of the drill, further moisture measurements in the wood 
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were not performed. A visual inspection of the wood samples was performed, as well as an awl-test 
for determination of possible soft areas. Figure 7.10 depicts the removal of the samples; initially the 
internal insulation was removed, and hard wood. Samples were then removed from the laths. 

 
Figure 7.10: Removal of wood samples from lath beneath wooden beam 

Results from the moisture content measurements and the wood samples are seen in Table 7.13:. 
Table 7.13: Results from the inspection of wood samples 

Wall Mass 
loss 
(VTT) 

Moisture 
content 

Pictures of samples 

C3-4 108% 12-14% 

                              a)                                                         b)  

    
a) Surface towards internal insulation 
b) Surface towards external masonry 

 

C3-10 53% 14-16% 

                              a)                                                         b)  
 

    
a) Surface towards internal insulation 
b) Surface towards external masonry 

The visual inspection of wood samples from both walls did not indicate any mass loss in the samples. 
The wood appeared hard and dry, and without discoloration. The wood was hard to remove, and 
therefore appears in several pieces, and any visual cracks that may appear in pictures, were caused by 
the removal process. The specimens yielded no smell of mould or rot. It was not possible to visually 
detect any forms of wood decaying fungi on the specimens. Furthermore, it was not possible to stick 
an awl in the samples, indicating healthy wood. 
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In the follow-up period, mycometer tests will be performed on both specimens, and both surfaces. 
Furthermore, the samples will be visually inspected at certain time intervals. In the event of very high 
results from mycometer test, further action will follow, however it is not expected. 

The model, in these cases, appears to be very conservative. In two cases of high-generated mass loss 
with the model, no wood decay or mass loss was detected in the specimens. The model can, however, 
be used to evaluate a variety of solutions relatively, and thus better or worse performance can be 
established based on comparison. However, whether the solution is suitable or not, cannot be 
satisfactory determined by the models. 

7.3 Frost damage 

Given that none of the currently available hygrothermal indicators for frost damage, see section 5.3, 
allow to actually quantify the frost damage, these have not been explicitly evaluated. Moreover, since 
the further research required to advance these prediction models is far larger than what is possible 
within the framework of RIBuild, no further research, besides the activities reported in section 6.2, 
has been performed. 

7.4 Algae 

According to the modified Avrami’s equation 4, growth curves X(t) were analytically modelled with 
the parameters obtained from the accelerated growth tests at T=27.5 °C and T=10 °C. Results are 
reported in Figure 7.11. 

For all the brick materials, the curves on average tended to slightly underestimate the measurements 
during the first weeks, and, on the contrary, to slightly overestimate the growth process in the 
proximity of the last stagnation phase. However, since the Avrami analytical values were generally 
included within the experimental standard deviations, it can be said that the analytical curves, 
obtained by the modified Avrami’s equation 4, well simulated the experimental measurements, both 
for the optimal and the non-optimal tested temperatures. 

These results confirmed the experimental findings reported in Figure 6.20. The effect of the 
temperature is well represented, since the curves associated to the lower temperature were clearly 
lower in terms of covered area and delayed in time respect to the curves related to the optimal 
temperature. 



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 98 of 155 

 
Figure 7.11: Comparison of Avrami’s curves (coloured curves) to experimental results (mean values and standard deviation in black) for T=10°C 

and T=27.5°C . a) samples AR, b) samples AS, c) samples B, d) samples CR and e) samples CS 

 

 

a)  b)  

c)  

d)  e)  
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8 Conclusion and recommendations 
This deliverable presents RIBuild findings on threshold values for failure, linked to types of building 
structures and failure modes. Failures in the construction related to overrun of a limit state are related 
to those occurring as a result of changed hygrothermal conditions in the structures as a result of 
introducing internal insulation. The project has identified, investigated (laboratory tests and 
simulations) and concluded on the following failure modes; 

Mould 
Threshold values for mould has been derived as part of the project for a large number of 
products/materials aimed to be used in WP6 for the guidelines. Several mould models have been 
evaluated and the conclusion is not to overestimate the results from dynamic models since they may 
underestimate the risk and produce varying results. The PJ-model, however, shows reliable results 
and will be modified for further use in WP6. Important to emphasise is that the end users of any 
prediction models should be able to understand how the evaluation is done and how to interpret the 
results. It is worth noticing that in the performed round-robin study, the models were used and 
interpreted by researchers with much insight in the questions of mould growth in buildings, yet the 
input parameter choices and interpretation varies. 

Rot 
In general, the threshold values for rot are higher than for those for mould growth. Therefore, although 
the consequences of rot attack are severe, the threshold values for mould growth are more likely to 
be the limiting factor in the critical positions where mould is not accepted. Examples of rot threshold 
values are presented related to fungal species. The VTT model of wood decaying fungi was 
considered most useful in RIBuild context, as it generates mass loss (%) based on hygrothermal 
conditions (T and RH) and exposure time in critical conditions. However, the model has in more than 
one case shown to generate too conservative results with regard to mass loss. Nevertheless, it has 
proven to be valuable for evaluation of performance by relative comparisons. 

Frost 
Three conditions must be fulfilled for frost damage to occur; the material must be sufficient wet, 
phase change must happen in the material, and the material must be sensitive to frost. In order to 
evaluate material sensitivity to frost, an extensive experimental effort is required. Existing frost 
damage models have been investigated and laboratory experiments on brick frost sensitivity has been 
performed. Given that none of the currently available hygrothermal indicators for frost damage allow 
quantifying the frost damage, these have not been explicitly evaluated. In addition, since the further 
research required advancing these prediction models is far larger than what is possible within the 
framework of RIBuild, no further research, besides the activities reported in Section 6, has been 
performed. 

Algae 
Conducted laboratory studies on algae growth shows that important and limiting material parameters 
are porosity and roughness in particular. The laboratory studies also show that the developed model 
on algae prediction is working, although at this stage only for constant hygrothermal conditions. 
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9 Outlook for future work 

9.1 Mould growth 

More knowledge on how the dynamic processes of varying RH and temperature affects mould growth 
is needed to make more precise predictions on mould growth in buildings.  

As the PJ-model was shown to make accurate predictions of mould growth, we recommend it to be 
part of WP6 in the web tool. The model will be further developed, considering measurement 
uncertainties and recommendations on how to evaluate cases close to the limits, and possibly 
considering the time at which mould growth is probable to occur.  

RHcrit for mould growth, tested according to the standardised method, is an effective way to evaluate 
new, unused products of building materials. However, studies are needed to include the susceptibility 
of materials already present in buildings (historic materials). 

9.2 Rot 

Predicting risk of rot or mass loss in beam-ends must be handled in a different way than simply 
applying the VTT rot model to simulations; either the simulations should be refined, or the model 
modified for this specific use. The latter is most likely, as the prediction of the model is wrong even 
when measured values of moisture, temperature and time are used. To modify the model would mean 
more experiments where rot occurs over time. This is very expensive and time consuming; several 
monitored constructions must be followed over time, like in the set-up described in Section 7.2.3. 
This set-up should therefore be followed in many years to come.  

9.3 Frost 

The study on the failure mode ‘frost’ has demonstrated that none of the currently available frost da-
mage indicators can be considered reliable for the quantification of potential frost damage with res-
pect to massive masonry walls with(out) interior insulation.  Future research on this front should focus 
on the mechanisms for accumulation of frost damage during successive periods of frost conditions 
and on the relationship between the mechanical properties of the building material and its sensitivity 
for frost damage. 

9.4 Algae 

The failure model needs to be improved, in order to confirm the reliability of the model itself and to 
extend its feasibility to a wider range of building materials’ substrates and environmental conditions. 
To collect more data, further investigations should be aimed to test: 

 different type of building materials (e.g. mortar and plasters, stones etc.) 
 different temperatures. 
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A model which explicitly includes parameters to consider environmental conditions (such as 
temperature and relative humidity) during the time and the properties of the substrate is needed. 

Finally, field studies could be useful to confirm experimental findings and results obtained from 
accelerated growth tests. 
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Appendix 1. References for algae, cyanobacterial and mould 
growth 

In this Appendix, a number of references to research articles are categorized according to a number 
of parameters that may affect the growth of facades. (leftmost column). The references have also been 
categorized by type of growth (the two middle columns). A third category of articles (the far right to 
the right) are those that do not describe original research but are summaries of different studies. Note 
that the table is divided into two pages. The table is taken from (Johansson and Capener 2015). 

Table A1.1: Categorization of papers concerning discolouring growth (caused by algae, cyanobacteria and 
mould fungi). The references for each number are given in Table A1.2 

Area of research Algae/cyanobacteria Mould fungi State of the 
art  

Identification of growth on facades or 
material samples exposed outdoors 1, 4, 6, 20, 27, 29  

Nearby vegetation 1   

Building physics factors 4, 19, 22 4, 19, 22 23 

           Insulation 19, 22 19, 22 23 

           Heat storage 22, 19 22, 19 23 

Rain and wind driven rain 26 26 5, 23 

Building moisture 4 4  

Properties of surface materials 2, 3, 7, 8, 18, 21, 24, 29, 32 13, 14, 19, 21, 29, 32  

            Surface structure 3, 7, 24 14, 17  

             Water repellence 8, 2   

             Absorption 7   

             Porosity 3, 7, 24   

             Colour 19, 21 19, 21  

             Biocides/fungicides 8, 29, 32, 18 13, 29, 32  

             Other additives  14  

Orientation of façade 1, 19, 22 19, 22  

Contamination, air pollutants  14  

Geographic location 1, 31-33 27, 32, 33  

  



637268 - RIBuild - H2020-EE-03-2014                                             Dissemination level: PU  

 

 

Page 118 of 155 

Table A1.1 (ctd.) 

Area of research Algae/cyanobacteria Mould fungi State of the 
art 

Field or laboratory tests of product 
groups  6, 7, 8, 21, 22, 29, 30 4, 6, 13, 14, 15, 21, 22, 

29, 32, 34, 35  

               Plaster 7 4  

               Paint 6, 21, 22, 29, 31, 32 6, 13, 15, 21, 22, 29, 32, 
34, 35  

              Concrete 8, 24 14  

              Bricks or stones 7  16 

              Fibre concrete 33 33  

Cleaning of facades 20, 29, 30 20, 29, 30 11, 16, 28, 
36 

Multivariate analysis of several 
parameters 1 15  

Assessment of discoloured facades 9-12, 25 
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Appendix 2. Comparison of outcome of dynamic mould 
models and field results 

In this appendix, all results from running the dynamic models are presented as graphs. In the upper 
first three graphs, the lines in the graphs represents the outcome of the models, representing the 
different choices of the partners in the round robin. The horizontal dotted lines are the limit values. If 
the curve is crossing the limit value, mould growth is predicted. In the graph presenting the m-model 
version 2.0, the individual curves are the outcome of the model.  The horizontal dotted line is the 
limit value, which is based on the different choices from different partners and therefore there are 
sometimes two limit lines in these graphs. The lower most graph describes real mould growth 
analysis, as boxplots, at different point of times in the filed study. The mould growth was assessed 
and rated according to Table 6.3. The median in each box is represented with a thick horizontal line. 
If the median is at or above 2 (represented by the dotted horizontal line) mould growth is considered 
established.  
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Climate1, Thin hardboard 

 

Climate1, Gypsum board 
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Climate1, Spruce 

 

Climate 2, Plywood 
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Climate2, Chipboard 

 

Climate2, Thin hardboard 
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Climate2, Gypsum board 

 

Climate2, Spruce 
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Climate3, Plywood 
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Climate3, Thin hardboard 

 

Climate3, Gypsum board 
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Climate3, Spruce 

  

Climate5, Plywood 
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Climate5, Chipboard 

 

Climate5, Thin hardboard 
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Climate5, Gypsum board 

 

Climate5, Spruce 
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Climate 6, Plywood 

 

Climate6, Chipboard 
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Climate6, Thin hardboard 

 

Climate6, Gypsum board 
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Appendix 3. Comparison of outcome of static mould models 
and field results 

In this appendix, all results from running the static mould models are presented as graphs. In the left 
graph, the PJ-model is presented and in the centre the Sedlbauers LIMcurve is presented. The models 
are described in section 7.1.4.5 and 7.1.4.6. If the measured RH is above the red limit curve, mould 
growth is predicted in both models. If it is above the yellow line(RHcritlow) in the pj-model there is 
also possible risk for mould growth. The right graph describes mould growth analysis in the end of 
the field study. The mould growth was assessed and rated according to Table 6.3. The median is 
represented with a blue square. If the median is at or above 2 (represented by the dotted horizontal 
line) mould growth is considered established.  
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Appendix 4. Salt in wall 

A4.1 Introduction 

Before deciding whether the external wall is suitable for internal insulation, it should be clarified 
what kind of damage the building owner should look for and what failure criteria should be set for 
each kind of damage. Salt has been considered as one possible damage. There are generally very few 
data including the effect of salt in materials and there is a lack of measurements on salts in building 
materials. Collecting data would require many extra measurements. Including salts in the 
hygrothermal simulations would also complicate things. From an academic point of view, they should 
be included. However, as there are many different mixtures of salt, it is outside the scope of this 
project from a practical point of view. 
Should we accept that the tool in WP6 could not be used if salt can cause a problem? But how often 
is salt the cause of problems? In Denmark, salt can often cause a problem, especially in basements 
and in ground floors of multi-storey residential buildings. These lower walls could then be treated in 
a different way. There also exist offer mortars for extraction of salts, but this takes time. 

A4.2 Summary of questionnaire in Denmark 

To qualify whether salt should be regarded as a problem, a number of people within the Danish 
building sector and at Danish research institutes where contacted by telephone. This included the 
Brick Masonry Centre at the Danish Technological Institute, The National Museum of Denmark, a 
consulting engineer, and architects being or having been Royal Building Inspectors (i.e. they are/were 
involved in renovation of buildings for the Danish Agency for Culture and Palaces). 

In summary, all the interviewed persons could refer to specific cases where salt seemed to be a 
problem as it could affect the behaviour of the external wall, but the interviews gave no overall picture 
of whether salt should be regarded as a problem. There were different opinions of the size of the 
problem, although it was the general opinion that salt within brick masonry is difficult to remove. 
Also that the problem is not increasing. However, the architects seldom got the chance to follow-up 
on their renovation project, e.g. to see whether the use of a certain type of plaster was effective or 
not, as it could be another company that did the follow-up. 

One of the interviewees mentioned that more than 1-2 % by weight of salt in brick masonry is 
problematic but was not able to tell how often this is the case. In addition, the type of salt is important, 
as not all types are equally damaging; a chemical analysis is needed to detect the type. Another one 
mentioned that measuring the salt content is important in any case as the presence of salt will affect 
moisture measurements and how they should be evaluated. He also mentioned that salt in relation to 
internal insulation should not be a problem. It takes time for salt to enter and typically, the salt 
concentration is low, even over a longer time span.  

His experience is that the type of raw materials used for brick and mortar and the history (use) and 
construction of the building, e.g. the foundation of the building or whether it has a moisture barrier 
in the external wall, is more important than geography. The fact that the problem still exists can partly 
be explained by loss of knowledge on how to compose a strong, workable mortar.  
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Other interviewees however mentioned that buildings located at west oriented coasts in Denmark are 
more exposed to salt and gave specific examples of that, and also that it could take very long time of 
exposure, e.g. 100 years, before damages appeared as a result of accumulation of salt. 

For Denmark a “salt map” exists, see Figure A4.1, based on information from the Danish 
Meteorological Institute, edited by Danish Technological Institute.  

 
Figure A4.1. “Salt map” illustrating the load of salt expressed as deposition of Na-ions in tons/km2/year. At specific locations the load may be 

higher than indicated, e.g. at Korsør (the red dot). A building located in zone 2-4 should refer to exposure class MX4 unless it is protected within 
an area of single-family houses, a town or other kind of shelter. According to Eurocode 6 (EN 1996, 2005-2006), brick masonry must be placed in 

one of five exposure classes (MX1-MX5) of which MX4 covers ‘exposure for salt saturated air, sea water or de-icing salt’. Examples are brick 
masonry in coastal areas or brick masonry close to roads that are de-iced with salt during winter. Source: Danish Technological Institute and 

(MURO, 2016). 
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Several of the interviewees mentioned medieval churches as heavily exposed, especially bell towers, 
probably as churches are the oldest brick masonry buildings in Denmark. Further, one of the 
interviewees mentioned that masonry made of red bricks was more prone to salt related damage than 
masonry made of yellow bricks, and that buildings made of limestone or sand stone were less prone. 
Meaning the damage caused by salt is probably most pronounced in countries with a high percentage 
of external walls of red brick masonry.  

Impregnation of external walls could be a way to avoid further salt transport into the wall as it would 
slow down moisture uptake from the surrounding air, but this has not been properly investigated at 
present. In some specific cases a special plaster, that can take up more salt than usual plasters, has 
been used to protect the masonry without hindering moisture diffusion outwards. 

Problems related to salt will depend on the moisture content; only when the external wall has a lower 
relative humidity than the equilibrium moisture content of the type of salt present in the wall, the salt 
will crystallize and may cause problems. 

In recent years, salt used to remove snow and ice on roads and pavements has become more important, 
especially when snow slings afterwards throw the snow towards buildings. Or salt brought into 
garages by cars, from where it travels into the masonry. In addition, the increased use of diffusion 
open materials can risk being a problem as it allows moisture to diffuse without the salt that 
crystallizes, thereby the salt concentration in the material increases. 

A4.3 Conclusion 

Salt complicates DELPHIN simulations by affecting the moisture content, and the characterization 
model does not include a parameter to describe salt storage capacity. Furthermore, it was not possible 
to get a clear picture of the number of damages related to presence of salt or locate it to specific types 
of buildings. Therefore, to be on the safe side, it was decided within RIBuild not to include salt in the 
simulations and for the WP6 web tool not to recommend the use of internal insulation if visual 
inspection could detect (unwanted) presence of salt. 

A4.4 References  

Eurocode 6: Design of masonry structures, EN 1996-1-1:2005, EN 1996-1-2: 2005, EN 1996-2:2006, 
EN 1996-3:2006.  
 
MURO (2016). Murerhåndbogen. Prepared by Technological Institute, Department for Masonry, for 
MURO. Copenhagen.
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Appendix 5. Control and prevention of mould growth for 
internal post-insulation. Laboratory based 
investigations of the materials' water activity and 
pH relative to mould growth (DTU) 

A5.1 Introduction 

At the Department of Civil Engineering at the Technical University of Denmark (DTU), a laboratory 
experiment was constructed to investigate the application of several internal insulation systems. 17 
test walls were assessed, and the investigated insulation systems included: 1) Calcium silicate boards, 
2) Lightweight mineral insulation boards, 3) Polyurethane foam boards with calcium silicate 
channels, 4) Phenolic foam insulation boards, and 5) Cork and lime based insulating render. 

A5.1.1 Objective  

The objective of the study is to find the causes and conditions that lead to mould growth between the 
existing wall and the installed insulation material, and suggest solutions to prevent mould growth. 
The study examines whether the alkaline environment (pH> 9), which may occur in the adhesive glue 
joint between the existing wall and the installed insulation is sufficient to prevent mould growth, even 
if the moisture (water activity (aw)) at the interface exceeds the levels (aw> 0.75) commonly 
considered critical for mould growth (Brandt et al., 2013; Sedlbauer, 2002). Furthermore, the mould 
species found in the interface will remain mapped to determine their toxic potential. 

A5.1.2 Background 

Several different insulation systems on the market consists of an insulation material and an adhesive 
glue mortar. According to the producers, these systems prevent mould growth from occurring by 
means of combining an inorganic insulation material with and a high pH adhesive glue mortar 
creating an environment where mould cannot survive. However, experiments at the Technical 
University of Denmark have shown that growth may occur in the experimental setups for some 
insulation systems. 

Furthermore, preliminary experimental results indicate, that it is not possible to keep the moisture 
level down in some constructions with internal post-insulation, one must secure them against mould 
growth in other ways. This can be done by ensuring that all organic residues (e.g. glue and tape 
residues), from which mould can live off, have been removed before installation of the insulation 
system. Another option is to apply mould-inhibiting agents before installation. In both cases, it is of 
interest to know if a highly alkaline environment in the adhesive glue joint can help prevent mould 
growth, and, if so, the extent to which the alkaline environment in adhesive glue joint can be 
maintained.  
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A5.2 Method and materials 

A5.2.1 The experimental setup 

Preparation of test walls 
The experimental setup consisted of 17 masonry test walls with the dimensions (LxWxH): 350 mm 
x 350 mm x 180 mm. The height of 180 mm included 10 mm internal render. The test walls were 
originally constructed in 2015, and the mortar joints were assumed carbonized. The study was 
performed in three parts: 1) material testing, 2) mould decontamination methods, and 3) internal 
insulation on solid masonry walls. The latter two were carried out using two sizes of plastic boxes; 
the smaller box with the exterior dimensions (LxWxH): 600 mm x 400 mm x 100 mm, and the large 
(LxWxH): 780 mm x 560 mm x 440 mm.  

During the experiments, each test wall was sealed on the sides using a primer (DANA LIM;, 2018) 
and wet room membrane (LIP, 2018). The test wall was then placed inside the smaller box on a plastic 
grate, keeping the test wall above the demineralized water inside the box. The joint between test wall 
and box lid was sealed using silicone sealant, while the joint between box and lid was sealed using 
tight vapour barrier tape. An Ø100 mm hole was made in the lid in order to refill water into the small 
box, and the opening was tightened using a rubber plug. After assembly, the small boxes with test 
walls were placed inside the large boxes, sensors were installed inside the large box (during mould 
decontamination part) and later at the interface between masonry and insulation system (during 
internal insulation part). The joint between the large box and lid was then sealed using rubber sealing 
strips, and secured using tightening clamps, see Figure A5.1:.  

The experiment was performed at the indoor test facilities at the Department of Civil Engineering at 
DTU in Kongens Lyngby, Denmark. The indoor climate of the test facility was kept at 20 °C, with a 
relative humidity of around 30-40 %. The desired relative humidity in the small box was >96%, which 
should ensure favourable moisture levels for mould growth at the interface. 

 
Figure A5.1: Experimental setup. (a) Mould decontamination methods and (b) Internal insulation on solid masonry 

  

a) b) 
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Measurement setup 
Temperature and relative humidity were measured manually every 1-2 weeks throughout the 
experimental periods with mould decontamination and testing of internal insulation. Measurements 
were carried out using digital HYT221 sensors by Innovative Sensor Technology IST AG (IST, 
2017), which were calibrated using saturated salt solutions prior to installation. During the mould 
decontamination period, sensors were installed only inside the large boxes, while during testing of 
internal insulation sensors were installed inside the boxes, at the interface between masonry and 
insulation, and two sensors for the indoor climate of test facility. The accuracy of the HYT221 sensors 
were 0.2 K at 0 - 60 °C for temperature, and 1.8 % at 23 °C at 0 - 90 % RH for relative humidity. The 
measurement range was -40 - 125 °C for temperature, and 1 - 100 % RH for relative humidity.  

A5.2.2 Material testing 

In order to better identify the risk of mould growth and determining governing factors for the systems 
assessed in the internal insulation experiment, it was necessary to perform material testing to 
determine the moisture transport properties of the adhesive glue mortar and verify the values for the 
insulating render system. Furthermore, the water vapour diffusion resistance was determined for the 
wet room membrane. Table 5.1 show the materials used in the internal insulation experiment, and the 
main properties if available. Note that no material properties were found in datasheets for the latter 
five products. However, these will be determined over the course of this study and will be presented 
in the results. 

Table A5.1: Utilized materials and their properties. *marked values were obtained from datasheets, other values 
from material testing by Technische Universität Dresden 

Material Density, ρ 
[kg/m3] 

Thermal 
conductivity, 
λdry [W/(m·K)] 

Water vapor 
diffusion resistance 
factor, μdry [-] 

Water absorption 
coefficient, Aw 
[kg/(m2 ·s½)] 

Yellow soft-moulded brick 1643 0.600 16.9 0.2782 

7.7% lime adjusted mortar, grain size 
1-4 mm (air lime) 

1243.3 0.440 22.43 0.39 

CalsithermKalk 185* 0.059* 3.6 0.765* 

Ytong Multipor 98.5 0.038 6.73 0.0060 

IQ-Therm  45 0.031 27 0.0129 

Kingspan  35.5 0.020 113.73 0.0089 

Diasen Diathonite Thermactive.037  250* 0.037* 3* 0.1291* 

Ytong Multipor Lightweight mortar 830 0.155 13 0.0031 

IQ-Fix adhesive mortar 1313 0.497 18.75 0.0051 

IQ-Top render 725 0.147 11.73 0.1070 

Saint-Astier mineral lime mortar     

LIP Multi Fliseklæb     

Rødvig Juramørtel KKH 35/65/500 
(Natural hydraulic lime mortar) 

    

LIP VS 30 (wet room membrane)     

DANA LIM Væggrunder Gele Ekstra 
228 (wall primer) 
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Water vapour diffusion resistance factor 
The water vapour diffusion resistance factor, μ was determined through cup experiment (wet cup), 
according to DS/EN ISO 12572 – Hygrothermal performance of building materials and products – 
Determination of water vapour transmission properties – Cup method (“DS/EN ISO 12572:2016, 
Hygrothermal performance of building materials and products – Determination of water vapour 
transmission properties – Cup method, 2. edition,” 2016). The water vapour diffusion resistance factor 
was determined for the adhesive glue mortars, Diasen Diathonite Thermactive.037, and the LIP VS 
30 wet room membrane. This was done by sealing the test samples inside a test cup containing a 
saturated salt solution to obtain stable conditions inside the cup, in this case KNO2 (94% relative 
humidity). The test cup was placed in a climate chamber with controlled temperature and relative 
humidity. Due to a difference in water vapour pressure on each side of the test sample, a vapour flow 
through the sample occurred. Through periodical weighting of the test cup, the rate of water vapour 
transmission was determined. Three samples of each product were tested. The sample size was Ø80 
mm, and a sample thickness of the full product (5-10 mm for the glue mortars and 40 mm for the 
insulating render). For the LIP VS 30 wet room membrane, the test was performed with the membrane 
applied to a 12.5 mm gypsum board as well as test of the gypsum board without the membrane.  

Water absorption coefficient 
The rate of water absorption by capillary action was determined by partial immersion according to 
DS/EN ISO 15148:2003 – Hygrothermal performance of building materials and products – 
Determination of water absorption coefficient by partial immersion (“DS/EN ISO 15148:2003, 
Hygrothermal performance of building materials and products – Determination of water absorption 
coefficient by partial immersion, 1. edition,” 2003). The water absorption coefficient was determined 
by measuring the mass of partial immersed test samples, where the bottom surface was in contact 
with water for an extended period. The sides of the samples were sealed against water intrusion. 
“Hanging” water droplets (not absorbed by the test sample) were removed through blotting with a 
damp sponge before weighting the samples. The experiment was carried out for the adhesive glue 
mortars and the Diasen Diathonite Thermactive.037 insulating render. Three samples of each product 
were tested, with a total contact surface of more than 300 cm2 per product.  

pH-value 
There has been an increased focus on pH-value of the adhesive glue mortars, as the manufacturers of 
insulation systems for internal retrofitting claim the glue mortars maintain a high pH-value over an 
extended period of time, creating unfavourable growing conditions for mould at the interface.  

Drillings of the core samples were made in the internal insulation experiment for determination of 
mould growth, and from these samples the adhesive glue mortars were separated from the insulation 
layer and placed in separate sealed containers. The adhesive glue mortars were crushed into powder, 
and 5 g of the powder was then mixed with 12.5 ml demineralized water in small plastic flasks. The 
mixtures were then shaken for 60 min using a Promax 2020 (Heidolph, 2019) with an act speed of 
approximately 260-270 revolutions per minute. Hereafter the flasks were standing of 10 min for the 
mixtures to settle before carrying out the measurements. The pH measurement were carried out using 
a Sension+ MM374 (HACH, 2019), and the measuring stick was flushed with demineralized water 
before each measurement. The pH-value was also determined from the fresh glue mortar samples 
upon installation of the insulation systems, and from glue mortar samples exposed to high doses of 
CO2 for rapid carbonization. The carbonization of the glue mortar samples was tested using 
phenolphthalein. 
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Susceptibility to mould growth 
The insulation materials and adhesive glue mortars were investigated for their susceptibility to mould 
growth. Previous research by DTU Bioengineering (Andersen et al., 2017) have shown that some 
building material contain embedded mould spores from the production process, which grow out when 
the moisture conditions are favourable. Sterile water was added to all the materials, and they were 
then incubated at 20 °C in darkness, in plastic boxes with high relative humidity (> 96 %). If spores 
were present in the materials, they would grow out. In additional, the materials were also tested by 
inoculating the samples with known mould spores and treated as mentioned above. In case of 
sufficient organic nutrition (dust and dirt from the environment) in the materials, mould growth would 
occur. All materials were assessed for mould growth every 14 days for three months.  

A5.2.3 Mould testing 

This section describes the procedures used to test for mould growth in the air and the test walls. Air 
samples were taken before taking samples for the test walls. Mould samples for the test walls were 
obtained by drilling out one core sample for each test walls using a 100 mm wide hole saw (without 
pilot bit). The core samples were taken from the internal surface to the interface between the existing 
wall and adhesive glue mortar. The entire saw was disinfected using ethanol before each drilling to 
avoid contamination, and the core samples were placed in sealed containers immediately after each 
drilling. After each drilling, two Mycometer Surface samples and two swab samples were taken at 
the interface. Note that the mould testing procedures described in this section are preliminary and 
may be subject to change as the experiments progress.  

Tape samples 
Tape samples were taken at prior to mould decontamination, on the internal surface of the 
contaminated test walls (on the woodchip wallpaper) before removing the wallpaper and testing the 
decontaminating methods. This was done to determine if the mould species found on the test walls 
were the same as the ones mixed into the adhesive for the wallpaper in the mould decontamination 
experiment. The samples were taken by placing the sticky side of a tape piece on the area being 
sampled and pressing gently to make contact. The tape piece was then removed and placed on a sterile 
glass slide, and then immediately placed in a sealed container. Two samples were taken per test wall. 
In the laboratory, the mould species were determined under microscope.  

Air samples 
Air samples were taken inside each of the large experimental boxes and for the indoor climate of the 
test facility in order to test if the mould species found in the air was the same as found inside the test 
walls. The air samples were carried out using a MAS-100 Eco (Merek, 2019). The device blew 100 l 
of air over an agar plate over a duration of 1 min. V8, and DG18 were used as growth media. In the 
laboratory, the media were incubated at 25 °C in darkness and the mould species determined under 
microscope.  

Mycometer Surface 
The Mycometer Surface test was carried out in order to determine the quantity of mould growth at 
the interface between the masonry and the adhesive glue mortar. The Mycometer method determines 
the amount of mould by measuring the fluorescent product released from the enzyme-substrate 
complex relating to the N-acetylhexosaminidase activity found in mould growth (Krause, 2003; 
Mycometer, 2012; Reeslev & Miller, 2000; Schrock et al., 2011). 
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The interface samples were taken using sterile cotton buds. The cotton buds were wetted in sterile 
water, and the samples were taken within the self-adhesive measurement area (of approximately 9 
cm2) placed at two different locations at the interface (within the drilling hole). During sample taking, 
the cotton bud was held at a low angle to the measurement surface, and the bud was rotated to utilized 
as much as possible of the cotton. The cotton buds were placed in sealed containers immediately after 
sample taking (Mycometer, 2018c).   

At the laboratory, the samples were analysed using the Mycometer Surface method (Mycometer, 
2017, 2018b). Before each of the two testing rounds (after mould decontamination and at the end of 
the measurement period), the fluorometer was calibrated according to the test protocol (Mycometer, 
2017). Before commencing the analysis, all chemicals had to have room temperature. 

A reaction tube was prepared with 1 ml of Substrate and 1 ml of Activator for each of samples, and 
one additional tube for blind testing. A cuvette was prepared with 2 ml Developer for each of samples, 
and one additional for blind testing. The room temperature was noted and used to determine the 
reaction time. The sample cotton buds were placed in the reaction tubes and the timer started. At the 
end of the reaction time, the reaction liquids were stirred with the cotton buds before removing the 
buds. Immediately after removal of the cotton buds, 100 μl of reaction liquid was transferred to the 
cuvettes containing Developer and stirred using the transfer pipette. The cuvettes now containing 
Developer and reaction liquid were then analysed with the fluorometer to obtain the analyse values 
(AV). To obtain the blind value (BV), 100 μl of the mixture of Substrate and Activator in the additional 
reaction tube was transferred to the additional cuvette with Developer, and the cuvette was analysed 
with the fluorometer. Finally, to obtain the Mycometer value (MV), the following equation was used:  

𝑀𝑉 = 𝐴𝑉 − 𝐵𝑉     (1) 

The following evaluation categories were used for the Mycometer values: 

A = the measured value does not exceed normal background levels (MV ≤ 25) 

B = the measured value does exceed normal background levels (25 ≤ MV ≤ 450) 

C = the measured value is high due to active mould growth (MV ≥ 450) 

Mycometer Material 
The Mycometer Material test was carried out in order to determine the quantity of mould growth in 
different layers of the insulation system. Through this obtain knowledge about the potential for mould 
growth penetrating the insulation system and contaminate the indoor environment.  

In the laboratory, the core samples were prepared for the Mycometer Material test using a hobby knife 
(disinfected before preparing each sample). The outer parts of the core sample were cut away (excess 
insulation, adhesive glue mortar and internal surface material), until we were left with the centre part 
of the core sample, as shown with green on Figure A5.2. A total of four pieces were made from the 
centre part, and the cut areas are shown with red. As shown, there were two samples near the interface, 
and two samples made from the remaining thickness of the insulation layer. After achieving the 
desired sample pieces, each piece was crushed into powder.  

Same procedures were used for reaction time, blind testing and analysis with the fluorometer as for 
the Mycometer Surface test (section A5.2.3). However, instead of placing cotton buds into the 
reaction tube containing Substrate and Activator, a suitable (weighted) amount of material powder 
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was added to a tube, and the reaction time started. The same amount of material powder was used for 
all samples. After the reaction period, the material powder was filtered out of the reaction liquid, as 
the material powder could cause misleading results during the analysis with the fluorometer. From 
the outcome of the Mycometer Material test it was possible to determine the fluorescent product per 
mg of material powder (Mycometer, 2010, 2018a).  

 
Figure A5.2: Illustration of a drilling core sample, and the material samples for the Mycometer Material test. Green lines indicate the parts of the 

core sample used in the test, and the red lines where the centre part of the core sample was separated 

Swab test 
The swab tests were carried out in order to determine the mould species growing inside the test walls, 
and if these species were the same as found in the indoor climate of the test facility. Following the 
Mycometer Surface swap tests, the swab samples were taken using sterile cotton buds at the interface 
between the masonry wall and the internal insulation systems. The cotton buds were placed in sealed 
containers immediately after each swab. At the laboratory, spores from the cotton buds were spread 
out on agar plates (V8, and DG18) through stroking. The agar plates were incubated at 25 °C in 
darkness, and the mould species were determined under microscope.  

A5.2.4 Test of mould decontamination methods 

After the material testing, three mould decontamination methods were investigated. For this 
experiment, 12 of the 17 existing masonry test walls (LxWxH: 35 cm x 35 cm x 18 cm) were used, 
four walls for each decontamination method. Woodchip wallpaper was applied to all 12 test walls, 
which was installed using wallpaper adhesive based on potato starch mixed with spores from four of 
the most common indoor climate moulds (Acremonium murorum, Aspergillus versicolor, Penicillium 
chrysogenum and Wallemia sebi). The small boxes were placed inside the large boxes, and the test 
walls were left for a period of three months (see Figure A5.1a). After three months the test walls were 
decontaminated for organic nutrition and mould growth using the following methods: 1) Hand-power: 
wallpaper, adhesive and mould were removed manually from the internal surface using a paint 
scraper, 2) Mechanical: wallpaper, adhesive, mould and internal render were removed manually using 
hammer and chisel (a new render layer was applied later), and 3) MicroClean: wallpaper and adhesive 
were removed manually using a paint scraper, while mould was removed using the MicroClean 
method (Bunch-nielsen, 2009; Hartung, 1996; SSG A/S, 2019). The method was carried out in four 
steps:  
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1. Vacuum the infected surface with a HEPA-filter. 
2. Dry-steam cleaning with plate mouth piece, with a steam pressure of 8 atm and a temperature 

of 150-160 °C. 
3. Dry-steam cleaning with a fibred cotton cloth mouth piece, with simultaneous vacuuming of 

denatured dissolved biomass. The cotton cloths were changed continually as they became 
saturated with moisture and biomass. 

4. Vacuum the surface again with a HEPA-filter. 

For the decontamination process, the small boxes were removed from the large boxes, to avoid 
potential contamination issues during the decontamination process. All large boxes, and the small 
boxes containing test walls for decontamination methods 1 and 2 were decontaminated using mould 
cleaning agents (Protox, 2019d, 2019c, 2019b, 2019a), meanwhile the small boxes for 
decontamination method 3 were decontaminated using the MicroClean method. After 
decontamination of test walls and boxes, the small boxes with test walls were placed back inside the 
large boxes, and the test walls were again exposed to the wet climate inside the small box (>96% RH) 
for 14 days. Finally, to test the effectiveness of the decontamination methods, the amount of mould 
present on the test walls was determined using the Mycometer Surface method (section A5.2.3).  

A5.2.5 Test of insulation systems on solid masonry test walls 

The 12 decontaminated test walls and the five uncontaminated test walls were given a spore solution 
contained the mould species described in section A5.2.4. The solution was given at the centre of the 
interface surface area of each test wall. Hereafter four different insulation systems (all except Diasen 
insulating reader) were installed according to the manufactures instructions, on 16 of the test walls so 
that each insulation system would be installed for each of the decontamination methods as well as on 
the uncontaminated walls (see A5.2). On the 17th (uncontaminated) test wall, the Diasen Diathonite 
Thermactive.037 was installed.  

Table A5.2: Parameter variations in the internal insulation experiment 

 Mould decontamination method 
 Contaminated Uncontaminated 
Material Manual Mechanical Dry steam No decontamination 

CalsithermKalk  X X X X 
Ytong Multipor  X X X X 
IQ-Therm  X X X X 
Kingspan  X X X X 
Diasen Diathonite Thermactive.037     X 

The insulation systems were installed with the following materials and thicknesses, on the internal 
side of the existing test walls with 10 mm render: 

 CalsithermKalk: 10 mm Saint-Astier mineral lime mortar, 100 CalsithermKalk, and 8 mm 
Saint-Astier mineral lime mortar.  

 Multipor: 8 mm Ytong Multipor Lightweight mortar, Ytong Multipor, and 8 mm Ytong 
Multipor Lightweight mortar.  

 IQ-Therm: 10 mm IQ-Fix, 80 mm IQ-Therm, and 10 mm IQ-Top. 
 Kingspan: 10 mm LIP Multi Fliseklæb, and 100 mm Kingspan Kooltherm K118 (with 

perforated aluminum foil on external side, and unperforated aluminum foil and 12.5 mm 
gypsum board on internal side). 
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 Diathonite Thermactive: 40 mm Diasen Diathonite Thermactive.037, and 10 mm Rødvig 
Juramørtel KKH 35/65/500 (NHL).  

After installation, the small boxes containing the test walls were placed inside the large boxes, and 
the test walls were again exposed to the wet climate inside the small box (>96% RH) for three months 
(see Figure A5.1:b). After the experimental period, mould air samples were takes inside the large 
boxes and for the indoor climate according to section A5.2.3 and through the insulation systems were 
determined according to sections A5.2.3. The pH-value of the adhesive glue mortars was determined 
(according to section A5.2.2) with specimens from the core samples.  

A5.3 Results 

At the time of writing the report, only a few results were available as the experiment with internal 
insulation on solid masonry walls had just started up. Furthermore, the data for the previous parts had 
not yet been analysed. Results from the study will be included in the updated version of deliverable 
D2.2.   
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