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Abstract 

Biodeterioration is the degradation process caused by biological agents and their consequent 
colonization of surfaces. For cultural heritage materials, especially for fired brick surfaces, 
this process is recurrent, and it often causes a serious loss of cultural value, as well as 
economic due to the frequently required maintenance operations. In addition, hazard for 
human health can arise due to the microbial activities. Fired bricks in building construction 
are often colonized by microorganisms such as algae and cyanobacteria, which also act as a 
trailblazer for all other biological forms. This happens because the substrate characteristics 
(i.e. porosity and roughness) in combination with the environmental conditions, e.g. 
temperature and relative humidity, allow the retention of water inside the material and offer 
mechanical grips, ensuring favorable conditions for the development of microalgae. 
Numerous mathematical models describing microbial growth on building surfaces have been 
provided in recent years aiming to reduce the decay of the surfaces and to prevent risks for 
human health. Such models are capable to simulate biofouling (mainly for mold and fungi) 
on different building materials (e.g. wood, concrete, plasters and even on insulating 
materials). Moreover, thanks to their analytical formulation, they were implemented on heat 
and moisture transport simulation software allowing engineers and practitioners to forecast 
biofouling on building components over years. Conversely, models for algae and 
cyanobacteria are still limited, to the author’s knowledge. Therefore, this work wants to be 
part of this trend by providing a novel approach aimed at simulating, predicting and, thus, 
preventing biodeterioration phenomena due to algae growth on fired brick surfaces. Such 
approach firstly provides the definition of an algae growth failure model starting from 
influencing factors of the materials and environmental conditions. The model is preliminary 
developed through the implementation of the Avrami’s equation and it is based experimental 
data on bricks The model is then implemented to predict algae growth under time-varying 
environmental conditions (time history) so as to allow future application on heat and moisture 
transport simulation software. The model is based on the Avrami’s theory because literature 
has widely applied it over the years: it was used to describe algae biofouling on mortars, 
bricks and stones under optimal and non-optimal environmental conditions, and even when 
considering biocides surfaces treatments. Despite that, some flaws have been detected from 
both the experimental and analytical side. Due to these limitations, the second aspect of the 
novel approach wants to provide a new theory overcoming these flaws. The chosen theory is 
the logistic equation since it was developed and now widely adopted in describing general 
population growth processes. Hence, a theorical comparison between the Avrami’s theory 
and the logistic equation is performed concerning the ability of (1) overlapping the 
experimental data, (2) overcoming Avrami’s flaws and (3) the correlation with the algae 
growth influencing factors. The results of this work confirm the capabilities of both of the 
strategies. The failure model for algae growth is determined and validated for fired bricks 
surfaces and then its applications show its wide range applicability, such as to different type 
of bricks, temperature and relative humidity values, both constant and variable over the time. 
However, the formulation of the model based on the Avrami’s theory can be implemented 
with the logistic formula since it has been proven to be more performing, and hence allowing 
the application of such strategy to different populations.  
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Chapter 1 

1 Introduction 

The biodeterioration of building materials is a long-discussed and debated problem in the 
scientific research world [1–3]. This is because the degradation and deterioration of the 
affected surfaces cause high repair and maintenance costs and loss of cultural value, when 
they occur on cultural heritage materials [4–6]. Lastly, recent studies have also shown that 
the presence of microorganisms (i.e. molds and fungi) in indoor environments has 
significantly affected the quality of the air [7]. Due to the volatility of organic compounds 
and some pathogens, hazards to the health of the occupants such as allergies and respiratory 
problems were also found [8,9]. 
Fired bricks are one of the most common materials in the construction world since Roman 
and Egyptian times thanks to the availability of raw materials, the versatility of application 
and installation (e.g. bricks, roof tiles, floor tiles and cladding) and their low cost [10,11]. 
Durability and resistance to decay drivers are also a fundamental characteristic of this type 
of material. Nevertheless, they are highly subject to biofouling and degradation resulting 
from the activity of microorganisms due to their high roughness and porosity resulting from 
the production process [12–14]. It has been widely recognized that roughness offers a 
mechanical grip that favors the deposition of microorganisms while porosity allows water to 
stagnate in the material and therefore provide nutrients to microorganisms [10,15,16]. 
Among the microorganisms that make up the biofouling of bricks, the main actors are green 
microalgae and cyanobacteria which also act as a forerunner for the ecological succession of 
other organisms such as molds, fungi, bacteria, actinomycetes, etc [1,5,6,17]. Their great 
adaptability allows them to take root on different materials under different environmental 
conditions, up to survive even in extreme conditions [18–20]. For building materials and in 
particular for bricks, it has been seen that algae are able to grow at different temperatures on 
different types of substrate [16,21–25]. However, a necessary condition for starting the 
growth is that there is liquid water: without that, no visible signs of growth were found 
[20,25]. 
For algae growth, literature has so far identified the Avrami’s theory as the theory that best 
describes the development of algae biofouling on building materials. In fact, firstly developed 
for mortar [26], it has been then applied to various bricks and stones, with or without biocidal 
treatments and also with growth conditions different from the optimal ones [15,25,27,28]. 
The results show that Avrami's theory has good reliability in modeling experimental data, 
even if it fails in describing very rapid growth processes and it shows an analytical bug[15]. 
On the other hand, the theory based on the logistic equation has never been applied in order 
to simulate algae growth on building materials, but it was frequently adopted to describe 
growth process for other type of population under several conditions [29–31]. Despite the 
limitation of the Avrami’s theory, a first empirical model for algae growth has been recently 
developed on such theory [32]. This work arranged such model by firstly identifying the 
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factors that influence the growth for both the substrate and for the environmental conditions 
and then by determining a first set of equations based on iterative fitting process of 
experimental data. It is based on fired bricks and stones [32]. Having a simulation tool for 
algae growth on bricks and subsequently on all other porous building materials (e.g. stones, 
mortars and plasters) thus becomes a key factor in reducing maintenance costs due to 
biodeterioration and forecasting the risk of exposure to related pathogens agents [33–35]. As 
proof, it can be noted that in the last decades numerous prediction models of mold growth 
(i.e. VTT model, isopleth, WTA) have been developed and widely implemented in heat and 
moisture transfer simulation software [29,36–41]. 
Therefore, the aim of this work is to develop a novel approach for modeling and predicting 
algae growth, starting with fired brick surfaces. Firstly, such approach provides the 
development of a failure prediction model based on Avrami's theory. The model must fulfil 
these requirements: (1) predictive, i.e. the model must be able to calculate the growth curve 
starting from a set of input values, even considering the time-varying ones such the 
environmental conditions, that represent the influencing factors for algae; (2) generally 
applicable to building bricks; (3) easily implementable and compatible with hygrothermal 
simulation software outputs such temperature and relative time histories files. The Avrami’s 
theory that stands at the basis of the model is considered sufficiently correct, despite some 
limitations, as a response to the urgent need of a prediction model. Subsequently, the 
approach developed in this work also includes the identification of a new basic theory that 
can describe algae growth and overcome Avrami’s flaws. Consequently, this work compares 
this latter theory with the logistic formula, identified by numerous studies as adequate to 
describe the growth of a population, both for micro and macroorganisms. This new basic 
theory will allow, in the future, the definition of a model that may be truly capable of 
describing algae growth under all growth conditions. 
This thesis is hence divided in 8 chapters. The first chapter (Chapter 2) discuss the problem 
of algae biofouling and its deterioration phenomena, while, Chapter 3 and Chapter 4 deepen 
the theories and the existing failure model for algae growth. Then, the requirements, 
experimental data and fitting methods for the development of the model are presented in 
Chapter 5. The methods for the comparison of the logistic formula to the Avrami’s theory 
are described in Chapter 6. Eventually, the results section in Chapter 7 shows the equations 
and coefficients for the model and its application to different scenarios, while Chapters 8 
reports the results of the comparison between the basic theories of the model.  
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Chapter 2 

2 Biodeterioration of building materials 

2.1 Construction and cultural heritage materials and their 

bioreceptivity 

Bricks and stones are two of the most important materials traditionally used for both 
construction and decorative purposes and even most of the worldwide cultural heritage 
monuments are constructed using these porous material [2,3]. Natural and man-made stone 
materials (concrete, brickwork, mortar) of different structures, textures and colors are used 
to achieve the physical and technical requirements required by engineers and architects in 
order to guarantee aesthetic, artistic values and above all structural issues [42]. They were, 
and still are, commonly applied for both structural purposes (i.e. masonry construction) and 
as secondary element, such as tiles used for roofing, flooring and cladding purposes [10]. 
In particular, the use of brick as a building material dates back to antiquity and has continued 
throughout history until present [43]. Their selection for construction purposes is motivated 
by questions of durability, availability, workability, cost and appearance. Among them, 
workability, cost and installation speed play a crucial role in the use of ceramics when 
compared to stone, especially due to the ease and economy of forming raw ceramic materials. 
Sun-dried clay bricks were used for construction, but with the passage of time, these started 
to be fired to enhance their resistance [11]. 
Both fired bricks and stones are characterized by a wide range of mineral composition and 
different type of microstructure. Therefore, the physical, mechanical and chemical properties 
of such materials are extremely variable, resulting in widely different abilities to resist 
weathering and degradation (durability) [13,44]. Since fired bricks are a man-made product, 
their properties (e.g. composition, texture and porosity) are also strictly linked to the raw 
materials composition and granulometry and affected by the firing temperature and 
production cycle to which they were subjected [12,44,45]. 
Besides the standard materials properties (e.g. physical, mechanical and chemical ones), 
these characteristics can influence the bioreceptivity of the material itself. Bioreceptivity 
implies an ecological relationship between the substratum and the colonizing organisms and 
it was firstly defined as “the aptitude of a material to be colonized by one or several groups 
of living organisms without necessarily undergoing any biodeterioration” or as “the totality 
of material properties that contribute to the establishment, anchorage and development of 
fauna and/or flor” by Gullitte in 1995 [14]. As the intrinsic characteristics of the stone 
materials can change over time as a result of exposure to degradation phenomena, 
bioreceptivity cannot be considered as a static property and, hence, three type of 
bioreceptivity can be defined for each material according to the different stages of 
deterioration. These three steps of bioreceptivity are defined as [14]: primary or intrinsic 
bioreceptivity, which is related to the initial potential of biological colonization of sound 
stone, secondary bioreceptivity, which refers to the potential of biological colonization of 
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weathered stone, and tertiary bioreceptivity, which is the colonization potential of a stone 
material subjected to conservation treatments. Lastly, particles or substances that are not part 
of the material, such as soil. dust, organic particle, water stagnation, can deposit and, in 
combination of the properties of the material itself, they can accumulate biological 
substances: this phenomenon can be defined as semi/extrinsic bioreceptivity. For stony and 
fired brick materials, it relates mainly to petrochemical characteristics and petrophysical 
properties such as: pore space structure (e.g. porosity, permeability, capillarity kinetics) and 
surface roughness [46]. In parallel, the design of the building itself can affect the semi 
extrinsic bioreceptivity of fired bricks and stones: defect in water pipes, north orientation, 
shading, traffic exposition can promote the deposition of microorganism on the material and 
subsequently favor their growth [10,12,47,48]. 

2.2 Biofouling phenomenology and biodeterioration effects 

Biofouling, or biological fouling, is the process of accumulation of microorganisms, such 
algae, bacteria and fungi, and macroorganisms i.e. plants, lichens and musk on building 
materials [4,28]. By adhering to the surfaces, they form biological stains, patinas and crusts 
that can vary in extent, thickness consistency and color [6]. The former three are easily 
influenced by the material type, the building design and surrounding environmental 
conditions. Color, on the other hand, is mostly varying between green, grey and black and it 
is depending on the type of the microorganism [49–52]. 
Biodeterioration is, therefore, the collection of any undesired change in material properties 
caused by the activities of such living organisms [48]. Biodeterioration phenomena may be 
grouped broadly into three categories: biophysical, biochemical, and aesthetic deterioration. 
Depending on the biodeteriogens, on the material type and on the environmental conditions, 
these processes may occur separately or simultaneously [6,53]. Moreover, apart from the 
direct actions, the development of biofouling can create conditions favorable to the growth 
of other species (e.g. mold, fungi, mosses, lichens) and, hence, an ecological succession [1]. 
Among the harmful effects of biofouling, the main one is the aesthetic damage. In fact, 
patinas, stains and consequent incrustation can alter the color of the material and the surface 
finishing layer [4,6]. The aesthetic damage itself does not affect the conservation of the 
material or the stability of the building itself but can cause a loss of cultural value, if the 
building is provided with it, and of economic value due to the continuous maintenance 
operation required [54–56]. 
Another effect of biodegradation, less recognizable, but often more harmful than the aesthetic 
one, is the mechanical, physical (i.e. disintegration) and chemical (i.e. decomposition) 
damage caused by the interaction of microorganisms with the surface of the material [1]. 
They produce a large variety of metabolites like polysaccharides, proteins, peptides, amino 
acids and other organic acids like fatty acids. These acids either actively dissolve stone 
constituents or increase their solubility in water and stimulate migration of salts in stone, 
causing powdering of its surface. These processes can affect the material properties resulting 
in loss of surface cohesion of the material and in transformation and dissolution of the 
components of the material [17]. Once the surface is weekend by the action of the metabolic 
activity of microorganisms, more severe mechanical breaks and physical stress can happen 
in a synergetic combination with other external agents such the outdoor weather (rain, wind, 
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sun, freeze/thawing cycles) and human activities related agents (e.g. acid rain, traffic 
vibration and pollution) [5,57]. 
Finally, the presence of mold and fungi among the microorganism can affect the indoor air 
quality of the buildings and represent a threat for human health [7,58]. In fact, they can 
produce contaminants, i.e. volatile organic compound such as spores, allergens, toxins and 
other metabolites or they can deposit pathogens and subsequently spread them in the indoor 
environment. The most significant health dangers experienced by exposed people include 
irritations and toxic effects, superficial and systemic infections, allergies and other 
respiratory and skin diseases [9]. The extent of exposure to these microbial airborne particles 
and the associated risks are related to many parameters, such as genera/species of 
microorganisms (which determine a part of the contaminants), exposure pathway (in- 
halation or contact with skin/eyes) and environmental conditions (convection, etc.), total area 
of microbial growth, aerosolization of contaminants, etc [8]. 

2.3 Algae and Cyanobacteria as main actors 

Among inorganic materials such as bricks used in the construction world, the first 
microorganisms that initiate biofouling are the autotrophic ones [5]. These organisms in fact 
have the ability to take root, grow and develop by transforming the inorganic resources at 
their disposal on the material (such as CO2, water and nitrates) into complex organic nutritive 
compounds by exploiting the sunlight [1]. Autotrophic organisms that can be found in 
building materials are bacteria, actinomycetes, molds, fungi and a combination of algae and 
cyanobacteria [1,5,6,17]. 
If bacteria, in particular actinomycetes, are frequent in underground environments 
characterized by poor lighting and high relative humidity [56,59,60], microalgae and 
cyanobacteria are classified as the first colonizers of the building envelope [61]. This happens 
due to their three fundamental characteristics: ease of engraftment, adaptability to different 
substrates and ability to survive even to extreme environmental conditions. 
The first one is due to the fact that the necessary condition, but also sufficient, for the spores 
and cells of microalgae and cyanobacteria to colonize a material is that there is light, water 
and some readily available inorganic components (CO2, nitrates and traces of mineral salts) 
[62]. A significant case is the appearance of algae in an underground environment (Moidons 
Cave, France) where due to the installation of an ambient lighting system, the spores of algae 
brought from outside have taken root easily [63–65]. 
Subsequently, these organisms can adapt themselves to very particular substrata, changing in 
color and morphology. Cyanobacteria and green algae were found on several materials types: 
concrete and stones, fired brick, and even metals, painted surfaces and plastic [18]. 
Finally, the combination of the filamentous structure of the microalgae and the more or less 
thick gelatinous sheath layer formed by the cyanobacteria allows such them to trap, absorb 
and therefore retain water [1]. In combination with the fact that they are also capable of 
activating and deactivating the metabolism, these microorganisms are able to resist even 
extreme fluctuations in environmental conditions and therefore live even in the most extreme 
terrestrial climates, such as hot and cold deserts [19,20]. 
Among the species of algae and cyanobacteria, two of the most recurrent in building materials 
are Chlorella mirabilis for green algae and Chroococcidiopsis fissurarum for cyanobacteria 



 

6 

[66]. In relation to the substrate and the environmental conditions these two species produce 
stains and patinas often leading to green, gray and black colors, although red and brown spots 
can also be found when combined with other algae species [1,5,6,17]. In addition to the 
aesthetic damage, however, the researchers found that algae contribute to bricks, and more 
generally stones, deterioration by respiration processes, by retaining water which expands in 
freeze-thaw cycles or by releasing acids or chelating compounds [4]. In addition to acids, 
many other organic compounds (e.g., amino acids and polypeptides) are also able to complex 
or chelate ions. Due to this, the film they produce allows the engraftment of other 
microorganisms, both autotrophic and heterotrophic (such as plants) [18]. 

2.4 Factors influencing algae biofouling on fired bricks 

The identification and clear determination of which are the main factors influencing algae 
growth on porous building materials, in particular on bricks, is a key factor for properly 
describing the algae growth and, therefore, for simulating it correctly through a predictive 
model [67,68]. However, this has caused, and still does, discussions among researchers. In 
fact, it is not easy to understand what are the primary and strictly influencing factors due to 
the numerous and different species of algae, the various types of substrate and the disparate 
environmental conditions for which algae biofouling took place [62,65,69]. In any case, all 
the factors must ensure water and nutrition for algae. If there is no available water or nutrients 
at the engraftment time, the algae are unable to develop [5,51,62,69]. 
As for the substrate made up of porous construction materials, the bioreceptivity of the 
material certainly influences the growth and development of algae and, specifically, the 
petrochemical characteristics and petrophysical properties play a primary role [10,14,46]. 
Numerous studies and laboratory tests conducted in this regard have identified how 
roughness and porosity are two factors strictly influencing growth and development 
[13,15,16,21,26,70–72]. The first, in fact, allows the mechanical anchoring of the microalgae 
spores and filaments present in the air [21,71,72]. The second, on the other hand, is closely 
related to the water availability as it helps the retention of water within the material and it 
extends its availability over time [5,10,12,13]. On the other hand, factors such as pH and the 
mineralogical composition of the materials, both for bricks and stones, seem to have only 
secondary and not well-defined effects in the development process [12,13,48,73]. In fact, 
literature has largely proven that algae are able to grow on surfaces with different pH without 
absorbing their effect, while, the chemical composition of the substrate is secondary algae 
growth, because it is not directly linked to the water availability [12,13,48,73]. 
Among the environmental conditions, temperature and relative humidity have been 
recognized as primary factors in algae growth [74]. Indeed, recent studies have identified 
relative humidity and the presence of water in conditions close to saturation as an on-off 
condition for algae growth [20,25]. Only if the relative humidity and the water content in the 
material are close to saturation (≥98%) there are visible signs of algae growth on building 
bricks. However, if the algae were able to start their growth and develop, a lower relative 
humidity only blocks their development but does not lead to their death [19,20]. In fact, it 
has been shown that algae are able to retain water inside them, deactivate the metabolism and 
therefore survive even dry periods [1]. Regarding temperature, the scientific literature has 
identified optimal ranges for which growth occurs and has defined minimum and maximum 
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boundary values in which growth does not occur or stops [74]. In general, for most algae and 
cyanobacteria a range of temperature where growth occurs is between 20° C and 30° C, while 
between 5° C and 40° C growth stops [20,75–77]. Nevertheless, it is possible to find stains 
or patinas caused by algae biofouling above these limit temperatures as these microorganisms 
have the possibility to adapt and survive [78]. Currently, the correlation between these 4 
influencing factors has been made only qualitatively by identifying that porosity and 
roughness influence the development time and partly the covered surface, while T and RH 
strongly influence algae growth in terms of activation and development of biofouling [25]. 
Finally, even the building design can have an effect on algae growth since it affects, more or 
less directly, the water availability of inside the materials [79]. For example, in addition to 
wind driven rain and rising damp, it was also found that the north orientation and shading 
slow down evaporation and favor the stagnation of the water content inside the material 
[17,20]. In addition, both external and internal insulation can also promote algae growth as 
they reduce the temperature of the wall, making it reach the dew point and favoring 
condensation phenomena [80,81]. Finally, even inadequately designed parts of the building 
(e.g. balconies and ledge) or defects in water regulation can create preferential routes where 
the water accumulated after a rain event stagnates, creating the ideal conditions for the 
proliferation of algae and cyanobacteria [79,82,83]. Figure 2.1 show some examples of 
substrate properties, environmental conditions and defect in the building design that favored 
algae growth. 
 

   

   

Figure 2.1 Different combination of fired bricks substrates, environmental conditions and 
building design details leading to algae growth.  
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Chapter 3 

3 Theories describing algae biofouling 

3.1 The Avrami’s theory and its flaws in simulating a rapid 

growth 

Concerning theories for describing algae growth, scientific literature over the past few years 
has provided some attempts: the first models suggested the solution of differential equations 
and network models to describe the algae growth from the pore-scale to the macro scale [84–
87], while the most recent models proposed the use of modern machine learning technologies 
and artificial neural network to take into account more variables, such as those of the 
substrate, which can influence the growth [88,89]. But such models has found only limited 
application on describing the algae biofouling on building materials: that is probably due to 
difficulties in determining the parameters, solving the equations and/or high costs in 
computations (e.g. due to the use of machine learning technologies). 
The Avrami’s theory, on the other hand, has been developed only recently but it is the most 
widespread model for describing algae growth applied to building materials. In fact, this 
theory was originally developed to describe the kinetic phase transformations in solids [90–
94], but since solid nuclei and algae spot could be easily compared given some assumption 
[26,95], the theory has been rapidly applied to algae growth on building material. As 
nucleation and growth for solid, such growth over the time can be respectively discretized in 
three phases [26,95]. The first is the latency time, corresponding to the nucleation, in which 
the algae spots start colonizing the substrate, but they are not still visible to naked eye. Then, 
the exponential growth occurs similarly to the nuclei growth, and the substrate is rapidly 
covered by algae fouling. Finally, the stagnation phase takes place, and it is when the algae 
growth becomes stable over the time due to the unavailability of novel resources. The first 
applications of the model has taken place on mortars with Portland cement where algae 
growth reach the saturation of the area [26]. Subsequent changes to the initial formulation 
(modified Avrami’s model) allow the application of the model even where the algae are not 
able to reach total coverage, while maintaining the sigmoidal shape of the output curve 
[27,28]. This has promoted the extension of the applicability of the model to materials that 
are only partially favorable to algae growth (i.e. slightly porous and slightly rough fired bricks 
surfaces) [15,27], materials treated with biocides [15,27,28] and when the environmental 
conditions can limit their development (e.g. low temperature) [25]. 
The Avrami’s theory, with its implementation resulting from different application, is 
presented in (1) 

( )( )1( ) 1 exp
nK t tC

T

A
X t

A

− −
= ⋅ −  (1) 
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where the covered area by algae growth X(t) [-] is defined by an exponential equation 
depending on the time of growth t [day]. The final covered area ratio is represented by the 
parameter AC/AT [-] which expresses the maximum percentage of the covered area at the end 
of the 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) and it can range between 0 and 1. The K [-] is a growth rate 
parameter depending on the rate of the nucleation of new particles, and the specific growth 
rate constant [27,28] and it can be determined by the least squares method using experimental 
measurements [28]. Lastly, the parameter t1 represents the latency time [day] before a 
chromatic variation occurs on the material surface: it can be assumed as the comparisons of 
the first algae spot. The dimension of the spot can be reasonably approximated to 0.003, since 
it is the area of one pixel in a sample of 80 x 80 mm2 with an image resolution of 600 dpi 
[27,28]. The coefficient n is the Avrami’s exponent for the time variation and it is assumed 
equal to 4, with three dimensions representing the growth and one representing a constant 
nucleation rate [28]. All the four parameters can be assumed constant over the time but, by 
the determination of the parameters AC/AT, K and tl, it is possible to adapt the curve to the 
experimental data so as to model the various materials. This function has a minimum value 
equal to 0, when the time t corresponds to the latency time t1, while it does not have a 
maximum value (it asymptotically tends to Ac/At for t→∞). 
However, 2 important limitations of such theory can be pointed out. A previous work [15] 
highlighted that one of the Avrami’s flaws occurs when the growth rate is very fast (i.e.: on 
materials having high porosity and/or high roughness) and the latency phase is very missing. 
Since the curve has a minimum value equal to 0 (when the time t corresponds to the latency 
time t1) that prevents the curve to develop as fast as the experimental microalgae biofouling, 
or consider in some ways the effect of algae inoculationFigure 3.1shows the Avrami’s curve 
failing in describing such growth process [15]. 
 

 

Figure 3.1. Avrami’s flaws in describing a very rapid growth, with a latency time almost 
equal to 0 for literature materials [15]. 

The second limitation, conversely, occurs when the latency time extends over the growth 
time, e.g. for materials with low porosity and/or roughness but it can be considered as a mere 
analytical bug. In fact, according to the first derivative (2), 
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( ) ( )
4

1 3
1 1'( ) 4 exp 0,  K t tC

T

A
X t K t t t t

A

− −
= ⋅ ⋅ ⋅ − ⋅ − ≤ ∀ ≤  (2) 

such model shows a decreasing trend for every t ≤ t1, since the other parameters (i.e. the 
covered area ratio AC/AT and the growth rate factor K) are higher or at least equal to 0 [25]. 
The miscalculation of the predicted biofouling is rather poor, and the affected interval is 
usually very short if compared to the total growth time. Despite that, the effect of the 
miscalculation is not so correct for physical description of microalgae growth. 

3.2 The logistic model for general population growth 

Differently to Avrami’s theory, that was initially developed for nucleation solids and only 
later applied to algae growth, the logistic formula was developed and directly applied for 
population growth description. One of the first application was for describing human 
population growth, but rapidly it has been extended to biological growth, medicine and its 
generalized version has been even applied for COVID-19 modeling [30,96–99]. 
For what concerns algae growth, the use of logistic formula is quite spread i.e. for the biofuel 
industry [99,100]. Numerous studies have adopted this formulation to simulate the 
experimental data of in vitro cultivations, often comparing them with other mathematical 
models for growth prediction [31,100–103]. The results obtained in these scientific studies 
have identified the logistic function as the most suitable model for the representation of the 
experimental data [104]. Concerning the description of biofouling on porous building 
materials, the logistic formula has been successfully applied only in a recent study for mold 
growth [29], but no application for algae growth is known up to now to the authors. 
As for the Avrami’s model, this equation is based on an exponential formulation of growth, 
with a starting phase of latency and an ending phase of stagnation, once the maximum 
exploitation of the resources available for growth has been reached [97]. The logistic function 
proposed in this work is defined by equation (3), proposed in [29,31]: 

( )

1
( )

1 exp f

C

r t t
T

A
X t

A − −

 
 = ⋅
 + 

 (3) 

where, microalgae coverage X [-] is a function of time t [day] and the three parameters, 
namely AC/AT, r and tp, can be defined from experimental measures. In particular, the first 
one is the maximum covered area ratio [-], being AC the area covered by microalgae and AT 
the total area of the sample. It represents the horizontal asymptote ranging between 0 and 1. 
The r parameter [day-1] can be defined as the intrinsic growth rate [31] while the tp parameter 
[day] is defined as the inflection point of the growth curve and it is the day in which 
microalgae coverage (AC/AT)/2 is reached. It is analytically determined by setting the second 
order derivative of logistic function equal to zero [31]. At time 0, the microalgae coverage 
can range between 0 and (AC/AT)/2 due to the definition of tp. This overestimation of the zero 
starting point has been previously considered as acceptable, describing the effect of 
microalgae inoculation [31,101,104]. Both r and tp are calculated through iterations by 
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minimizing the least squares value between experimental data and calculated values [31]. 
Moreover, the model first derivative is always higher than 0 for every time values (4): 

( )

( )
2

exp
'( ) 0   

1 exp

p

p

r t t
C

T r t t

A r
X t t

A

− −

− −

⋅
= ⋅ ≥ ∀

 
+ 

 
 

(4) 

being AC/AT, r and tp are always higher or at least equal to 0 due to their experimental 
definition, Hence, no decreasing trend can be observed as happening for the Avrami’s laws  
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Chapter 4 

4 The first empirical model for algae 

growth from literature 

4.1 Looking to other existing models for biofouling on 

building materials 

In order to describe and therefore limit biofouling risk that may damage the building itself or 
just a part of it (e.g.: walls, façades, wooden beam ends), in recent years researchers have 
been providing several failure models [29,36–38]. From an engineering point of view, a 
correct modeling of the biofouling phenomenon can provide to engineers and practitioners a 
useful tool both for predicting the damage on the various building materials and for the 
correct planning of maintenance interventions so as to be able to limit their costs [33–35]. 
A failure model is mathematical model capable of describing risks and decay starting from 
the influencing factors of biofouling [33]. Several prediction models were provided differing 
from each other depending on the considered microorganisms (e.g. mold, fungi, algae, 
actinomycetes), the considered input parameters (e.g.: temperature, moisture, exposure time 
and substrate type and properties) and the type of given output (i.e.: static model, when the 
output indicates the starting of the process, and dynamic model that can describe the overall 
process considering both the starting and the decline generally as a function of time) [29,36–
38,67,68]. 
Since mold and fungi can easily growth in the indoor environment when the relative humidity 
is just higher than 80% and, concurrently, they can cause hazards to human health, numerous 
failure models have been provided. The first development started considering the temperature 
ratio according to which a temperature ration lower/higher than 0.7 would provoke relative 
humidity higher than 80% and, hence, an unacceptable high mold risk [105]. Subsequently, 
models were implemented considering minimum combination of temperature and relative 
humidity in which growth occurred and some a first implementation of such models on 
hygrothermal software was provided [58,106,107]. 
Then, the VTT model introduced also the substrate properties as influencing factor for mold 
growth. At first, in order to determine the Mold Index, only two type of wood (pine and 
spruce) and two type of finishing (resawn and original kiln-dried) were considered [107,108], 
but such classifications were enlarged in order to consider more materials and hence 
scenarios. In particular, different types of building materials were added (i.e.: spruce, 
concrete, PUR thermal insulation, glass wool and EPS) being grouped in their mold growth 
sensitivity classes (i.e. very sensitive, sensitive, medium resistant and resistant) [7,38,109]. 
In recent years, the VTT model and the WTA model have been finally implemented on heat 
and moisture simulation software such as DELPHIN (http://www.bauklimatik-
dresden.de/delphin/index.php , last access: December 2020) and WUFI (https://wufi.de/en , 
last access: December 2020). Both software are able to calculate the temperature and relative 
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humidity profile for a given building component, in particular façades and roofs, according 
to their material composition (e.g. type of insulation, type of finish, materials thickness, etc.). 
Starting from this, it is therefore possible to obtain also the profile of temperature and relative 
humidity over time (that is time history files) and then apply them on the calculation of the 
models. Hence, engineers, researchers and practitioners are able to simulate the decay and 
degradation due to biofouling [39–41]. 

4.2 Theory and equations 

In order to provide a failure model capable to simulate biofouling directly starting from the 
substrate properties and environmental condition of the building constructions, avoiding 
background experimental tests [33,67], a first attempt for algae growth on building materials 
has been provided by [32]. The empirical failure model provided by literature [32] is 
presented in equation (5): 

( )( )11( , , , , , ) 1 exp
n

K tK t tC
A

T

A
X P R A T RH t

A

τ τ
τ

− ⋅ − ⋅ 
= Ω⋅ ⋅ ⋅ − 

  

 (5) 

where the algae growth is a function of substrate properties (i.e. porosity P [%], roughness R 
[μm] and total pore area A [m2/g]), environmental conditions (i.e. temperature T [°C] and 
relative humidity RH [%]) and time t [day] [32]. The model is suitable for both bricks and 
stones. 
The substrate properties variables were directly expressed in the Avrami’s parameter 
calculation AC/AT (P, R), K (P, A) and tl (R), expressed in condition (6) [32]. 
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The temperature is considered as a scaling effect on such parameters and hence computed as 
τA(T), τK(T) and τt1(T) [-], while relative humidity has a general on/off effect on algae growth 
determined as Ω(RH) [-] according to conditions (7) [32]. 
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(7) 

Since both the scale functions τA and τK experimentally determined have shown a correlation 
with the substrate properties (P, R), the regression coefficients equation based on such 
variables (aI, bI, …, dIV) are determined according to conditions (8) and (9) [32]. 

( )
( )
( )
( )

( , )

( , )

( , )

( , )

I I I
A

A

II II II

A A

III III III

AA

IV IV IV

A A

r P R a P b R d

s P R a P b R d

u P R a P b R d

v P R a P b R d

δ

η

λ

µ

 = ⋅ + ⋅ +



= ⋅ + ⋅ +

 = ⋅ + ⋅ +

 = ⋅ + ⋅ +


 

(8) 

( )
( )
( )
( )

( , )

( , )

( , )

( , )

I I I
K

K

II II II

K K

III III III

K K

IV IV IV

K K

r P R a P b R d

s P R a P b R d

u P R a P b R d

v P R a P b R d

δ

η

λ

µ

 = ⋅ + ⋅ +



= ⋅ + ⋅ +

 = ⋅ + ⋅ +

 = ⋅ + ⋅ +

 

(9) 

 
  



 

16 

Table 4.1 shows the regression coefficients ai, bi and di of conditions (8) and (9) that, as a 
result of the fitting process, assume significant values. In general, all the regression 
coefficients of the τA and τK scale functions, respectively rA, sA, uA, vA and rK, sK, uK, vK in 
equations (8) and (9), have resulted significant [32]. 
 

Regression 
coefficient 

P R 
Constant 
term 

rA aI = 3.8447·10-4 bI = -4.0800·10-6 dI = -2.1164·10-4 

sA aII = -2.7874·10-2 bII = 2.9590·10-4 dII = 1.1856·10-2 

uA aIII = 5.5270·10-1 bIII = -5.8670·10-3 dIII = -1.4727·10-1 

vA aIV = -2.1146 bIV = 2.2450·10-2 dIV = 4.7041·10-1 
    

rK aI = 8.3270·10-5 bI = 6.7000·10-7 dI = -1.8459·10-4 

sK aII = -6.0378·10-3 bII = -4.8800·10-5 dII = 9.8770·10-3 

uK aIII = 1.1971·10-1 bIII = 9.6900·10-4 dIII = -1.0759·10-1 

vK aIV = -4.5803·10-1 bIV = -3.7100·10-3 dIV = 3.1809·10-1 

Table 4.1. Regression coefficients determined for the substrate variables (P, R) of the 
temperature scale functions τA and τK [32]. 

The coefficients α, β and γ refer to corrective coefficients according to the material type. 
Such coefficients are equal to 1 for brick surfaces since the model was primarily determined 
on bricks but they vary for stony materials [32]. In this way the regression coefficients 
determined for the Ac/At, K and t1 parameter of fired bricks can be still valid and adequate 
also for stone substrates. The corrective coefficients (α, β and γ) of the failure models’ 
parameters Ac/At, K and t1 for stones, expressed in equations (6), are shown in Table 4.2. 
 

Parameter Corrective coefficient 

Ac/At α = 2 sandstones 

 α = 100 limestones 
   

K β = 1.724 sandstones 

 β = 6.897 limestones 
   

t1 γ = 0.2 sandstones 

 γ = 1.6 limestones 

Table 4.2. Calculated values of corrective coefficients for sandstone and limestone 
materials [32]. 

  



 

17 

Three main hypotheses have been assumed at basis of the model. The first assumption affirms 
that P, R and A can be reasonably considered as independent variables and not varying over 
time. That means that they don’t depend from each other and from the environmental 
conditions. Moreover, since they don’t vary over the time, aging problem of surface material 
can be reasonably disregarded. The second assumption involves the environmental 
conditions: they can be constant, or they can vary over the time. Lastly, the third assumption 
states that the covered area by algae X(t) is a monotonically not decreasing function. 
Therefore, even if there aren’t suitable environmental conditions for algae growth, the 
biofouling process cannot go back or decrease. This assumption is supported by the results 
obtained in previous experimental researches [15,27,28], from which the condition (10) is 
always valid. 

1 2 1 2( ) ( ),             X t X t t t≤ ∀ <  (10) 

According to the above hypotheses, the failure model manages to simulate the algae growth 
on a specific building material, taking into account also the environmental conditions. For 
environmental conditions that remains static over the time, the model is able to analytically 
determine the curve. On the other hand, when dynamic T and RH are given, a qualitative 
construction of the model is proposed: once set the substrate properties, the model firstly 
determines the specific growth curves for the different environmental conditions; 
subsequently it identifies the sections of the curves related to each time interval; then it 
combines those section as the overall growth process is the sum of each section. The 
combination process takes place according to the conservation principle of the reached 
covered area, through a horizontal asymptote. This implies that a change in environmental 
conditions results in a variation of the growth rate of the curve. Figure 4.1shows the curves 
obtained by the failure model under both static environmental conditions (EC1, EC2, EC3) 
and dynamic ones (ECd). 
 

a)  b)  

Figure 4.1. Examples of the implemented failure model for a given set of substrate 
properties: a) analytical determination of the growth curve under static environmental 

condition; b) qualitative overall process of covered area by algae biofouling under dynamic 
environmental conditions [32]. 
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4.3 Calculation, fitting and validation process 

Once set the variables and the parameters to be fitted, the domain and codomain of the failure 
model have been set. The variables domain is determined according to the experimental and 
measuring methods, as follow: 

- porosity domain – 0<P < 100 [%]; 
- roughness domain – R ≥ 0 [μm]; 
- total pore area domain – A > 0 [m2/g]; 
- temperature domain – 5 ≤ T ≤ 40 [°C]; 
- relative humidity domain – 0 ≤ RH ≤ 100 [%]. 

Moreover, the codomain of the fitted parameter is set according to the mathematical and 
physical meaning, and considering the experimental results [15,23,27,28,55]; in particular: 

- for the final covered area ratio – 0 ≤ Ac /At ≤ 1 [-]; 
- for the rate parameter – 0 ≤ K ≤ 1 [-]; 
- for the latency time – t1 ≥ 0 [day]; 
- for relative humidity scale function – 0 ≤ Ω ≤ 1 [-]; 
- for temperature scale functions – 0 ≤ τi ≤ 1 [-]. 

An iterative fitting process is performed in order to obtain the equations and coefficients of 
the conditions (6)-(9). The tested equation types (e.g. polynomial, logarithmic, exponential, 
etc) in the fitting process are not decided in advanced nor analytically derived from the 
Avrami’s theory (1). During the fitting process, the resulting equations are considered 
adequate if they fulfill three requirements. The first states that the equation types must well 
simulated the trend of the experimental data; the second one requires that the codomain must 
be verified, while, the third requirement verifies whether the fitting maximizes the 
coefficients of determination R2 and minimizes the sums of squared residuals. The iterative 
process is stopped when all the above three conditions are satisfied. The corrective 
coefficients (α, …, μ) are determined on the stones experimental data following again the 
three requirements. 
The resulting model is firstly applied to the experimental material, and by overlapping the 
resulting curves with the average experimental with their relative standard deviation values, 
is first graphically verified. Then, a quantitative validation is performed by determining the 
confidential R factor [%] for each material. According to previous literature works 
[15,27,28], an Avrami’s curve with a R factor value lower than 25% can be considered 
acceptable. Moreover, the validation is performed not only on fired brick materials, but also 
considering results on stone materials previously investigated [28,55].   
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Chapter 5 

5 ALGAE – ALgae Growth fAilure modEl 

for bricks 

This chapter deepens one of the 2 main goal of the novel approach: the development of a new 
failure model able to describe algae biofouling on fired brick surfaces. 
The model is based on the Avrami’s theory because, despite the limitation presented in 
Section 3.1, it is considered adequately correct, as a response to the urgent need of a 
prediction model. In addition, the first empirical failure model for algae growth is resumed 
with the underlying theories and hypotheses (Section 4.2 and Section 4.3) with the aim of 
improving it, thus, obtaining a failure model. 
In fact, according to other failure model already developed for biofouling of building 
materials (Section 4.1), a failure model as such should be predictive, applicable and software 
implementable. The predictive requirement means that the model must be able to calculate 
the growth curve starting from a given set of input values, even considering the time-varying 
ones such the environmental conditions, representing the factors that influence algae 
biofouling. Then, it must be generally applicable to fired bricks surfaces, that is, the domain 
of the substrate input variable should be descriptive of most/all the bricks applied in building 
construction. Lastly, the calculation method of such model must be easily implementable and 
compatible with hygrothermal simulation software outputs such temperature and relative 
time histories files. 
Particularly due to this last requirement, this work provides two version of the model: the 
static and the dynamic model. These two types of model allow to consider the environmental 
conditions, in terms of temperature and relative humidity, both constant (hence, static) and 
varying (dynamic) over the time. In addition, also the calculation processes are slightly 
different for the two versions considering a user-friendly calculation for the static model and 
a software determination process for the dynamic one. 
Therefore, three section are outlined in this chapter. In Section 5.1, the main theories of the 
literature empirical failure model are summarized. Then, in Section 5.2 the static model is 
determined by describing its general requirement, the empirical dataset on which the model 
is based and the adopted fitting process, Lastly, Section 5.3 defines the dynamic model, 
describing its basic assumptions and calculation processes. 

5.1 Theories and hypothesis from the empirical failure model 

The theories and hypotheses according to which the empirical model of algae biofouling is 
developed are reported as general indications and guidelines that underpin the theoretical 
basis of the model. The theories resumed from the empirical model are mainly two [32]: 

- this new failure model can be still based on Avrami’s theory and its subsequent 
modifications. This is because numerous works of literature have shown the ability 
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of this theory to describe algae biofouling on several materials, with environmental 
conditions different from the optimal ones and also when the material surface is 
treated biocides that inhibited the biofouling [15,25,27,28]; 

- parallel to the fact that the Avrami’s theory constitutes the general equation of the 
model, the theory of the determination of the three Avrami’s parameters with growth 
influencing factors is resumed from the first model. Such factors are still those 
describing the effect of substrate and environmental conditions [32]. 

Simultaneously, all three assumptions underlying the empirical model are recovered for the 
failure model. The hypotheses are [32]: 

- the variables, whether they refer to the substrate or to the environmental conditions, 
are independent: this is due to both the physical assumptions on such variables and 
the experimental test program developed for the algae growth data [15,25,27,28]; 

- the substrate conditions are also independent from time, reasonably disregarding 
aging problems of the material surface, while temperature and relative humidity are 
considered both constant and variable over time [15,25,27,28]; 

- lastly, the third assumption states that the covered area by algae is a monotonically 
not decreasing function. Therefore, even if there are not suitable environmental 
conditions for algae growth, the biofouling process can never get back and decrease 
the covered area [25]. 

5.2 The static model 

5.2.1 General requirement for model definition 

The theories and hypotheses derived from the first model are then transformed into analytical 
conditions that also meet the 3 requirements of the failure model. 
The input parameters of the failure model are therefore identified in: open porosity P [-] and 
surface roughness R [µm] as influencing factor of the substrate and, temperature T [°C] and 
relative humidity RH [%] describing the environmental conditions. Such variable have been 
chosen according to the previous model [32], the literature findings [15,25,27,28] and 
because a failure model needs easily to be measured parameters for having a widespread use. 
The variable of total pore area A is dismissed for the sake of an easier calculation and 
implementation: this variable is rarely reported in building material characterization 
[11,13,15,16,21,22,27,110–114] and more rarely provided in simulation software. Moreover, 
literature has largely proven that the chemical composition of the substrate plays only a 
secondary role in algae growth, because it is not directly linked to the water availability, 
hence, it was not considered [12,13,48,73]. Lastly for what concerns the environmental 
conditions, it is worth noting that the experimental test apparatus for simulating accelerated 
growth conditions provided a day/night illumination cycles [25]. In this way, the daily 
covered area variation measured and adopted for the fitting process of the model takes also 
into account the day/night illumination cycles. As stated by the theories of empirical model, 
such variables (porosity P [-], roughness R[µm], temperature T [°C] and relative humidity 
RH [%]) can therefore modify the algae growth curve of the failure model X (T, RH, P, R, t) 
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by influencing the three parameters AC/AT(T, RH, P, R), K(T, RH, P, R) and t1(T, RH, P, R). 
Condition (11) analytically describes such theory: 

( )( )4
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1 1
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(11) 

Besides, the set given in condition (12) deepens the fact that the algae growth curve over the 
time is a not decreasing function. 
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(12) 

The first one involves the latency time and it tried to overcome the analytical inaccuracy. In 
fact, the use of t1 led to a miscalculation on the covered area: when the latency time is 
different from 0, the function showed a decreasing trend between t = 0 and t = t1 and, since 
the function is even, the covered area at t=0 was higher than 0. This meant that the growth 
curve minimum was equal to 0 when t= t1, too. This is not so correct from a physical 
description of microalgae and cyanobacteria growth, thus, algae growth was set to 0 until the 
latency time was reached. The second conditions stated that, once the latency time is over, 
the model should be then a monotonically not decreasing function, otherwise it was 
constantly equal to 0. 

5.2.2 Dataset definition, variables domain and analysis of the experimental 

evidences 

For the experimental dataset based on fired brick substrates, no novel experimental tests are 
performed, but a very large dataset coming from a previous work is used [25]. 
The adopted test apparatus is set according to previous works involving algae biofouling on 
building materials [15,25,27,28]. In particular, accelerated growth tests are performed in 
order to limit and avoid some methodological problems concerning its occurrence as readily 
observable and quantifiable phenomenon: if not accelerated, a visible biological deterioration 
usually starts after 1-year or more of natural exposure [14,115,116]. Concerning the 
microbial cultures chosen for the experimental tests, they are a green alga (Chlorella 

mirabilis) and a cyanobacterium (Chroococcidiopsis fissurarum), since they can be 
commonly found on building façades [61,66]. 
The different types of fired bricks are selected, and they have been cut into three prismatic 
samples with dimension equal to 8×8×3 cm3. To evaluate the effect of the substrate, the clay 
brick and stone materials selected for the experimental investigations are preliminarily 
characterized before the tests [15,25,32]. Total porosity P [-] of each material is determined 
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onto 3 samples by a mercury intrusion porosimeter (Micromeritics Autopore III) following 
the ASTM D4404-10 standard [117]. The surface roughness, as arithmetical mean roughness 
Ra [µm], is calculated according to UNI EN ISO 4287:2009 standard [118] and measured by 
using a Taylor Hobson CCI 3D Optical Profiler. The arithmetical mean deviation of the 
assessed profile is calculated on five sampling lengths of 5,54 mm. 
For the environmental conditions with constant relative humidity, three different relative 
humidity conditions are reproduced inside three separate climatic chambers. The air of the 
indoor environment is conditioned by using different saturated solutions, following the 
methodology of reported in EN ISO 12571:2013 [119]. The RH equal to 75% is obtained 
through a saturated solution of NaCl, the RH at 87% through a saturated solution of Na2CO3, 
and the almost saturated relative humidity (98%) through only deionized water [120]. At the 
beginning of each test, samples are inoculated on 9 different points on their surface with the 
mixed culture per point. After the initial inoculation, samples are placed inside the climatic 
chambers and to exclusively evaluate the effect of relative humidity, during all the tests 
temperature is constantly controlled and maintained at 27.5 [25]. 
The investigations on the effect of temperature on algae growth follow the methodology 
adopted in previous researches since such methods well simulates the behavior of wall 
surfaces exposed to ‘‘bad weather’’, or leaky parts of a building or design defects 
[15,16,25,27,32,110]. It consists in accelerated tests with periodical water spray on the 
material surface: the algae suspension is sprinkled on sample surfaces, falling down their 
entire surface with run/off cycles of 15 minutes, for a total duration of 6 hours per day. In 
these experiments, relative humidity is assumed equal to 100%, since the wet&dry cycles 
allow to keep the sample surface wet during the test time. Tests are performed until the 
biofouling on each sample reached the stagnation phase at the end of the growth process. 
Figure 5.1 illustrates the scheme of the two apparatuses adopted in the accelerated growth 
tests under both constant temperature and relative humidity [25]. 
 

a)  b)  

Figure 5.1. Scheme for the accelerated growth test apparatus adopted for the literature 
dataset [25]: a) under constant relative humidity conditions; b) under constant temperature 

conditions. 

All the three growth chambers are placed in a dark room to avoid the influence of the external 
environment (daily light, outdoor temperature and relative humidity). Each test apparatus is 
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equipped with two neon lamps (Sylvania TopLife 39W) to provide an adequate illumination 
to simulate a day/night cycles of 14/10 h [25]. To monitor the environmental conditions set 
inside each growth chamber during the tests, temperature and humidity Sensirion SHT31-D 
sensors (https://www.adafruit.com/product/2857 , last access: December 2020) were 
connected to a National Instruments (NI) myRIO-1900 data logger device 
(https://www.ni.com/en-us/support/model.myrio-1900.html , last access: December 2020). 
Thanks to the small dimensions of the sensors (12,5 x 18 x 2,6 mm) it is possible to locate 
them near the samples. Such monitoring system has been previously tested and calibrated in 
other researches, aimed to characterize building materials and the surrounding environmental 
conditions investigate the critical conditions in terms of high moisture loads in the 
environment, i.e. of a hypogeum environment [121–126]. 

The dataset from [25] is chosen since it is (1) comparable to other dataset of previous failure 
model used in literature [7,29,37,108,109] and (2) representative of the most common 
influencing factor for algae growth, according to Section 5.2.1. Five different types of fired 
brick (SP1, …, SP5), having different porosity and roughness, are considered (Table 5.1), 
with three specimens for each type of brick, under seven different combinations of 
environmental conditions (EC1, …, EC7). Materials SP1, SP3 and SP5 are considered for the 
empirical fitting process since they are comprehensive of the substrate domain (see 
condition(13)), representing the minimum, maximum and middle values for both porosity 
and roughness. SP2 and SP4 are used in the post fitting process in order to confirm its results 
because they are characterized by intermediate values of P and R. All the environmental 
conditions are taken into account in the fitting process. Hence, the dataset for the 
experimental fitting process is composed by 63 experimental algae growth curves, referring 
to 3 samples for 3 substrates under 7 different environmental conditions and by 56 curves for 
the confirmation step. 
 

Substrate Properties Environmental Conditions 

Temperature [°C] – Relative humidity [%] 

 P [-] R [µm] EC1 EC2 EC3 EC4 EC5 EC6 EC7 

SP1 0.19 4.50 

T=27.5 
RH=75 

T=27.5 
RH=87 

T=27.5 
RH=98 

T=5 
RH≈100 

T=10 
RH≈100 

T=27.5°C 
RH≈100 

T=40 
RH≈100 

SP2 0.19 5.54 

SP3 0.25 2.95 

SP4 0.44 6.60 

SP5 0.44 7.60 

Table 5.1. Tested surface properties (SP) and environmental conditions (EC) [25]. Three 
samples were tested for each surface property (SP). 

An investigation of literature fired bricks surface properties is run 
[11,13,15,16,21,22,27,110–114] to see how the experimental data set (Table 5.1) fits with 
the literature and to set a general application range of the fired brick properties (i.e. porosity 
and roughness) for the empirical failure model. The review describes 60 different brick 
porosity values and 20 values of roughness (Figure 5.2). Moreover, the open porosity [%] 
considered in this work has been determined by a mercury intrusion porosimeter according 
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to the ASTM D4404-10 standard [117], and the surface roughness [µm] has been determined 
according to UNI EN ISO 4287:2009 standard [118], being the most commonly values in 
literature [13,16,21,27,110,114,127]. 

 

a)  

b)  

Figure 5.2. Comparison between porosity and roughness values from literature 
[11,13,15,16,21,22,27,110–114] and the porosity and roughness domain. 

The domain for porosity P [-] and roughness R [µm] is set as reported in (13) by comparing 
the literature review results (Figure 5.2) [11,13,15,16,21,22,27,110–114] and the range of 
porosity and roughness from the experimental dataset chosen for the fitting process of the 
model (Table 5.1). In particular, it can be noted that the porosity domain set for the model is 
including 87% samples’ values, while the roughness domain covers 80% of samples provided 
by literature. Calculation with values out of this domain has not granted results. 

0.19 0.44

2.50 8.00

P

m R mµ µ

≤ ≤


≤ ≤
 

(13) 

Regarding the effect of the environmental conditions, it has been previously demonstrated 
that algae and cyanobacteria growth occurred only at saturation conditions, that is when free 
water is present. If no free water is available, algae growth does not happen. For taking into 
account such issue, from an engineering standpoint, a relative humidity ≥ 98% is assumed as 
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a safety limit [25] even though brick surface could not be wet and water availability is only 
present by capillary condensation [128], by also considering that the approximation of the 
water activity with the relative humidity has already been demonstrated as acceptable [108]. 
Meanwhile, considering the temperature effect, algae biofouling occurs only for a limited 
range of temperature (between about 5°C and 40°C) [20,25,77]. Out of this range, it does not 
happen. Besides, it has an optimal temperature of growing (about 27.5°C), where the 
maximum coverage can be reached. The temperature T [°C] and relative humidity RH [%] 
domain set for the failure model is shown in (14) and, for T and RH values out of that, the 
algae growth is set equal to 0. 

5 40
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C T C
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° ≤ ≤ °


≥
 

(14) 

Figure 5.3 shows the experimental trend of the parameter AC/AT, K and t1 obtained by the 
literature results [25]: the parameters AC/AT and t1 are determined directly from the measured 
data of each sample. On the other hand, K is calculated through iterations by minimizing the 
least squares value between experimental data and calculated values. The parameter values 
refer to the 3 specimens of the tested materials (SP1, SP3 and SP5) under the environmental 
conditions RH>98% (EC4, …, EC7), for a total of 36 experimental data for each parameter. 
Since literature has shown that relative humidity determines the actual possibility for algae 
to growth, according to which growth happens only under RH≥98% [25], temperature effect 
can be separated from relative humidity and then analyzed. On the other hand, porosity and 
roughness have a combined effect on algae growth [16,25], hence, they are combined, even 
though they are still considered as separated variables. 
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a)  

b)  

c)  

Figure 5.3. Experimental trend of bricks parameters: (a) AC/AT parameter; (b) K parameter; 
(c) t1 parameter. The graphs are reported according to the temperature domain. The grey 
scale (light-dark) indicates the increasing porosity; the increasing dimension of the spot 

indicates the increasing roughness value. In (b) two y-axis were used since the K 
parameters are significantly different: SP1 and SP3 refer to the principal y-axis, SP5 refers 

to the 2nd y-axis. 
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According to Figure 5.3, it is evident that the environmental conditions primary affects the 
algae growth determining the actual possibility whether to start or not the process. In 
particular, relative humidity can be considered as an on/off factor, according to which algae 
growth is “on” for RH≥98%. The temperature, in its domain, predominantly influences AC/AT 
and K parameters, determining an increasing trend from 5°C to 10°C, a more rapidly 
increasing trend between 10°C and 27.5°C and a decreasing trend from 27.5°C to 40°.For 
T=5°C and T=40°C both the covered area ratio and the growth rate parameters are null, and 
no signs of growth are detectable. Moreover, Figure 5.3 (a) and (b) highlights that porosity 
and roughness have a secondary effect on the AC/AT and K trends causing small variations on 
the cubic trend of determined by temperature according to the P and R values of the materials 
of SP1, SP3 and SP5. In this way, aiming at determining the simplest possible model, having 
only 4 different temperature values, a 3rd degree polynomial was set in order to describe AC/AT 
and K as functions of T, having its coefficients depending on P and R. Lastly, in Figure 5.3 
(c) the latency time t1 shows a constant trend not depending on temperature, conversely, it is 
strongly influenced by the substrate. 
Hence, these experimental evidences can be converted into equations as in condition (15): 
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where a3.P,R, …, a0,P,R, b3.P,R, …, b0,P,R and c0,P,R are the temperature coefficients respectively 
for the AC/AT, K and t1 parameters. From the above, these coefficients are set as function of 
porosity and roughness. The equation of the an.P,R, bn,P,R and c0,P,R resulted from the fitting 
process (see Section 5.2.3). 
Moreover, form the experimental evidence in Figure 5.3 it is possible to define the codomain 
of the covered area by algae growth and its relative parameters as reported in equation (16): 
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5.2.3 Fitting and validation processes 

For the fitting process data from materials SP1, SP3 and SP5 are considered since they are 
comprehensive of the substrate domain (see Section 5.2.2), representing the minimum, 
maximum and middle values for both porosity and roughness. On the other hand, SP2 and 
SP4 are used in the post fitting process in order to confirm its results since they are 
characterized by intermediate values of P and R. All the environmental conditions are taken 
into account in the fitting process. 
The goal of the fitting process is to determine the equations based on fired bricks surface 
properties (P [-] and R [µm]) and respectively their coefficient that result in the an.P,R, bn,P,R 
and c0,P,R temperature coefficients. 
The an.P,R and bn,P,R and c0,P,R coefficients are written as a n-grade polynomial function of P 
and R, following the equations in (17): 
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where αj, and βk, are the resulting coefficients. The fitting process is iterative: it starts 
considering grade 0 for both P and R and it continues by alternatively and then jointly 
increasing the degree of P and R. Nevertheless, no more than 3 terms for each polynomial 
equation of an.P,R, bn,P,R and c0,P,R can be defined, having only three considered materials (SP1, 
SP3 and SP5). They might be be different for each temperature coefficients. 
The process stops when the following two requirements are achieved. The first requirement 
verifies the analytical correctness of the model by determining the adjusted coefficient of 
determination R2

adj since a multiple variable regression has been considered. The calculation 
of R2

adj is shown in equation (18) and all the R2
adj have to be higher than 0.85 [89]. 
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(18) 

The RSS is the residual sum of squares between the experimental and the fitted data, TSS is 
the total sum of squares of the differences between the experimental data and its mean, n is 
the number of observation and p is the total number of explanatory variables in the model 
[129]. The coefficients R2

adj are determined considering the AC/AT and K and t1 fitted 
parameters and the respective experimental ones determining the general fitting quality of 
the model. 
Subsequently, the second requirement involves the experimental correctness of the model. It 
is satisfied when condition (19) is fulfilled. 
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Whether such requirements are not fulfilled, the iterative fitting process is started over. 
The validation process considers the surface properties of SP2 and SP4 materials. The 
methods used for the validation process are the same. Firstly, the R2

adj is determined for the 
three parameters AC/AT, K and t1 of such materials and they still have to be higher than 0.85, 
as analytical requirement. Then, the experimental correctness is verified by condition (19). 

5.3 The dynamic model 

5.3.1 Basic assumptions 

The basic assumptions of the dynamic model are made to guarantee the correctness and 
reliability of the growth curves even in variable environmental conditions. It also has to 
ensure an easy implementation of the model on simulation software, especially according to 
the outputs that they obtain, often written as a time history of temperature and relative 
humidity. Furthermore, since the static version model remains by forming the theoretical 
basis for the dynamic version, the assumptions, theories and hypotheses expressed so far are 
only analytically rewritten and adapted to the process of calculating the dynamic curve. 
The first assumption concerns time by stating that time is no longer a continuous variable, 
but it is discretized in daily intervals. The measurement of this interval is daily and it is taken 
in accordance with the unit of measurement expressed for t1 and with the experimental 
measurement mode [15,25,27,28,32]. With the appropriate modifications, however, it can be 
reduced in hours. This assumption allows to dialogue with the software outputs such as the 
time histories of T and RH [39–41]. In accordance with this assumption, it can be therefore 
assumed that T(t) and RH(t) are constant for each time interval. On the contrary, the 
conditions of the substrate do not change over time, as already established by the previous 
failure model and also reported among the requirements of the static model [32]. 
The second and third basic assumptions arranges the development of algae growth over time 
and therefore with varying environmental conditions. 
They state that the overall growth curve still remains increasing or at most constant over time, 
even when the T(t) and RH(t) change to a less favorable condition. Moreover, the effect of 
environmental conditions changes directly affects the overall growth rate, not the covered 
area; in fact, the covered area remains unaltered at the moment the change in temperature or 
relative humidity happens. This concept has been previously anticipated in [32] by the 
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conservation principle of the reached covered area and the curves combination through a 
horizontal asymptote. The combination method is shown in Figure 5.4. At the moment the 
temperature Ti changes, the horizontal asymptote corresponding to the reached covered area 
is depicted. It crosses the curve of the T’i+1 but not the one of T’’i+1: that means that, for T’i+1, 
algae can keep growing, since they have not already reached the relative maximum covered 
area, hence the growth rate can be still increasing; for the T’’i+1 curve, algae cannot growth 
further, having already reached the relative maximum covered area, hence the overall rate is 
kept constant. Figure 5.4 (b) shows the combination results. 
 

a)  b)  

Figure 5.4. Examples of overall growth curve under dynamic temperature T(t): 
a) combination method; b) results 

5.3.2 The calculation process 

The calculation process of the dynamic model involves three parts: the first part regards the 
setting of the model time, the second involves the definition of the variable for each time 
interval, while the third explains the steps aimed at the determination of the growth overall 
process. 
The definition of the model time is a primary step since the growth time and the running time 
of the simulation could differ from each other. The simulation time st corresponds to the 
entire simulation time, that is the time of the temperature and relative humidity file history. 
It consists in a list of T(st) and RH(st) values, usually daily or hourly [39–41]. In this work, 
the start of growth time gt, on the other hand, is set only when a combination of T(st) and 
RH(st) can activate the algae growth. According to literature evidence and to the domains of 
T and RH, this combination is (20) 
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Hence, at the first i-th value of simulation time that validates condition (20) the growth time 
gt starts running, as shown in Figure 5.5. For sake of simplicity, from now on the growth time 
gt is indicated as time t [day]. 
 

 

Figure 5.5. Determination of the growth time tg compared to the simulation time ts: 
example. 

Regarding the setting of the variable, as stated in the dynamic model requirements (Section 
5.3.1), P and R are assumed constant over the time, while T(t) and RH(t) are specific and 
constant for each time interval. Knowing that, all the model parameters AC/AT (T(t), P, R),  
K (T(t), P, R) and t1 (P) can be defined for each i-th time interval (Table 5.2). 
 

Time interval t t i-1 t i t i+1 

Variables Ti-1 Ti Ti+1 

 RHi-1 RHi RHi+1 

 P P P 

 R R R 

Parameters AC/AT (Ti-1, P, R) AC/AT (Ti, P, R) AC/AT (Ti+1, P, R) 

 K (Ti-1, P, R) K (Ti, P, R) K (Ti+1, P, R) 

 t1 (P, R) t1 (P, R) t1 (P, R) 

Output Xi-1 Xi Xi+1 

Table 5.2. Definition of variables, parameters and output according to the time interval. 

Lastly, since the latency time t1 (P, R) is not varying over time according to Table 5.2, due 
to its only dependence on porosity and roughness, the condition (12) of the static failure 
model (Section 5.2.1) is applied to the dynamic model as reported in (21). 

10,  ( , )i iX t t P R= ∀ < (21) 
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The third part of this section involves the determination of the overall growth curve. Having 
assumed the graphical method of the horizontal asymptote [32], the combination of the curves 
can be analytically determined by the time shift ts,i definition. This allows to have the same 
reached covered area Xi and X(Tti+1, ti) in the same instant of time i, with the temperature 
varying between Ti and Ti+1 as shown in Figure 5.6. 

 

 

Figure 5.6. Graphical explanation of the time shift ts,i definition. 

The analytical definition of the time shift ts,i [day] is hence presented in condition (22): 
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(22) 

The 4th root result is assumed positive since the time can’t be negative. Moreover, Xi is always 
higher than AC/AT (Ti+1) according to the basic assumption in Section 5.3.1. 
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Chapter 6 

6 Toward a new theory for algae growth: 

the logistic function 

This chapter deepens the second goal of this novel approach: the identification of a new basic 
theory that can describe algae growth and overcome Avrami’s flaws. 
As previously presented in this work (Section 3.1), the Avrami’s theory has some limitation 
in correctly predicting the algae growth. The first limitation involves a very fast growth that 
escape the latency phase, while, the second one is an analytical bug that causes a small 
decreasing trend at the growth start. Both of the flaws are not recurrent, and they can be even 
dismissed, but they are not correct from a physical point of view. On the other hand, its 
application is extended to different type of porous building materials (e.g. bricks, sandstone 
and limestone) under different environmental temperature and relative humidity and even 
considering the effect of surface treatments. 
Consequently, this work compares this latter theory with the logistic formula, identified by 
numerous studies as adequate to describe the growth of a population, from virus, to 
microorganisms up to human (see Section 3.2). Firstly, the experimental dataset previously 
analyzed by the Avrami’s theory is collect, considering also the relative influencing factors 
for the algae growth such as porosity, roughness, temperature and surface treatments (see 
Section 6.1). Then, the logistic model is applied to such dataset and the comparison of the 
two models is run verifying if the logistic model: 

- can better overlap the experimental data (Section 6.2.1); 
- can overcome the Avrami’s flaws (Section 6.2.2); 
- is less influenced by the algae growth influencing factors (Section 6.2.3). 

6.1 Experimental dataset definition 

In order to have a wide comparison between the logistic formulation and the Avrami’s theory, 
all the literature concerning algae growth on building materials and its modelling with the 
Avrami’s theory are analyzed [15,25,27,28]. Although the core of this work concerns fired 
brick surfaces, stones are also considered within this section aiming to determine an approach 
that will concern in the future all porous and not porous building materials. Such data 
involved two more material type, other than brick (i.e. brick, limestone and sandstone), 
different substrate properties (in terms of porosity P [-] and roughness R [µm]), two growth 
temperature T [°C] and biocides surfaces treatment. Since microalgae growth curves are 
strongly influenced by substrate properties, such as porosity and roughness, environmental 
conditions and eventual surface treatments, such factors are also considered for the models’ 
accuracy. 
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Table 6.1 shows the substrate properties, environmental temperature and biocides for brick 
type material selected from literature [15,25,27]. 
 

Substrate Properties Environmental Conditions Surface Treatment 

Type Ref Name P [-] R [µm] T= 10°C T= 27.5°C No Yes - Type 

Brick [27] LSU 0.19 2.4    

  LST 0.19 2.4    TiO2

  LRU 0.19 2.8    

  LRT 0.19 2.8    TiO2

 [15] NNt 0.19 2.8    

  NAg 0.19 2.8    TiO2+Ag

  NCu 0.19 2.8    TiO2+Cu

 [25] AS 0.19 4.5    

  AS 0.19 4.5    

  AR 0.19 5.54    

  AR 0.19 5.54    

  B 0.25 2.95    

  B 0.25 2.95    

 [27] HSU 0.37 1.1    

  HST 0.37 1.1    TiO2

  HRU 0.37 8.9    

Sandstone  HRT 0.37 8.9    TiO2

 [15] ANt 0.37 8.9    

  AAg 0.37 8.9    TiO2+Ag

  ACu 0.37 8.9    TiO2+Cu

 [25] CS 0.44 6.6    

  CS 0.44 6.6    

  CR 0.44 7.6    

  CR 0.44 7.6    

Table 6.1. List of the porous building materials considering substrate properties, 
environmental conditions and surface treatments for fired brick surfaces [15,25,27]. 
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Table 6.2 shows the substrate properties, environmental temperature and biocides for stone 
type material (sandstone and limestone) selected from literature [28]. 
 

Substrate Properties Environmental Conditions Surface Treatment 

Type Ref Name P [-] R [µm] T= 10°C T= 27.5°C No Yes - Type 

Sandstone [28] A2 0.05 7.9     

  A2T 0.05 7.9    TiO2 

  A1 0.08 7.6     

  A1T 0.08 7.6    TiO2 

         

Limestone [28] C3 0.08 2     

  C3T 0.08 2    TiO2 

  C1 0.09 2.6     

  C1T 0.09 2.6    TiO2 

  C2 0.18 2.6     

  C2T 0.18 2.6    TiO2 

Table 6.2. List of the porous building materials considering substrate properties, 
environmental conditions and surface treatments for stones [28]. 

All the Avrami’s curves and the relative parameters AC/AT, K and t1 are thus collected. Even 
if the Avrami’s model fails in overlapping the experimental data, as reported by the authors 
[15], the ANt, AAg and ACu curves are reported for a better clarity and completeness of the 
comparison. 

6.2 Comparing the Avrami’s theory and the logistic 

equation: methods 

6.2.1 Overlapping the experimental data 

The first comparison involves the assessment of which model could better overlap the 
experimental data. To assess that, the comparison is run evaluating: (1) how many times the 
model overlaps the data and their fitting quality. Concerning the values out per each model, 
this work evaluates when they are out according to each growth phase and how far from the 
experimental data they are. 
For the first comparison, this works determines the percentage of values that validates 
condition (23): 
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1 3 1 3exp exp exp expmin( ,..., ) ( ) max( ,..., )i iX X X t i X X≤ = ≤

 

(23) 

where X(t=i) is the calculated covered area for both the models at the i-th time of the measure 
and Xexp1, …, Xexp3 correspond to the experimental measures of the 3 samples respectively. 
To the same aim, a comparison between the fitting quality index R% [-] of the two models is 
run. This index was previously adopted for the Avrami’s law [25–28], and it was calculated 
according to equation (24): 
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where X(t=i) and Xexpm,i represent the calculated and the average experimental data at time 
t=i, respectively. This value expresses the deviation between experimental data and simulated 
one, that is, the more it tends to zero, the more the analytical model overlaps the measured 
data. 
For the second step, the discretization of the average experimental data into the three phases 
is run according these steps: 

- the total slope of the experimental data mtot is determined considering the starting 
point, that corresponded to the covered area at time 0, and the ending point, where 
both the time and the microalgae coverage are at their maximum; 

- the i-th slope mi is determined between the covered area at time i and the previous 
measure at time i-1; 

- the three phases are evaluated according to condition (25) 

Exponential                

Latency, Stagnation    
i tot

i tot

m m

m m

>


≤
 

(25) 

This discretization method defines the exponential phase as the phase in which the growth 
slope mi is higher than the linear growth in the total period of growth (mtot); conversely, both 
the latency and stagnation take place when mi is equal or lower than mtot, respectively, right 
before and after the exponential phase. Figure 6.1 shows an example of such discretization: 
the first 11 experimental data and the last 7 values are grouped respectively in the 
latency/stagnation phase, since their mi values are always lower than mtot; conversely, the 
remaining experimental values can be grouped in the exponential phase because their mi are 
higher than the mtot. 
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Figure 6.1. Example of average experimental data discretization into the 
latency/exponential/stagnation phase. Black dots represent the average experimental data; 
vertical bars represent the m values, respectively grey for the i-th value and white for the 

total. The 2nd axis was used for the m values. 

Hence, for each growth phase Gp, the percentage of the values resulting out of the 
experimental range is analyzed according to (26) 
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(26) 

comparing the number of times values are out (Xout) to the number of total values (Xtot). 
The goal of the last comparison is to evaluate eventual trend of under/over estimation for 
such out values and, thus, to asses if one of the models is closer to the experimental data, 
even when not properly overlapping the data. For every i-th out values, the 
underestimation/overestimation is calculated by determining the difference between the 
calculated X(t=i) and the minimum/maximum experimental value among the three sample 
(Xexp1 , …, Xexp3)i according to(27): 
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Moreover, a normalization of such differences to the total covered area Ac/At is run in order 
to have comparable results. In fact, the total covered area significantly differ among all the 
materials, ranging between 0.10 and 1.00 [15,25,27,28]. Since AC/AT is the same for both the 
formulations, results are not influenced. It is determined for both the models. Boxplot 
analysis is run to describe the trend and distribution of such values for each phase [125]. 
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6.2.2 Overcoming the Avrami’s flaw 

The first step of this work part is to validate the hypothesis that the Avrami’s model is not 
able to correctly simulate microalgae growth ANt, ACu and AAg because the latency phase 
is missing in such materials [15]. In order to verify that, all the materials resulting with no 
latency phase from the discretization above are collected. Subsequently, the work verifies 
whether the logistic equation is able to overcome such flaw by determining if the curve can 
simulate the growth without the latency phase, as for the experimental data. Moreover, even 
though this work has already proven that the logistic has an increasing trend for every time 
values, such flaw was graphically verified for all the materials with t1>0. 

6.2.3 Correlation with growth influencing factors 

The third comparison is run to assess which model is less influenced by the microalgae 
influencing factors such as porosity and roughness, surface treatments, as well as different 
environmental conditions (temperature). To evaluate the correlation with each factor alone, 
three subsets are formed: 

- Porosity and Roughness subset: with all the untreated material under T=27.5°C; 
- Temperature subset: all the untreated material under T=10°C and T=27.5°C, 

respectively; 
- Surface Treatment subset: all the treated and respectively untreated materials under 

T=27.5°C. 
Three categories are correlated to each subset. The first one is the numbers of values inside 
the experimental range, the second one considers the values out according to each growth 
phase (latency, exponential and stagnation phase) and the third one involves the fitting quality 
index R% [-]. The first two categories are set aiming at describing the effect of the influencing 
factors from the experimental side while the third one evaluates the correlation from the 
fitting quality side. The correlation for both models is assessed trough the coefficient of 
determination R2 [-] [130]. In particular, the effect of porosity and roughness is considered 
as a combined effect through a fitting surface determined as a 1st degree polynomial equation 
determined on MATLAB R2017 software [131]. For temperature and surface treatments, a 
linear regression is considered. Since the second one is a binary regressor (untreated/ treated), 
binary indicator variables are used respectively 0 for the untreated materials and 1 for the 
treated ones [130]. The correlation is assessed when the determined R2 was higher than 0.50 
[130] and the obtained trend are evaluated through scatter plot. 
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Chapter 7 

7 Results of the model development process 

7.1 The ALGAE failure model equations 

The final equation of the model is presented in (28) 
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and it can both describe algae growth on fired bricks under both static and dynamic 
environmental conditions (RHi, Ti). The parameters of the model are determined as the 
following condition (29), according to general requirements, experimental evidences and 
analytical findings. 
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The equations for an.(P,R), bn.(P,R) and c0 (P) in function of porosity P [-] and roughness R 
[µm] resulting from the fitting process are showed in condition (30). 
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The solutions of the systems are uniquely determined, since 3 different coefficients result for 
each equation considering just 3 materials (i.e. SP1, SP3 and SP5). All the units unit of 
measure and order of magnitude for P, R, T and RH are set according to the experimental 
dataset values (Table 5.1).Table 7.1 resumes such information and shows the αj, …, βk values 
for all the coefficients. 
 

Coefficients 

Parameter T-coeffα1 α2 α3 α8 β1 β2 β8 

AC/AT a3 - 5.0000*10-4 - - -5.2100*10-5 4.1980*10-6 - 

 a2 - -3.9800*10-2 - - 2.8023*10-3 -2.1840*10-4 - 

 a1 - 8.7980*10-1 - - -3.1032*10-2 2.1600*10-3 - 

 a0 - -3.4190 - - 9.2000*10-2 -5.7000*10-3 - 
  

       

K b3 7.709831*10-10 - -2.315303*10-8 - - - 1.169671*10-7

 b2 -3.978387*10-8 - 1.173803*10-6 - - - -1.081282*10-5

 b1 3.832828*10-7 - -1.056712*10-5 - - - 2.729806*10-4

 b0 -1.018137*10-6 - 2.638435*10-5 - - - -1.109344*10-3

  
       

t1 c0 - -  4.73*10-5 -2.88*10-4 -2.66*10-4 - 

Table 7.1. Coefficients for fired bricks surfaces resulting from the fitting. 

7.2 Result of fitting and validation processes 

Concerning the general fitting quality between the fitted trend and the experimental ones, 
Figure 7.1 shows that the R2

adj is always higher than 0.85 for all the three parameters. This 
means that the regression predictions fit the 63 datapoint of SP1, SP3 and SP5, used to 
determine the model. 
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a)  

b)  

c)  

Figure 7.1. Coefficient of determination R2
adj of the parameters. (a) AC/AT parameters; (b) K 

parameter; (c) t1 parameter. The grey scale (dark-light) indicates the increasing porosity; the 
increasing dimension of the spot indicates the increasing roughness value. In (b) two y-axis 

were used since the K parameters are significantly different: SP1 and SP3 refer to the 
principal y-axis, SP5 refers to the 2nd y-axis. 

Lasty, both the experimental values (e.g. AC/AT, K and t1) and the fitted curves (e.g. AC/AT 
(T,P,R), K (T,P) and t1 (P)) for the three parameters are reported in Figure 7.2. As shown in 
Figure 7.2, the curves are falling within the experimental values, verifing the condition 
proposed in (19). 
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a)  

b)  

c)  

Figure 7.2. Comparison between the experimental values and the fitted curves for the 
surfaces properties SP1 SP3 and SP5: (a) AC/AT (b) K and (c) t1. The grey scale (dark-light) 

indicates the increasing porosity; the increasing dimension of the spot indicates the 
increasing roughness value. In (b) two y-axis were used since the K parameters are 

significantly different: SP1 SP3 refer to the principal y-axis, SP5 refers to the 2nd y-axis. 

As shown in Figure 7.3, R2
adj is always higher than 0.85 for SP2, and SP4 used for the 

validation process. 
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a)  

b)  

c)  

Figure 7.3. Coefficient of determination R2
adj of the parameters. (a) AC/AT parameters; (b) K 

parameter; (c) t1 parameter. The grey scale (dark-light) indicates the increasing porosity; the 
increasing dimension of the spot indicates the increasing roughness value. In (b) two y-axis 

were used since the K parameters are significantly different: SP2 refer to the principal y-
axis, SP4 refers to the 2nd y-axis. 

Figure 7.4 shows that the curves determined by the failure model fall within the range of their 
respective experimental data. The model is therefore validated for the surface properties SP2, 
and SP4. 
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a)  

b)  

c)  

Figure 7.4. Comparison between the experimental values and the fitted curves for the 
surfaces properties SP2 and SP4: (a) AC/AT (b) K and (c) t1. The grey scale (dark-light) 

indicates the increasing porosity; the increasing dimension of the spot indicates the 
increasing roughness value. In (b) two y-axis were used since the K parameters are 

significantly different: SP2 refers to the principal y-axis, and SP4 refers to the 2nd y-axis. 

As a last qualitative validation step, according to other previous model validation [29,109], 
the curves describing microalgae growth X (t, T, RH, P, R) are determined for the validation 
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substrates SP2 and SP4 under the tested environmental condition EC5 and EC6 (Table 5.1) and 
overlap to the experimental data obtained in [25]. All the curves well fit the experimental 
values (Figure 7.5). 
 

a)  

b)  

Figure 7.5. Comparison of the covered area X(t, T, RH, P, R) obtained with the failure 
model and experimental data for SP2, and SP4 [25]:a) when exposed to EC5;b) when 

exposed to EC6. Lines indicate the failure model curves; points indicate the experimental 
data obtained in [25]. 

7.3 Application of ALGAE failure model 

7.3.1 Application to different dynamic environmental conditions 

This section shows the main application of the model: determination of biofouling curves for 
brick surfaces exposed to time-variable environmental conditions. The brick is chosen in 
order to describe the most recurrent surface properties according to the literature review 
(Section 5.2.2): hence, P=0.19 and R=2.75 µm. For the sake of a better and more 
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temperature values allows to have distinctive types of curves that significantly differ from 
each other, as well as, the exposure to a constant environmental condition for 50 days helps 
to recognize the growth process for each temperature. 
 

Environmental Condition T [°C] RH [%] Time of exposure [day] 

EC_1 14 100 50 

EC_2 7.5 100 50 

EC_3 20 100 50 

EC_4 20 95 50 

EC_5 27.5 100 50 

Table 7.2. Summary of the environmental conditions and exposure time. 

Figure 7.6 shows the process of the calculation T and RH depending curves, the determination 
of the time shifts for each environmental condition, the combination of each branch and 
hence, the overall resulting curve. In Figure 7.6 (a) the curves are determined for each T and 
RH values. Since the RH is lower than 98% the resulting curve is set to 0, while all the T 
values are between 5° and 40°C, hence, algae are able to grow, and their coverage can be 
determined. Figure 7.6 (b) shows the resulting values of time shift ts,i for each change in 
temperature. It is worth noting that the time shift is not determined for the EC_2 and EC_4: 
in fact, for both the EC, the previously reached covered area is higher than the AC/AT for 
T=7.5°C and RH=95%. Hence, the previously reached covered area is maintained constant 
for the whole duration of EC_2 and EC_4, since the algae cannot growth further, having 
already reached the relative maximum covered area. In addition, Figure 7.6 (c) graphically 
shows the calculation of the time shift and its effect: it allows to combine the curves by 
maintaining the same covered area at the moment of the change in environmental condition. 
Lastly, Figure 7.6 (d) shows the overall growth curve resulting from time varying T and RH. 
Shortly, Figure 7.6 (a) determines the curves depending on T and RH, Figure 7.6 (b) set the 
time shift for each change in environmental condition, that allow algae to grow further and 
Figure 7.6 (c) shows hot to combine the curves. Figure 7.6 (d) is the results of such process. 
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a)  

b)  

c)  

d)  

Figure 7.6. Determination process of algae growth under time varying T and RH: (a) algae 
growth curves according to T and RH; (b) time shift ts,i values; (c) time shift and curves 
combination; (d) the overall growth curve. The colour scale (yellow-green) indicates the 

increasing covered area by algae biofouling. 
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A real case application is shown in Figure 7.7, where T and RH are obtained as time history 
output of DELPHIN simulation software. The brick properties are unaltered, that is P=0.19 
and R=2.75 µm. Figure 7.7 (a) shows the T and RH values for a year simulation; Figure 7.7 
(b) reports the surface of algae growth according to T and t and Figure 7.7 (c) describes the 
time shift values for each change in T and RH. Hence, Figure 7.7 (d) shows the overall growth 
process for algae on brick as a resulting from the combination of the growth curve for each 
T(t) and RH(t) and their respective ts,i values. 
 

a)  

b)  

c)  

d)  
Figure 7.7. Determination process of algae growth for a real case scenario: (a) T and RH 

time history values; (b) algae growth surface according to T and RH; (c) time shift ts,i 
values; (d) the overall growth curve. The colour scale (yellow-green) indicates the 

increasing covered area by algae biofouling. 
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7.3.2 Application to different bricks surfaces from literature 

A second application shows the capability of ALGAE model to predict biofouling on 
different bricks surfaces. Five bricks are chosen from literature with different combinations 
of porosity and roughness values [13,15,21,27,110,127]. The substrate properties of chosen 
bricks are reported in Table 7.3. 
 

Name Porosity [-] Roughness [μm] 

LRU 0.19 2.80 

Untreated 0.21 7.22 

FVE-1 0.31 6.00 

FVE-2 0.34 5.47 

FVE-3 0.36 7.99 

Brick 0.39 3.80 

Table 7.3. Substrate properties of fired brick surfaces from literature [13,15,21,27,110,127]. 

As shown in Figure 7.8, the proposed empirical failure model is able to determine the growth 
curves for each material for the entire temperature domain, taken as constant over the time. 
According to the model previsions, the material LRU (Figure 7.8 (a)) shows the best 
resistance to algae biofouling with a maximum covered area of about 0.50 for T=27.5°C. 
Conversely, materials FVE-1 and FVE-2 are the most favorable to algae growth: they reach 
almost the total biofouling in about 50 day, under the optimal temperature (Figure 7.8 (c-d)). 
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a)  b)  

c)  d)  

e)  f)  

Figure 7.8. Application of the failure model to different types of fired bricks from literature 
[13,15,21,27,110,127] under the temperature domain. The colour scale (yellow-green) 

indicates the increasing covered area by algae biofouling. 
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Chapter 8 

8 The logistic function: results of the 

comparisons 

8.1 Overlapping the experimental data 

Figure 8.1 shows the percentage of the values of the Avrami’s and logistic model that falls 
within the minimum and maximum values of the experimental data. For fired brick (Figure 
8.1 (a)), about the 2/3 of the Avrami’s values fall within the given experimental range. For 
the logistic model, these values raise up to about 3/4. For the stony materials (Figure 8.1 (b)), 
results are reported together since limestones and sandstone have comparable result: both the 
models are comparable. 
 

a)  

b)  

Figure 8.1. Analysis of Avrami’s and logistic values within the experimental values for: 
a) bricks; b) stones. 
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Figure 8.2 shows the scatter plots that compares the R% obtained for both the models applied 
to fired bricks and stones. For fired bricks (Figure 8.2 (a)), it is evident that the logistic model 
presents better results: the R% values are all below the bisector line of the graph. In particular, 
when the Avrami’s model is less correct (2 treated bricks and 1 untreated) with R% values 
ranging between 45% and 60%, the logistic model is able to increase the accuracy down to 
10%). For stones, both models are, instead, highly precise since all the R% are below 1%. 
 

a)  

b)  

Figure 8.2. Comparative scatter plot between the Avrami’s and the logistic function R% 
parameter: a) fired bricks; b) sandstone (triangle) and limestone (square). Dotted line 

represents the graph bisector line. 
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When analyzing the trend of the values out for each phases (Figure 8.3 (b)) the first evidence 
is that both the model miss 1 experimental value out of 2 in the latency phase but the 
percentage values are comparable (44%-48%). The accuracy of the two models in lying 
inside the experimental values increased in the other two phases: the logistic almost halves 
the errors compared to the Avrami’s values out both in the exponential and stagnation phase. 
Lastly, Figure 8.3 (c) shows that the main difference between the two model lies in the 
quantification of such values out: the logistic model reduces the overestimation and 
underestimation of the experimental data, especially in both the exponential and stagnation 
phases. The underestimation of the experimental values decreases from -60% up to -10% 
with the logistic model. 
 

a)  

b)  

Figure 8.3. Analysis of Avrami’s and logistic values out of the experimental range for 
bricks: a) trend correlation between values out and growth phases; b) boxplot analysis for 

under/overestimation trends. 
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For the stony materials, the models are comparable in all the two analyses, as shown in Figure 
8.4. A slight difference can be noted only in the boxplot analysis where the logistic reduced 
the overestimation of the experimental data in the latency phase. 
 

a)  

b)  

Figure 8.4. Analysis of Avrami’s and logistic values within the experimental values for 
stones: a) total percentage; b) trend correlation between values out and growth phases; c) 

boxplot analysis for under/overestimation trends. 
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8.2 Overcoming the Avrami’s flaws 

The experimental data without the latency phase resulting in the collection are the ones solely 
referring to ANt, ACu and AAg materials, confirming what previously reported in literature 
[15]. For such materials, the logistic model better simulates the fast growth than the Avrami’s 
model, as shown in Figure 8.5. Moreover, the starting point of the logistic model higher than 
0 could take into account the combined effect of the inoculation method adopted in the 
experimental apparatus [15,25,27] and the very rough surface of the materials (Table 6.1). 
 

 

 

Figure 8.5. Overcoming the Avrami’s flow: fast growth. Points indicate the experimental 
data under optimal growth conditions (grey) and treated (white); blue line indicates the 
Avrami’s model; red line indicates the Logistic Function curve; dashed lines relatively 

indicate materials with surface treatments. X-axis represent the time of growth [day]; Y-
axis represents the microalgae covered area X(t) [-]. 

As previously demonstrated in such work, the logistic model is able to overcome the second 
Avrami’s flaw thank to the difference in the analytical formulation that allows the first 
derivative to be always higher than 0 for every time value. Hence, the curve is always 
increasing- Nevertheless, Figure 8.6 shows one of the most significative scenario 
representing such problem and the simulating differences between the two models. Since the 
latency time t1 was set to 28 days, the Avrami’s model had a slight decreasing trend with a 
starting point at about +0.05, while the logistic didn’t. 
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Figure 8.6. Comparison between average experimental data, Avrami’s model curve and 
Logistic for materials AS-AR with slow growth [25]. Points indicate the average 

experimental data under optimal growth conditions (grey); blue line indicates the Avrami’s 
model; red line indicates the Logistic Function curve. X-axis represent the time of growth 

[day]; Y-axis represents the microalgae covered area X(t) [-]. 

 
For sake of clarity, since the curves of the other bricks and stony materials (listed in Table 
6.1and in Table 6.2) showed barely visible differences are not here reported, but they can be 
found in Appendix A. 
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8.3 Correlation with growth influencing factor 

The first result of the correlation analysis is that the accuracy of both models for bricks is 
poorly affected by microalgae growth influencing factors (Figure 8.7) since all the obtained 
R2 values are lower than 0.50. When comparing the two models, however, we can note that 
8 logistic R2 values out of 10 are lower than their Avrami’s, for substrate properties and 
temperature. For surface treatments, the correlation is barely null for both of them. The only 
R2 ≥0.50 is the one between the values out during the exponential phase and the temperature 
for the Avrami’s model. 
 
Influencing 
Factors 

Values Inside R% [-] Values Out 

Porosity - 
Roughness 

   

Temperature 
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Figure 8.7. Correlation analysis (R2) between the two model and the microalgae influencing 
factors for fired bricks. “Lat”, “Exp” and “Stag” indicate respectively the latency, 

exponential and stagnation phase. 
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For what concerns the stony materials, results are reported together since limestones and 
sandstone have comparable result (Figure 8.8). In this case, however, a strong correlation 
between the substrate properties and the model accuracy can be observed. In particular, R2 is 
way higher than 0.50 for the values inside and outside. Nevertheless, the logistic R2 values 
are lower than the Avrami’s one showing a weaker correlation. As for bricks, surface 
treatments have no influence on the models’ accuracy. 
 
Influencing 
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Values Inside R% [-] Values Out 
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Figure 8.8. Correlation analysis (R2) between the two model and the microalgae influencing 
factors for fired bricks. “Lat”, “Exp” and “Stag” indicate respectively the latency, 

exponential and stagnation phase. 

 
Figure 8.9 shows all the scatter plots for R2 ≥ 0.50. According to that, it is possible to note 
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the more correct the models are. 
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trend are not predictive. Nevertheless, all the remaining trend, with R2<0.50 for bricks and 
stones, are reported in Appendix B. 
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a)  

b)   

c)  

Figure 8.9. Trend analysis: scatter plot for R2 ≥ 0.50. (a) brick values out in exponential 
phase; (b) stone values in; (c) latency values out and stagnation values out. 

Points indicate the determined values; mesh indicates the fitting results. Blu and light blue 
indicate the Avrami’s model, red and light red indicate the logistic model, respectively for 

bricks and stones. 
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Chapter 9 

9 Conclusions 

Fired bricks are one of the materials that most frequently make up our buildings, both historic 
and modern. However, due to their rough surface and the internal high porous structure, they 
are often subject to biodeterioration phenomena, in particular by algae and cyanobacteria. 
These two microorganisms form on the outer layer of the material stains and patinas, mainly 
green and black, which aesthetically, physically and chemically alter the surface. In addition 
to this, the film formed by the microalgae allows the engraftment of bacteria, molds and fungi 
that can be severely harmful to human health. The degrading action of these organisms 
therefore entails serious cultural losses, when concerning building heritage, economic losses, 
due to frequent maintenance operations, and risks to the health of the occupants. Hence, 
failure models for biofouling on building materials have becoming a more and more 
unavoidable need: by making quantitative predictions, they can assist professionals and 
researchers in developing guidelines for interventions leading to a decrease in maintenance 
costs. Literature already provides such models for mold and fungi growth, but it is still limited 
to an empirical model for algae growth. 
This work therefore tries to fill this gap by proposing a determined and validated a failure 
model for bricks. The model described here is able to simulate algae growth starting from the 
characteristics of the substrate when subjected to different conditions of temperature and 
relative humidity. As already proposed in the empirical model, these variables enter directly 
into the parameters of Avrami's theory, frequently applied in literature to describe the algae 
growth curve. From the obtained results, the model seems to be generally applicable since 
the tested domain of porosity and roughness covers more than 80% of the fired bricks 
reported in literature. In addition, the analytical definition of the dynamic model, proposed 
only graphically in the previous experimental model, allows the implementation of the model 
on simulation software. This will allow engineers and practitioners to make predictions 
according to real environmental conditions. 
At the same time, in this work the logistic formula is compared to the Avrami’s theory. The 
aim is the determination of a theory that may be truly capable of describing algae growth 
under all growth conditions, overcoming the Avrami’s flaws. The comparison is made by 
using the same experimental dataset available in literature. The results show that the logistic 
model seems to be more reliable than the Avrami’s model. In fact, it is: (1) accurate as the 
Avrami’s model, or even more accurate when applied to bricks, in overlapping the 
experimental data, by reducing the over/underestimations and increasing the fitting quality; 
able (2) to overcome the Avrami’s flaws both when the growth is too fast or too slow; (3) 
lesser or even not at all disturbed by the influencing factors for microalgae growth. 
Future work should work jointly with these two approaches. The failure model based on the 
Avrami’s theory should be tested on different bricks and/or environmental conditions, as 
soon as the experimental data will be available. Laboratory tests with varying temperature 
and relative humidity are also suggested in order to compared experimental data and the 
results from the failure model. This will fill the urgent need of a failure model for algae 
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growth. In parallel, a new version of the failure model could be developed considering the 
logistic formula as basic theory. Moreover, a first model extension to stony surfaces is 
recommended when experimental data will be available as well as to other building materials 
(e.g. plasters, mortars, ETICS) when such data will be presented. 
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10 Appendix A 

Figure A. 1 reports all the logistic curves determined and applied to the literature 
experimental data and compared to the Avrami’s curve for fired bricks materials [15,25,27]. 
Materials are listed according to Table 6.1. 
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f)  

Figure A. 1. Comparison between average experimental data, Avrami’s model curve and 
Logistic Function curve for fired bricks [15,25,27], listed according to Table 6.1. Points 

indicate the average experimental data under optimal growth conditions (grey), under low 
temperature (dark grey) and treated (white); blue line indicates the Avrami’s model; red 

line indicates the Logistic Function curve; dotted and dashed lines relatively indicate 
materials under low temperature and with surface treatments. X-axis represent the time of 

growth [day]; Y-axis represents the microalgae covered area X(t) [-]. 
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Figure A. 2 shows the logistic curve determined and applied to the stony experimental data 
compared to the respective Avrami’s curve [28]. Materials are listed according to Table 6.2. 
 

a)  

b)  

c)  

Figure A. 2. Comparison between average experimental data, Avrami’s model curve and 
Logistic Function curve for stones [28]: (a) sandstone (triangle); (b-c) limestone (square). 
Points indicate the average experimental data under optimal growth conditions (grey) and 

treated (white); light blue line indicates the Avrami’s model light red line indicates the 
Logistic Function curve; dashed lines relatively indicate materials with surface treatments. 
X-axis represent the time of growth [day]; Y-axis represents the microalgae covered area 

X(t)[-]. 
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11 Appendix B 

Figure B. 1 shows all the scatter plot and the determined trend for all the R2 ≤0.50 for the 
brick surfaces, indicating also their respective R2. 
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d)  

Figure B. 1. Correlation analysis for bricks: (a) Values in and out with Porosity and 
Roughness, (b) Values in and out with Temperature; (c) Values in and out with Surface 

treatment; (d) R% with all the three influencing factors. 
Points indicate the determined values, lines indicate the fitting results, respectively blue for 

Avrami’s model and red for the logistic. 
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Figure B. 2 shows all the scatter plot and the determined trend for all the R2 ≤0.50 for the 
stony materials, indicating also their respective R2. 
 

a)  

b)  

c)  

Figure B. 2. Correlation analysis for stones: (a) Values in and out with Porosity and 
Roughness, (b) Values in and out with Surface treatment; (c) R% with all the three 

influencing factors. Points indicate the determined values, lines indicate the fitting results, 
respectively light blue for Avrami’s model and light red for the logistic. 
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