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Abstract

The building envelopes are often exposed to algal biofouling, that causes the deterioration of
the materials’ surface, with consequence in economic loss due to the building maintenance.
Biofouling on fagades is firstly due to the algal colonization, mainly promoted by green algae
and cyanobacteria, that also can favour the proliferation of other microorganisms (i.e.
moulds, lichens). Only few studies tried to investigate the suitable conditions for algae to
grow on construction materials, hence a failure model has not been implemented yet.

This research tried to fill this gap by presenting a mathematical model able to predict algae
growth on building materials exposed to the environmental conditions and considering the
substrate properties. The failure model was based on experimental results and on the
Avrami’s law.

Algae biofouling was investigated on fired brick substrates, through accelerated growth tests
under different environmental conditions of temperature and relative humidity. It was found
that temperature mainly influenced the algae growth rate (covered area as a function of time),
while at relative humidity lower than 98% no growth activity was detected. Regarding the
effect of the substrate, roughness and high porosity favoured the colonization in terms of
velocity of the growth process.

The quantification of algae biofouling was based on the covered area measured during the
experiments. The model consists of several equations describing the growth rate by algae on
the substrates under different environmental conditions, including the effect of exposure
time, temperature, relative humidity. The parameters and the numerical values included in
the model were fitted for bricks and stones, but the model can be valid also for other building
materials. Moreover, if implemented into a simulation software, the biofouling process on
fagades could be predicted, and it could help in providing guidelines for intervention and
maintenance techniques in specific context.
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Chapter 1

Introduction

This PhD research is a part of the European research project R/Build (Robust Internal
Thermal Insulation of Historic Buildings) [1]. The aim of RIBuild is to develop effective and
comprehensive guidelines on the implementation of internal thermal insulation in historic
buildings, in order to reduce the energy consumptions without compromising the building
heritage. The thermal upgrade of historic facades is a crucial aspect, as the insulation options
are generally limited to the internal insulation, because of the constructive features and
aesthetical worth preservation [2-5].

However, the retrofit of external walls changes the hygrothermal performance of the wall
itself, and it can lead to damages, or in the worst case to the building failure [6,7]. It is
important to investigate how and under what conditions the internal thermal insulation can
be applied with an acceptable safety level against failure and without degrading the building
structures. The idea is to maximise energy savings without involving collateral damages
related to e.g. freeze-thaw, mould growth or dry rot [2,6,8—10].

Each type of building has specific characteristics that need to be addressed during renovation
and therefore several factors should be considered. Among these, some of the most important
factors are not only the properties of the building materials and their threshold values for
failure when adding internal insulation, but also the climatic conditions to which the building
is exposed.

The issue deepened in this PhD thesis mainly focused in the work package WP2 (“Material
characterisation coupled with eligible renovation measures”) of R/Build project, and in
particular in Task 2.3 (“Limit and threshold for failure”). The main objective of WP2 is to
provide data about building material properties and threshold values for historic building
materials as a background for material characterisation models. Failure in the construction,
associated to the overcome of a limit state, often occurs as a result of the hygrothermal
conditions altered after the implementation of an internal insulation. Failure is for instance
expressed as freeze-thaw damage of stone and brick used for the external wall [9], or mould
growth [11-13], or rot in wooden parts of a suspended floor that rest on the inner part of the
external wall [6-8]. Moreover, in literature can be found several studies that proposed
numerical modelling of the microbial growth aimed to predict the biofouling on building
components [11-17].

Failure models about mould growth were highly investigated and developed [13,15,16],
while they are very limited about algae growth. In fact, only few studies have attempted to
model the biofouling on external side of the building envelope [18-22]. Moreover they are
mainly related to the Avrami’s model at fixed optimal temperatures for the biological growth
[19-22]. Thus, further researches are needed to investigate the effects of different
environmental conditions, characterized also by non-optimal temperatures and different level
of relative humidities. Furthermore, up to now the “modified” Avrami’s model [19,22] does
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not give the possibility to directly introduce the influencing factors related to the substrate
and the environmental conditions as input variables in the calculation. Hence, in order
to become a real failure model useful to predict the algae growth on building materials
and the consequent biodeterioration of fagades, the Avrami’s model needs to be
implemented.

In this way, the aim of this research is to directly make explicit the main influencing factors
of the substrate and of the environmental conditions into the “modified” Avrami’s model,
so as to have a real failure model able to predict algal biofouling on different building
materials substrate and under variable environmental conditions. Therefore, researchers and
practitioners will be able to make quantitative predictions which may help to provide
guidelines for intervention and maintenance techniques [23-25].



Chapter 2
Biofouling on building facades

2.1 Impact of internal insulation on hygrothermal behaviour
of the wall

To reduce the energy consumption of the existing stock building and improve the thermal
performance of the building, an exterior thermal insulation system is generally considered as
a good solution. However, even if it could be the best option in term of thermal performance,
sometimes the exterior insulation is not possible due to architectural, esthetical and economic
reasons. On the contrary, internal thermal insulation is often the only applicable technique to
retrofit the existing walls, especially for historical buildings [2—-5].

However, this insulation intervention needs to be executed with care: some authors showed
how the installation of an internal insulation, especially in masonry walls, could lead to a
variation of hygrometric loads and moisture contents [6,7,26]. The hygrothermal conditions
in the original wall could become worse in case of the application of a thermal insulation to
the interior side, since, the heat flow coming from the room to the original wall is strongly
reduced [4]. This new configuration can originate the possibility of condensation behind the
insulation panels [2,27,28]. The moisture content inside the original wall could increase,
leading to high moisture content on the cold side of the newly added insulation materials
[2,5,28-31].

Therefore, the original masonry remains at the colder side of the wall, and this leads to a
reduction of the drying potential towards the room. In fact, the implementation of an interion
insulation system can act as a barrier, which oblige the water inside the masonry to migrate
only towards the external side, increasing the unwanted moisture accumulation in that layer
[8,29,32,33]. Thus, the consequences are not only inside the masonry, for instance causing a
possible decay of embedded wooden beams [6,8,34], but also on the external side of the wall,
by increasing the risk of frost damage [9,35] and biological growth [2,10,36].

Considering that the more porous a material is, the more moisture it can contain, the historic
masonry walls, that are generally built by porous bricks and natural stones without plaster,
are greatly exposed to moisture impact [32,37,38]. To avoid or at least reduce the moisture
and the above mentioned related problems, vapour diffusion barriers have been
recommended to disable vapour diffusion from the inside to outside, as well as capillary
active porous insulation materials [39,40] and hydrophilic insulation materials can be
used [41].



2.2 Biodeterioration of the building envelope caused by algae
colonization

In addition to the possible consequence of the internal insulation on the increased moisture
content on building fagades after an internal insulation retrofit, it should be taken into account
that the building envelope is also continuously exposed to open air and to weather conditions.
For this reason fagades are inevitably subjected also to the deterioration due to natural causes
[42,43]. This process can start and also be accelerated by the presence microorganisms, which
is a potential threat to the preservation of the building envelope. Both historic and modern
materials on external walls are subject to the deteriorative and degradative action of the
environment and living microorganisms (Figure 2.1a) [44].

Damages, deriving from metabolic activity of microorganisms, are mainly related with
physical, chemical and aesthetical mechanisms [45]. It has been reported that the presence of
a microbial layer may facilitate the production of acids and the biochemical deterioration of
the material through the etching of mineral components and dissolution of binding minerals,
especially in carbonates. Biophysical deterioration of the materials may also occur.
Considerable force may be exerted through repeated shrinking and relaxing of the slimy
sheath of the cyanobacteria during their cycle of drying and moistening. This eventually
loosens mineral grains of the stone surface [45,46].

Another effect of the presence of biofilm on exposed surfaces, is the acceleration of the
accumulation of atmospheric pollutants. The slimy surfaces of these microorganism facilitate
adherence of airborne particles of dust, pollen, oil, and coal ash, giving rise to hard crusts and
patinas that are difficult to eliminate [45]. On the other hand, the intensity of damages is
highly correlated with: type and dimension of the microorganism involved; kind of material
and state of its conservation; environmental conditions and micro-climatic exposure; level
and types of air pollutants [45].

The living species dwelling on these materials are ranging from microscopical bacterial cells
to higher plants and animals [45]. The main colonizers of building fagades are algae and
cyanobacteria [47,48], since they can live on a great variety of substrates. However, algal
biofouling could also become a suitable habitat for further different species, like mould and
fungi (Figure 2.1b) [42].

Figure 2.1. a) Discolouring effect of biological growth on a historical fagade; b) Growth of
green algae on a wall [42].



Loss of aesthetic value is considered one of the most obvious type of damage caused by algae.
Algal communities are usually readily recognizable on building exposed surfaces because
they form patina or sheets varying in extent, thickness, consistency, and colour. In well-lit
and relatively dry environments, patinas are thin, tough, sometimes green, and very often
grey or black, depending on the different-coloured pigments of the algae [46,49,50].

2.3 Microalgae and Cyanobacteria

Algae are one of the ancient living microorganisms. They are unicellular and pluricellular
microorganisms, which can be divided into two groups: green algae (eukaryotic) and
Cyanobacteria (prokaryotic). Some algae, named terrestrial algae, can live in terrestrial
environments, for instance in soil or on tree trunks, and also on building fagades
[42-44,50-54].

Terrestrial algae need sunlight as energy source, and they are able to live in "extreme"
environments. As they are autotrophy, they can synthesise they own molecules and also
inorganic substances, such as carbon dioxide, water and some elements, and thereby obtain
organic substances that guarantee their long-term survival, by means of photosynthesis and
transforming light energy into chemical energy [42,55].

The algae which can be found on building fagades are mostly green-algae, belonging to the
division Chlorophyta [56—59]. Depending on the species, their size can range from few
micrometres to few hundreds of micrometres. Their cells contain chloroplasts, that give
their typical green colour. They can only live in environments with high humidity and
sufficient but not too intense illumination. If exposed to favourable conditions they can
proliferate very fast. On building, these algae usually form light or very dark green stains on
the fagade [42].

Cyanobacteria are also called blue-green algae (Cyanophyta). Some species of cyanobacteria
possess well developed sheath layers around their trichome: thanks to UV-sunscreen
pigments and secretion of copious extracellular polymeric substances (EPS), they are
protected against desiccation and intense solar radiation. Indeed, cyanobacteria can survive
even during the summer period and when the temperature on a building facades exceeds
60°C, coupled with high light intensity and extreme dryness [60—62].

2.4 Essential factors for algae growth

As for all other biological habitats the microorganisms are dependent on different biotic and
abiotic factors for their growth on fagades [42]. Different algal species have very different
appearances, life-styles and tolerance of variations in temperature, moisture etc. and they are
metabolically active when appropriate combinations of dampness, warmth and light are
present [45,46,51,63]. Fagades are characterized by extreme fluctuations of temperature,
repeated desiccation and high UV-radiation: therefore, any organism living here must be able
to tolerate these variations to maintain the metabolic activity [42].

In general, there is a lack of a deep knowledge about conditions which influence algae and
cyanobacteria growth, but some common demands can be specified. For photosynthesis
process the combination of sufficient light, water, temperature, carbon dioxide and some
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mineral nutrients must be present. Algae can find also nutrients in some trace elements
(Fe, Mn, Si, Zn, Cu, Co, Mo, B, V) for growth, which are normally available in the
environment (rain, dust, material substrate), so that the local micro climate is the determining
factor for biological growth on facades [64].

Several researches demonstrated that the algal growth is influenced by the substrate
characteristics [20,48,65-70]. However, up to now they only revealed the role of some
physical parameters of the substrate: porosity helps the retention of water and nutrient
important for the growth of algae, while roughness favours the mechanical grip of algae to
the substrate itself [65,67,70]. Neither the influence of pH action on algae is not well known,
because it depends on the tolerance of each specific strain. Microorganism can be
classified into acidiphiles, neutrophiles and basiphiles, but there also exist indifferent
microorganisms which normally develop in a wide range of pH, such as bacteria whose
growth is satisfactory between pH values equal to 6.0 and 9.0. However, it’s known that most
algae and cyanobacteria found on building facades can normally develop at a pH equal
to 8.0 [55,71].

As photosynthetic organisms, algae and cyanobacteria need light and carbon dioxide to
permit photosynthesis biochemical process and produce energy needed for maintenance,
growth and reproduction [42,71,72].

Nevertheless, humidity and temperature are the most important environmental conditions that
affects the growth. For each species of microorganism, an optimal temperature for growth
and a range between a minimum and a maximum outside of which growth is not possible can
be individuated [71]. According to literature, for most algae and cyanobacteria an optimal
temperature for growth was estimated within the range of 20 °C and 30 °C [71,73,74],
while the range of suitable growth is usually considered between 5 °C and 40 °C [75,76].
However the resistance to high temperatures (above 50 °C) or low temperatures (below 0°C)
appreciably varies from one type of microorganism to another [61,62,77]. Under dry
conditions algae can withstand extreme thermal conditions (heat or cold stress) much better
than in humid conditions [64].

Water is necessary for algae growth as it is required for the photosynthesis. The water uptake
directly occur through the cell wall by osmosis and the growth limit for some green and blue
algae is about 100% RH (corresponding to liquid water) [75]. Wind driven rain and dew
water are the main causes for wetting of fagades with liquid water [36,78,79]. The geometry
of the building may offer preferential routes where the water accumulated after a rain event
stagnates, creating the ideal conditions for the proliferation of algae and cyanobacteria. If
balconies or roof overhangs reduce the wind driven rain on the walls, a light inclination of
the fagade increase the surface exposed to the water [79]. Once the algae have grown, the
run-off rain water contributes to replacing the old cells with new cells, and favours the spread
of spots of biofilm to other non-contaminated building components [36].

However, algae and cyanobacteria can survive dry periods and can restart their growth when
enough humidity is available. Therefore, a drying of fagades during the day is not sufficient
to prevent algae growth [64].



Chapter 3
Theory and equations

3.1 Avrami’s theory and the existing predictive model

Only few studies have attempted to provide models aimed at describing and predicting algae
biofouling on building materials. Preliminary investigations started with the development of
a numerical simulation of biofilm growth in porous media [80]. Biofilm growth was
implemented on irregular domain and substrate of any thickness were considered as
independent parameter. Subsequently, solid substrate, were taken into account: the algal
biofouling was calculated through a mathematical modelling which takes advantage of a
system of nonlinear hyperbolic-elliptic partial differential equations [81,82]. This set of
equations was implemented by considering illumination and temperature effects [83].

It was found that the physical phenomenon of growth and multiplication of algal cells
generally follow a trend similar to a sigmoid curve [19]. Indeed, the growth of a micro-algae
culture is characterized by three phases: an initial lag phase during the so-called "latency
time" (when algal stains are not still visible), a phase of rapid growth and a final stagnation
phase, when the covered surface by microorganisms become constant over the time
(Figure 3.1) [66,67].

M

Stagnation
phase

Latency Rapid growth
phase phase

XL

v

Time [day]
Figure 3.1. Typical growth of a micro-algae culture.

The work of Ruot and Barberousse showed a preliminary application of Avrami’s theory for
simulating the algal colonisation process as temporal evolution, but it lacked the kinetic
process [18]. Then, the algal biofouling was numerically simulated [19-21], and it was
found that Avrami’s theory can correctly reflect the biofouling process under accelerated
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laboratory growth conditions. Avrami’s law has been developed in the form of an exponential
equation by Avrami, Johnson and Melh [84-87]. This law was originally use to describe
the kinetic phase transformation in solids [88,89], even if it is used in different fields:
crystallization of polymers, heat treatment, decomposition of solids [90,91]. The Avrami’s
theory is based on two processes: the nucleation, which corresponds to the appearance of
nuclei of a new phase, and the subsequent growth, which represents the increase in the size
of these nuclei into the initial phase during time.

Likewise, also the biofouling process on building materials can be described by these two
phases. Algal colonization starts with the attachment of algae on the substrate. Initially, algae
appear as small green spots, which correspond the nuclei of the Avrami’s model [19], then
they grow increasing in size and forming algal filament increasing the covered extension on
the material surface.

In order to represent the growth process also in case of non-complete biofouling, the
original Avrami’s law was improved into a modified model [20-22] described by the
equation (1):

AC

X(0)=(1-exp K0 5
t

(1

where the covered area X(z) [-] is given as a function of time ¢ [day]. The rate coefficient
K [-] is a parameter related to the growth rate and it is constant for each material. The time
t; [day] represents the latency time before a chromatic variation occurs on the material
surface. The Avrami’s exponent # [-] is a coefficient which can be reasonably assumed equal
to 4 in case of algae growth: three dimensions represents the growth and one represents
nucleation rate assumed as constant [19,22,92]. Lastly, the final covered area ratio, indicated
as A. /A, [-], expresses the percentage of covered area at the end of the growth process. 4. is
the covered area by algae at the end of the accelerated growth test, and 4, is the total area of
the sample exposed to biofouling [22].

The parameter K depends on the nucleation rate of algal cells and it is related to material
properties. It can be calculated from equation (2):

K=A kg k> @)

where k, [spot/um? day?] is the specific attachment rate constant, indicating the rate of the
nucleation of new particles, and k. [um/day] is the specific growth rate constant. The
Avrami’s constant A [-] can be determined by equation (3):

2
(g+1)-(g+2)-(g+3)

with:

3)
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The specific attachment rate constant k, can be obtained by linear regression from the specific
attachment rate dy/ds [spot/um? day], which defines the number of algal spots that appears
on a surface unit per time unit (equation (5)):

d]/ q
=k, -(t—t
dt g ( ]) 5)

where 7 is the number of algal spots at time ¢ per unit area [Spot/um?].
On the contrary, the growth rate constant 4. can be experimentally determined by calculating
the equation (6):

k. = \/St+At _\/g (6)

C (t+AD)-1)

where S, [um?] represents the area of an algal spot at time ¢, and ;-4 [pum?] is the area of the
same algal spot at time ¢+A4¢.

The modified Avrami’s model (equation (1)) for the biofouling modelling was validated by
several researches [20—22]. Moreover, a recent study demonstrated a good correspondence
between the K parameter analytically determined by least square method and the one
experimentally calculated by digital image analysis (DIA) [22]. The model also highlighted
the role of the substrate, and in particular referring to porous structure and roughness
properties. For high porous and high rough materials, the substrate promotes the water
availability inside the material and the adherence of microalgae to the substrate itself,
thus increasing the colonization rate and leading to a rapid coverage of the surface by algae
[69].

Even if it is known the influence of the substrate, the effect of environmental conditions is
still totally missing. Furthermore, the equation (1) of the modified Avrami’s model does not
actually give the possibility to directly introduce as variables neither the substrate properties
nor the environmental conditions. A new failure model which explicitly includes parameters
and allow to predict the algae biofouling over the time, is thus needed.

3.2 New failure model based on the Avrami’s law

The proposed failure model derives from the modified Avrami’s model (equation (1)) by
making explicit the influencing parameters that mostly regulate algal growth and
development on different building materials. Equation (7) shows the proposed failure model:

_ K\ t=7. - n
X(P,R,A’T’RH’t):Q.TA,%_ l_exp (TK )(t Ttl [1)

t

(7)

where the covered area X [-], the final covered area ratio Ac /At [-], the growth rate K [-] and
the latency time ¢; [day] refer to the same parameters of the modified Avrami’s model
(equation (1)), while Q [-] and ta, Tk and Ty [-] are new scale functions introduced to take
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into account also the effect of the environmental conditions. The Q function characterises the
effects of RH on the covered area, while the 1; values represent the effects of temperature and
substrate on each corresponding parameter Ac /At, K and ¢;.

The equation (7) is a function of time ¢ [day], of substrate properties (total porosity P [%],
roughness R [um] and total pore area A [m%*g]), and of environmental conditions
(temperature T [°C] and relative humidity RH [%]). These variables were chosen and
included into the general equation of the failure model in order to be independent variables,
based on previous studies which have investigated the algal development on building
materials [23,48,51,65]. From these works indeed, it can be noted that porosity is responsible
for water availability, e.g. high porous materials can retain high amount of water while for
low porous materials water availability is reduced [20,66,70,93]. Moreover, the total pore
area affects the water adsorption and desorption capacity [23]. Roughness, instead, favours
the mechanical adhesion of cells to the surface micro-indentations and small irregularities of
substrate [20,70]. Temperature can alter the biofouling process [73,75,94], influencing the
growth rate and the percentage of covered area, while relative humidity can have effect on
the free water available inside the porous structure of the sample [23,36,50].

Furthermore, the eventual secondary effects of other substrate properties (e.g. surface pH,
nutrients and salts [65,78]), are introduced as corrective coefficients (o, ..., p), both for
parameters and scale functions. They are related to the different nature of the building
materials, such as i.e. bricks, sandstones and limestones (see Section 5.2.2).

In the set of equations (8) for each term of equation (7) the investigated variables, regarding
the material properties and/or the environmental conditions, are shown.

A

fe "¢ (pR.4)

AZ Al‘

K=K(P,R,4)

tl :tl (P,R,A)

Q=Q(RH,P,R, ) (8)
TA :TA (T,P,R,A)

TK :TK (T,P,R,A)

Ttl =Ttl (T,P,R,A)
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The model follows the following three assumptions.

First assumption: the substrate properties P, R and 4 do not depend from time ¢, as
they are constant during time for a given material. This can be considered a good
approximation, if aging problems of the building material surface can be
disregarded. On the contrary, T and RH they are environmental conditions that
obviously change as function of time.

Second assumption: the variables P, R, A, and RH are considered as independent
variables: this also means that the substrate properties P, R and 4 do not depend
from each other and form the environmental temperature 7. (These statements can
be reasonably assumed from the experimental results, see Section 6).

Third assumption: the covered area by algae X(#) 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 to a less contaminated stage. This
assumption was supported by the results obtained in previous experimental
researches [20-22], from which the condition (9) was always valid.

X(n)<X(1), Vi <t 9)

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 that
change over time. Figure 3.2 presents a qualitative example. In Figure 3.2a, the calculation
process is shown: once set the substrate properties, the biofouling is influenced only by the
environmental conditions over the time. Hence, the model determines the specific growth
curves for the different environmental conditions: in this case, the growth process is
hypothesized to be influenced by three different climatic conditions (EC;, i=1,..,3). During
each time interval, the model identifies the section of the curve related to EC; (Figure 3.2a).
Finally, the overall growth process in terms of area coverage under variable environmental
conditions is the sum of each section, as shown in Figure 3.2b.
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Figure 3.2. A qualitative example of the implemented failure model: a) determination of the
growth curve under each exposure condition; b) the overall process of covered area by
algae biofouling under variable environmental conditions over the time.
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Chapter 4

Experimental program

The experimental program was defined according to the assumptions about the definition of
the failure model, listed in Section 3.2. In particular, the tested materials and the
environmental conditions 7 and RH, set during the performed tests, were chosen in order to
be independently treated in the mathematical model [95].

Generally, the study of biofouling on building materials may raise some methodological
problems concerning its occurrence as readily observable and quantifiable phenomenon [96].
In fact, a visible biological deterioration usually starts after 1-year or more of natural
exposure [97,98], and for this reason the use of accelerated tests is generally recommended.
In literature it is possible to find a large variety of tests apparatus based on wet&dry cycles
[70,99-105]. The accelerated growth tests performed in this research are reported in
Section 4.4 and in Section 4.5.

The experimental activity was mainly carried out following three steps of investigations. In
the first step (see Section 4.3), preliminary tests under different constant temperatures were
carried out, to investigate the temperature effect merely on algae growth (without considering
the brick substrate). The aim of this first investigation was to select the environmental
temperatures to set during the following accelerated growth tests on building materials. In
the second step (see Section 4.4), tests focused on the effect of different relative humidity
conditions (RH tests) under a constant temperature (Table 4.1), previously selected
according to the preliminary tests results. In the third and last step (see Section 4.5), tests
were aimed to the investigation about the role of temperature (7 tests) under a constant
relative humidity (Table 4.1).

Test Temperature Relative Humidity
[*C] (%]
Reference test Test 0 275+25 >98, wet & dry cycles
RH tests Test 1 275+2.5 75+2
Test 2 27.5+2.5 87 +2
Test 3 27.5+2.5 98 £2
T tests Test 4 5+£25 >98, wet condition
Test 5 10£2.5 >98, wet & dry cycles
Test 6 40+2.5 >98, wet condition

Table 4.1. Environmental conditions during the accelerated growth tests on
building materials.

13



Table 4.1 lists the tested environmental conditions set during the accelerated tests. All the
tests performed in previous works [20-22,106,107] were grouped in the Reference Test,
since temperature and relative humidity belonged to the range of the optimal algal growth,
that is in a temperature between 20 °C and 30 °C [71,73] and with the presence of
free water [51,65].

To monitor the environmental conditions set inside each growth chamber during the tests,
temperature and humidity Sensirion SHT31-D sensors were connected to a National
Instruments (NI) myRIO-1900 data logger device (Figure 4.1a). Sensors features are reported
in Table 4.2.

Measurement Specification Value Unit
Accuracy tolerance ~ +2 % RH
Relative humidity
Specified range 0to 100 % RH
Accuracy tolerance ~ +0.3 °C
Temperature
Specified range -40 to 125 °C

Table 4.2. SHT31D sensor performance specifications.

Thanks to the small dimensions of the sensors (12,5 x 18 x 2,6 mm) it was possible to locate
them near the samples. The exposed delicate parts of sensors and electric contacts were
protected with silicon from vaporized water (Figure 4.1b). The monitoring system was
previously tested and calibrated in other researches, aimed to characterize building materials
and investigate the critical conditions in terms of high moisture loads in the environment, i.e.
of a hypogeum environment [108—111], and in a thermal retrofitted building, at the interface
between the insulation system and a historic masonry wall [112]. All measurements were
recorded every 10 minutes and collected data were constantly monitored to avoid
malfunctions of the system and ensure not to compromise the algae growth process.

Figure 4.1. a) Assembled measurement system with SHT31-D sensors and NI myRIO-1900
data logger; b) Protected T/RH sensor positioned near the samples inside a growth chamber
during the accelerated tests.

14



4.1 Algae cultures

The microbial cultures chosen for the experimental tests were a green alga (Chlorella
mirabilis strain ALCP 221B) and a cyanobacterium (Chroococcidiopsis fissurarum strain
IPPAS B445), since they can be commonly found on building facades, especially in European
countries [44,48,51,56,97,103,113,114]. The microbial strains were cultivated as pure
cultures in 5-L glass flasks containing Bold’s Basal medium (BBM), prepared in accordance
with ASTM D5589-09 standard method [115]. The recipe for Bold’s Basal Medium, which
supports the growth of a wide range of algae, is given in Table 4.3. To obtain 1 L of BBM,
10 mL of each stock solution 1 through 6 were combined with 1 mL of stock solution 7
through 10 in 936 mL of distilled water.

No. Stock solutions 2/400 mL

1. NaNO:s 10

2. MgSOs4 -7TH20 3

3. NaCl 1

4. K2HPO4 3

S. KH2PO4 7

6. CaCl2-2H20 1
Trace elements solutions g/L

7. ZnS0O4 TH20 8.82
MnCl, 4H20 1.44
MoO3 0.71
CuSO4 5H20 1.57
Cu(No3)2 6H20 0.49
H3BOs 11.42
EDTA 50
KOH 31

10. FeSO4 TH.0 4.98
H>S040 1 mL

Table 4.3. Composition of the stock solutions used for the preparation of the BBM
(Bold Basal Medium).

Both cultures were incubated at 24 °C providing the needed illumination with a light intensity
of 1500 lux and a 14/10 h light/dark photoperiod. The mixed cultures to be used in the
experimental assays were obtained by mixing the two pure cultures in a ration 1:1 (v/v)
(Figure 4.2).
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Figure 4.2. Mixed microalgae suspension of Chlorella mirabilis and
Chroococcidiopsis fissurarum after incubation.

4.2 Tested building materials

In this research algae biofouling was evaluated on different building materials. Investigations
were carried out on fired bricks and stones, since these materials are usually found on fagades,
and especially in Cultural Heritage [116,117].

According to previous literature works, fired brick samples were considered [20,21,95,106].
Nine different types of fired bricks (named B) were selected and they were cut into three
prismatic samples with dimension equal to 8x8x3 cm® (Figure 4.3a). They were chosen
considering their different total porosities P and total pore areas A4, as reported in Table 4.4.
In addition to the porous structure, also different levels of roughness R were examined.
A smoothing treatment with sand paper was manually applied on some samples. Treated
samples were identified with “S”, while samples with original surface roughness were named
with “R” at the end of the acronym. Material B-1 and B-4 refer to previous investigations on
algae biofouling [20,21,106].

Sample Total porosity Roughness Total pore area
P [%] R [um] A [m?/g]

B-1S  19.13+1.66 [21] 24+05 [21] 6.19+0.97
B-IR  19.13+1.66 [21] 2.8+05 [21] 6.19+0.97

B-2S 19.24 £0.37 4.50+0.27 6.19 £1.18
B-2R 19.24 £ 0.37 5.54+0.42 6.19 £1.18
B-3 24.62 +1.02 2.95 +£0.63 2.22+0.21

B-4S  36.65+0.65 [21] 1.1+0.1 [21] 2.21+031
B4R 36.65+0.65 [21] 89+09 [21] 221+03l
B-5S  44.09+1.63 6.60 +0.49 5.57+0.83
B-SR  44.09+ 1.63 7.60 £0.57 5.57+0.83

Table 4.4. Substrate properties of tested fired brick materials (mean value + standard
deviation). In brackets references of previous works are reported.
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a) k b)

Figure 4.3. a) Brick samples prepared for the experimental investigations;b) Mercury
intrusion porosimetery for the characterization of the sample substrates.

Concerning stone materials, two different types of sandstone (named S) and two types of
limestone (named L) were considered, referring to previous researches reported in literature
[22,107], which investigated the algae growth adopting the same methodology. The
characteristics of the stone substrates (Table 4.5) significantly differed from the brick ones.
In particular, all of the tested samples were characterized by a lower porosity (lower than
20%). These stone samples were not manually smoothed.

Sample Total porosity Roughness Total pore area
P[%] R [um] A[mg]

S-1 4.52+0.18 [22] 79+04 [22] 1.67+0.19

S-2 7.74+026 [22] 7.6+06 [22] 1.76+0.17

L-1 7.54+031 [22] 20+0.1 [22] 2.54+022

L-2 18.17+0.46 [22] 26+02 [22] 3.92+0.28

Table 4.5. Substrate properties of tested stone material (mean value + standard deviation).
In brackets references of previous works are reported.

To evaluate the effect of the substrate, the clay brick and stone materials selected for the
experimental investigations were preliminarily characterized before the tests. Total porosity
P [%] and total pore area A [m?/g] of each material were determined onto 3 samples by a
mercury intrusion porosimeter (Micromeritics Autopore III) (Figure 4.3b) following the
ASTM D4404-10 standard [118].

The surface roughness, as arithmetical mean roughness R, [um], was determined according
to UNI EN ISO 4287:2009 standard [119], by using a Taylor Hobson CCI 3D Optical Profiler
(Figure 4.4). The arithmetical mean deviation of the assessed profile was calculated on five
sampling lengths of 5,54 mm.
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Figure 4.4. Magnification of a brick surface (sample B-2R) by the optical profiler for
roughness determination.

4.3 Preliminary tests about the influence of temperature on
algae growth

As preliminary investigations before the accelerated tests, the effect of five different
temperatures were analysed, evaluating the growth rate of algae cultures, without considering
the material substrate. The aim of this preliminary tests was to understand the suitable
temperatures to set during the accelerated tests on brick samples, in order to obtain useful
results for the implementation of the failure model, and not to waste time in non-favourable
environmental conditions for growth [95].

According to the available literature, algae can live in a wide range of temperature, which are
usually comprised between 5 and 40°C [75,76]. Considering this range, algal cultures were
incubated at the following temperatures: 5°C, 10°C, 27.5°C, 35°C and 40°C. The set
temperatures were maintained with the accuracy of + 2.5°C. Both temperature and relative
humidity were measured with digital sensors (Sensirion SHT31-D) positioned inside each
incubator (see Section 4.2).

Growth tests were carried out on both pure and mixed cultures, using glass bottles containing
100 mL of each culture, incubated in a refrigerated thermostat (Velp FOC 215E) and in a
controlled room with constant temperature (Figure 4.5a). Since algal cells need sun light to
reproduce, a controlled daylight with an intensity of 1500 Ix was provided for day/night
cycles of 14/10 h., by installing two 39 W neon lamp (Sylvania TopLife, 5000 K light
temperature) inside the growth chamber [42]. Every week the cultures were sampled and a
microscopy count was carried out using a Thoma-Zeiss hemocytometer (Figure 4.5b) [120]:
the results were expressed in logarithmic scale as number of cells/mL. All the tests were
performed in duplicate.
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a)

Figure 4.5. a) Algae cultures were incubated in controlled environment under different
constant temperatures; b) Counting of the number of cells of the tested cultures in a
Thoma-Zeiss hemocytometer under a light microscope.

4.4 Accelerated growth tests under different constant relative
humidities

In order to evaluate the influence of relative humidity on the growth of algae on fired brick
surfaces, three tests (Test 1, Test 2 and Test_3) were carried out (see Table 4.1) [95]. Three
different relative humidity (RH;) conditions were reproduced inside three separate climatic
chambers. The air of the indoor environment was conditioned by using different saturated
solutions, following the methodology of reported in EN ISO 12571:2013 [121].

The three incubators consisted of 100x40x53 ¢cm? glass chambers, each one filled with 15L
of saturated solution (Figure 4.6a). The RH; (75 £ 2%) was obtained through a saturated
solution of NaCl, RH: (about 87 + 2%) through a saturated solution of Na,COs, and RH;
(about 98 + 2%) through only deionized water [122]. To exclusively evaluate the effect of
relative humidity, during all the tests temperature was constantly controlled and maintained
at 27.5 + 2.5°C (see table Table 4.1). This temperature was selected considering the results
of the preliminary tests (see Section 6.1), aimed to individuate an optimal temperature for
growth in accordance with literature [71,73,74]. Environmental conditions inside each
glass chamber near the samples were constantly monitored and measurements were recorded
every 10 minutes over the entire test period (see Section 4.2).

For each tested material three prismatic samples (8x8%3 ¢cm?) were prepared. The behaviour
of the sample put in each environment were investigated until the end of a possible biofouling
process (stagnation phase) was reached. At the beginning of each test, samples were
inoculated on 9 different points on their surface with 5 pL of the mixed culture per point.
After the initial inoculation, samples were placed inside the climatic chambers, on
aluminium-glass racks inclined at 45°, and positioned front-to-front along the long dimension
of the chamber. All the three growth chambers were placed in a dark room to avoid the
influence of the external environment (daily light, outdoor temperature and relative
humidity). Each test apparatus was equipped with two neon lamps (Sylvania TopLife 39W)
to provide an adequate illumination to simulate a day/night cycles of 14/10 h [42]. The lamps

19



were positioned on the top of the chamber at a constant distance from the sample surface
(Figure 4.6b).

climatic chamber

~_/neon lamp:

R sample y}
7
A A
N [¢

salt solution

40

Figure 4.6. a) View of the glass chambers used to maintain different constant
relative humidities; b) Scheme of the test apparatus build up for investigations on
relative humidity effect.

4.5 Accelerated growth tests under different temperatures

Investigations on the effect of temperature on algae growth were carried out following the
methodology adopted in previous researches [20,21,69,95,105]. The method well simulates
the behaviour of roof or external wall surfaces exposed to ‘‘bad weather’’, or leaky parts of
a building or design defects. It consists in accelerated tests with periodical water spray on the
material surface. Tests were performed until the biofouling on each sample reached the
stagnation phase at the end of the growth process [95].

Different growth chambers (100x40x53 c¢cm®) were filled with 35L of BBM and microbial
suspension, composed by a mix of the two algal strains (see Section 4.1), in a concentration
of about 4mg of algal cells per litre. The broth culture was continuously agitated with two
wave pumps (Hydor, model Koralia 1600/425) positioned at the base of the glass chamber.
The glass chamber was equipped by two aluminium-glass racks inclined at 45° on which the
samples were positioned. Above each rack, a PVC tube, with three holes drilled every 20 mm
in correspondence of each sample, was connected to a 500 L/h water pump (Blupower)
submerged in the broth culture That way, the algal suspension was sprinkled on sample
surfaces (8x8 cm?), falling down their entire surface with run/off cycles of 15 minutes, for a
total duration of 6 hours per day (3 hours run and 3 hours off). The distance from the samples
to the rails to was approximately 50 mm and designed to allow water to run on the entire
sample surface (Figure 4.7a).

Tests were carried out inside a closed room to avoid the influence of outdoor environment.
Cycles of day/night illumination (14/10 h) were provided by installing two 39 W neon lamps
with a light temperature of 5000 K (Sylvania TopLife) under the lid of the growth cambers
(Figure 4.7b). During the light period of 14 h, the solar light lamps were switched on, while
for the remaining 10 h, all the lamps were turned off to simulate the night period.
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According to the results about the different temperatures tested in the preliminary
experiments (see Section 4.3) and considering the available literature [21,71,73-76,94,123],
the accelerated tests were set under two different temperatures. A temperature of 27.5 £2.5°C
was selected to be within the range of the optimal growth conditions comprised between
20°C and 30°C[21,71,73,74,94,123], and a lower temperature of 10 + 2.5°C, within the range
of suitable growth for both the studied strains [75,76]. A modified refrigerator Electrolux RC
5200 AOW2 was used to set the lower test temperature. In these experiments,
relative humidity was assumed equal to 100%, since the wet&dry cycles allow to keep
the sample surface wet during the test time. Temperature and relative humidity sensors were
used to monitor all the test environments, through measurements taken every 10 minutes
(see Section 4.2).
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Figure 4.7. a) View of the inside growth chamber used for the evaluation of temperature
influence on algae biofouling; b) Scheme of the run-off test apparatus built up for the
accelerated tests.

4.6 Measurement and evaluation of algae growth

Two different techniques were adopted to investigate the algal growth on the tested samples.
During the accelerated growth test, the evaluation of the biofouling process and the algal
extent on samples’ surface were carried out by both qualitative and quantitative analyses
[69,95,105,107].

Qualitative analyses were performed by chromatic investigations during the tests.
Colorimetric measurements for the evaluation of the chromatic variation (4E) were carried
out using a portable spectrophotometer (Konika Minolta CM-2600d) [99,105] (Figure 4.8a).
In accordance with UNI EN 15886:2010 and UNI 1602371:2018, an aperture of 3 mm, a CIE
standard daylight illuminant (D65) and an observer field size angle of 10° were set [124,125].
On each sample surface, nine measurement were weekly repeated on the same points. In
order to guarantee the replication of measurements on the same points in subsequent tests, a
reference spatial grid (8§x8 cm) was used.
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Results were averaged to obtain a representative value for each material and they were
expressed in CIELab colour space [89]. Colour variations were calculated in terms of total
colour difference AE, following the equation (10):

AE = (Lo~ L' +(ag—a*)? +(bg —b")? (10)

where L"), ap” and by" indicate the colour coordinates of samples at time zero (prior the start
of the test), and L” a”, b" the coordinates measured during the tests. According to standard
methods [125] and researches [126], a total colour difference 4E<1 can be considered not
visible by naked human eyes. On the contrary a 4F ranging between 1 and 2 can be detectable
only with a close observation. From an engineering point of view, a AE=1 could be assumed
as the acceptable lowest limit for algae growing. In case of average AE>1, the term ay™-a”
was then evaluated to verify if the colour change was actually due to the presence of algae.
The variation 4a indicates to a colour difference in a red/green scale. That way, it permits to
associate the colour variation to the appearance of algae as green stains: the amount of red is
indicated by positive values (4a>0), while a green toning by negative values (4a<0). Thus,
in case of average 1<4FE<2 but at the same time average 4a>0, it can be reasonably assumed
that the colour variation is not due to the presence of algae.

™,

Figure 4.8. a) Colorimetric measurements on the same points of the samples’ surface during
the test; b) Digitalization of the samples’ surfaces for the biofouling extent evaluation.

The colorimetric analyses were associated to the quantification of the biofouling extension,
evaluated by a (quantitative) Digital Image Analysis (DIA). The effectiveness of this
methodology has been widely confirmed in previous studies [65,69,100,101,104,107].
According to these researches, DIA is one of the easiest and non-destructive tests used to
measure the algal growth [65,101]. In particular, to calculate the extension of colonized area
the threshold method was adopted [65,69,104,107].

Samples’ surfaces were weekly digitalized and, to this aim, a scanner HP Scanjet G3010 was
used for the acquisition of high-resolution images (600 dpi resolution). The scanned images
were elaborated to calculate the algal coverage, expressed as a percentage of the total sample
area (Figure 4.8b). To identify the colonized area, the acquired images were processed with
ImagelJ software [127,128]. Once the threshold values in CIELab colour space were set,
the acquired images were subjected to a binary conversion to exclude the uncontaminated
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parts of the samples and count only the contaminated pixels by algal cells (Figure 4.9). The
covered area by microalgae was represented by the amount of black pixels and it was
expressed as a percentage: 0% corresponding to a null-growth, while 100% corresponding to
a completed coverage of the sample surface [104]. The acquisition of the of the scanned
images were performed once a week during the accelerated growth tests and results were
reported as average values and standard deviations of three samples for each fired brick
material.

Figure 4.9. An example of binarization process; from left to right: scanned images from
the original sample were elaborated by a filtering process (threshold method) to obtain
binary images.

In addition to the above investigations, observations of brick surfaces using a scanning
electron microscope (SEM) were carried out onto representative samples to have a better
insight into the mechanical interactions among algae and cyanobacteria and the tested fired
brick surfaces.

In order to preserve the biological material before SEM observation, all the brick surfaces
were subject to the treatments proposed by Gao et al. [129] except for the post-fixation step
with osmium tetroxide [130]. Briefly, a portion of selected bricks was fixed in 30 g/L
glutaraldehyde in 0.1 M phosphate buffer, pH 7.0, for 4h at 25 °C. Samples were
subsequently submerged in phosphate buffer for 15 min three times. Samples were
dehydrated in ethanol at the following concentrations: 15%, 30%, 50%, and 70% for 10 min
each, 85% and 95% for 15 min each, and 99.5% for 1 h. Samples were gold coated in a sputter
coater K550X (Emitech, Ashford, United Kingdom). Finally, the brick portions were
observed by using a XL30 SEM (Philips Amsterdam, Netherlands) equipped with a ES-423
extended life lanthanum hexaboride LaB6 cathode.
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Chapter 5
Calculation methodology

5.1 Experimental determination of Avrami’s parameters and
scale functions

5.1.1 Experimental Avrami’s parameters

After the acquisition of the scanned images of the samples' surface during the accelerated
tests (see Section 4.6), the biofouling was modelled according to the modified Avrami’s
model (equation (1)). The parameters A. /4, K and ¢; were thus determined according to
previous works [19-22,95]. The final covered area ratio, represented by A./A; [-], was
calculated at the end of the test measuring the covered area A. by algae on the total area 4, of
the sample (see Section 4.6). The rate parameter K [-] was determined, through iterations, by
minimizing the least squares values between the experimental data and the values calculated
with equation (1). The latency time ¢; [day] corresponded to the time until X(z) = 0.3%, as
that guarantees the best reproducibility of the experimental results [21]. The parameters A./A,,
K and ¢#; were determined for each material as the average values of measurements on 3
samples. These values were than used as start values for the following implementation of the
modified Avrami’s formulation (equation (1)).

5.1.2 Experimental scale functions for the effect of environmental conditions

To quantify the scaling effect of temperature and relative humidity on the biofouling process,
the value of t; and Q were firstly experimentally determined from the results obtained after
the accelerated growth tests.

The Q values were determined according to equation (11). This equation expresses the
normalization of the final covered area ratio (4. /Ayres i, reached under the RHs tested
(Test 0, ..., Test 3), by the (4c/A)res: o value reached under the relative humidity condition
of the reference test (wet&dry cycles).

(AC/A)(?S i .
Q =— T 2,3 (11)

(Ac/At)Test_O

Similarly, the t; values (respectively ta, Tk and ti) were calculated according to
equation (12). Scale functions ta, Tk and 1y respectively express the ratio between the
experimental values of A./4;, K and t;, obtained under the different tested temperatures
(Test 0 and Test 4, ..., Test_6), and the reference value obtained in Test 0 (with T=27.5°C).
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5.2 Analytical determination of Avrami’s parameters and
scale functions

According to the methods presented in this section, the equations of the set (8) were
formulated as explicit functions of substrate properties and environmental conditions. The
domain of each variable together with the codomains of both parameters and scale functions
were determined; they are reported in Section 5.2.1. The method for the iterative fitting
process is presented in Section 5.2.2.

5.2.1 Domains and codomains

For each variable of the equation set (8) the domains of the variables considered in this
research were as follow, according to the physical range of the variables and the experimental
methods:

- porosity domain is: 0 < P <100 [%];

- roughness domain is: R > 0 [um];

- total pore area domain is: 4 > 0 [m?/g];

- temperature domain is: 5 < 7'<40 [°C];

- relative humidity domain is: 0 < RH < 100 [%].

Moreover, the codomains of both parameters (4./4;, K and ¢;) and scale functions (Q and t;)
were set according to the mathematical and physical meaning, and considering the
experimental results [20-22,106,107]; in particular:

- for the final covered area ratio: 0 < 4./4; <1 [-];

- for the rate parameter: 0 < K <1 [-];

- for the latency time: #; > 0 [day];

- for relative humidity scale function: 0 <Q <1 [-];

- for temperature scale functions: 0 <t; <1 [-].
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5.2.2 Data fitting for the determination of the failure model equations

Each equation of the set (8) were determined by an iterative fitting process, based on data
obtained both by literature researches [20-22,106,107] and the experimental tests
(see Section 4) performed on fired brick materials.
Different types of equations were analysed and evaluated by combining regression
coefficients (a, ..., v) to the substrate (P, R and A) and environmental (7 and RH) variables,
in the parameters (4./4,, K and ¢;) and scale functions (Q and t;) of equation (7). The tested
equation types (polynomial, logarithmic and exponential...) in the fitting process were not
decided in advanced nor analytically derived from the starting equation (7). During the fitting
process, the resulting equations were considered adequate if:

- the equation types well simulated the trend of the experimental data;

- the results of the equations along with the regression coefficients verified the

codomains (see Section 5.2.1);
- the fitting maximised the coefficients of determination R? and minimised the sums
of squared residuals.

The iterative process was stopped when all the above three conditions were satisfied. The
regression coefficients (a, ..., v) which resulted insignificant were discarded together with
the relative variables.
The resulting equations and the regression coefficients determined for fired brick materials
were then applied to stone materials [22,107]. In this case, only the corrective coefficients
(o, ..., p) were additionally determined through a new fitting, by verifying the conditions
reported above, while the regression coefficients (a, ..., v) determined for fired bricks were
maintained also for the equations adopted for stone materials. On the contrary, considering
fired bricks materials, the corrective coefficients were set equal to 1, since the model was
firstly determined on this type of material.

5.3 Validation of the new failure model

After the fitting operations for the determination of each equation (parameters and scale
functions) and their relative significative coefficients, the obtained failure model equation (7)
was firstly graphically verified, by overlapping the resulting curves with the average
experimental data including their relative standard deviation values.

Then, a quantitative validation was also performed. The confidential R factor [%] was
determined for each material and, according to the equation (13). R factor indicates how
much the values coming from the failure model differ from the average experimental
measurements.
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In the equation (13), X, represents the value given by the failure model and X, the average
experimental measurement, respectively at the same time ¢ [19]. A low R value indicated a
good agreement between a single curve obtained by the failure model and the related
experimental data. According to previous literature works [20-22], an Avrami’s curve with
a R factor value lower than 25% was considered acceptable.

The validation was performed not only on fired brick materials, but also considering results
on stone materials previously investigated [22,107].
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Chapter 6
Experimental results

6.1 Results of preliminary algae growth tests under different
temperatures

Growth curves of the pure (CM or CF) and mixed (MIX) cultures are reported in Figure 6.1,
as the results of the preliminary investigations at different constant temperatures and wet
conditions, without the influence of the substrate [95].

Regarding Chlorella mirabilis (CM) (Figure 6.1a), an increasing number of cells was counted
at both 10 and 27.5 °C. The observed growth trend was in accordance with those reported by
Shukla et al. [77], who studied the growth process of Chlorella mirabilis in low-temperature
environments. The number of the counted cells under T = 5 °C was constant over the time
(attested at about 10° cells mL ') and no changes in the growth velocity was observed. On the
contrary, at the two higher tested temperatures (35 °C and 40 °C), a remarkable decrease in
the cell numbers was noticed, with a considerable reduction of cells after 14 days from the
beginning of the tests.

Concerning the growth of Chroococcidiopsis fissurarum (CF) (Figure 6.1b), no particular
effect of the tested temperatures on the growth trend was observed during the overall test,
thus confirming the high adaptation capability of cyanobacteria also to the extreme
environments [62].

Finally, the growth curves recorded for the mixed cultures (MIX) (Figure 6.1c) substantially
reflected the trends of growth curves of the pure cultures. It is noteworthy that the adopted
count method of cells did not permit to establish a possible prevalence of a specie over the
other one. It is therefore known that, regarding mixed microbial cultures, a competition for
nutrients and space can occur, thus leading to a possible prevalence of one species over
another [131].
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Figure 6.1. Growth curves of: a) Chlorella mirabilis CM; b) Chroococcidiopsis fissurarum
CF; ¢) mixed culture MIX. The growth of the microbial species was tested at five different

temperatures.
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Considering these preliminary results, the temperatures to set during the following
accelerated tests on the fired bricks were selected in order to ensure the presence of both the
two colonizing microorganisms. Thus, two different temperatures, T=10 °C and T=27.5 °C,
were chosen as the most suitable temperatures for the growth of both Chlorella mirabilis and
Chroococcidiopsis fissurarum. The selected temperatures correspond to what is reported into
the available literature regarding the essential conditions for biological growth on fagades
[75,76].

6.2 Results of accelerated growth tests under different
constant relative humidities

Figure 6.2 (a, b, ¢) shows the colorimetric analysis carried out by periodically measuring the
total colour difference AE of the fired brick surfaces exposed to the three different RHs (see
Section 4) [95].

Samples B-2R showed no significant differences under the three tested RHs: all the average
total colour variations after 36" week were just lower than 1. Samples B-3 showed an average
colour variation 4E even lower than samples B-2R, thus under the limit of human perception.
Lastly, average colour variations higher than 1 (but lower than 2) were registered only on
samples B-5R from 9" week onward when exposed to RH3 = 98%, while an average AE < 1
was measured under the other two tested relative humidities (RH; and RHy).

In general, at the end of the 36™ week, on most of the samples the average total colour
difference AF were lower than 1, and only few samples it exceeded this value, but with a
chromatic variation noticeable only with a very close observation, since a AE < 2 was always
observed [125]. On these samples, the red/green difference 4a gave always positive average
values (Figure 6.3), thus the hypothesis of a possible chromatic change to green toning due
to the presence of chlorophyll was rejected.

In conclusion, it can be assessed that at RH < 98 % no (qualitative) signs of algae growth
seemed to be present.
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Figure 6.2. Total colour difference 4E: a) RH1=75%; b) RH>=87%; ¢) RH3=98%.

Results are reported weekly; vertical line bars indicate standard deviations.
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Figure 6.3. Red/green colour difference 4a of sample B-5R_98.
Results are reported weekly; vertical line bars indicate standard deviations.

Digital Image Analysis results are shown in Figure 6.4. A synthetic evolution of the surfaces
of the B-2, B-3 and B-5 tested sample at the three relative humidity conditions is represented.
No differences were detected on the samples before and after the conditioning inside the
climatic growth chambers, where they were positioned for 36 weeks [95]. It can be easily
seen, also by naked eyes, that the covered area during all the tests under different RHs was
always null on each sample.

The results from these scanned images, in term of covered area, quantitatively confirmed the
previous qualitative colorimetric analysis: the exposure to RH < 98% does not seem to permit
algae to growth on the tested fired bricks’ substrates. An eventual presence of algae and
cyanobacteria at the microscopic level, not detectable by the instruments used in this work,
can also be acceptable since it corresponds to a non-visible algae growth on a fagade from an
engineering point of view.
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Figure 6.4. Evolution of the brick samples’ surface tested under three different RHs form
the beginning (t=0 week) to the end of the test (t=36 weeks).
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Conclusively, if RH=98% is assumed as a safety limit to be not overcome, considering the
results from both qualitative (colorimetric variation) and quantitative (DIA) evaluations,
from an engineering standpoint, it can be assessed that biofouling caused by algae cannot
occur on fired brick surfaces at RH<98%. It was also shown that results did not reveal any
correlation with the substrate properties, such as total porosity, roughness, and total pore area,
but only related to the relative humidity conditions.

6.3 Results of accelerated growth tests under different
constant temperatures

The Figure 6.5, Figure 6.6 and Figure 6.7 show the scanned images acquired during the
accelerated run-off tests on fired bricks, respectively of smoothed and rough B-2, B-3 and
B-5 materials (only one representative sample is here reported for each material). Overall,
the experiment at T=10 °C (Test_5) lasted 26 weeks, while the experiment at T=27.5°C
(Test_0) lasted 20 weeks. Each material showed different velocities in the biofouling process,
and, as a consequence, samples were tested until the stabilization of algal growth was
reached.

Generally, the fouling of the samples’ surface started with small green spots, and its extension
resulted in the proliferation and adhesion of new ones. The simultaneous attachment and
growth of the spots as nuclei allows the use of Avrami’s model (see Section 3.1).

In addition, the algal spots usually appeared randomly on the samples’ surface, and in some
cases the biological fouling evolved as streaks due to the suspension flow (sample B-2 and
B-5), as commonly observed on deteriorated fagades [97].

Concerning the influence of the temperature, it is evident that the samples exposed to T=10
°C were characterized by a reduced fouling respect to the ones exposed to T=27.5 °C.

It is notable, also by naked eye, that rough samples were more covered than the smoothed
ones. However, a quantitative analysis of the covered area by algae was needed to investigate
more deeply the effect of the substrates’ characteristics on the tested bricks, in terms of
porosity, roughness and total pore area.
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Figure 6.5. Progressive algae coverage on B-2 samples’ surfaces during accelerated growth

test under different constant temperatures.
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Figure 6.7. Progressive algae coverage on B-5 samples’ surfaces during accelerated growth
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Concerning the quantification of the covered area by algae, results obtained by DIA,
are reported in Figure 6.8. Graphs show the weekly measurements recorded according to
Section 4.6.

After the exposure at T =27.5 °C, samples B-2R and B-2S showed similar growth processes
(Figure 6.8a, b). A very slow growth was registered until 27" day, then the growth rate
increased up to the maximum covered area, that in both cases it reached about 80% after 140
days. Considering results from tests at T=10 °C (Figure 6.8a, b), it is evident how the
biofouling process was strongly affected by the lower temperature. Both on B-2R and B-2R,
the measured covered area was significantly reduced (less than 10% of the samples’
surfaces). At the lower environmental temperature the growth was also delayed. Indeed, the
fired bricks were tested for 182 days, that is until the stagnation phase of growth.

A similar behaviour was observed on sample B-3. However, on this type of brick, the
samples’ surfaces were covered on average only up to 65% of the total area after 63 days at
T=27.5 °C, while samples at T=10°C reached on average the 12% of coverage after about
70 days (Figure 6.8c¢).

Considering samples B-5, both the rough (B-5R) and the smoothed (B-5S) surfaces showed
a percentage of covered area equal to 90% when exposed to the temperature of 27.5°C
(Figure 6.8d, ). This type of samples reached the higher covered area by algae in the shortest
time. Indeed, after 42 days the trend of the registered data reached the stagnation phase. On
the contrary at T=10 °C (Figure 6.8d, ¢), B-5R and B-5S samples showed on average the
maximum algal coverage only for the 35% of the total arca after 49 days.

Looking at all the graphs, it can be noticed that the higher is the porosity of the substrate, the
shorter is the time for a complete biofouling, that is until the stagnation phase.

Moreover, comparing the measurements of the two accelerated tests, it is possible to assess
that the covered area decreased when the samples were exposed to a colder temperature
(T=10°C). Moreover, the lower temperature extended the growth process time by 15%+30%.
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6.4 The influence of substrate properties on algae growth
under constant temperatures

Figure 6.9a reports the number of days until the stagnation phase was reached on each
sample. No significant differences were noticed between rough and smoothed samples.
However, it is evident how a high porous brick, as samples B-5 (44.09%, Table 4.4),
accelerated the biofouling process in terms of time, if compared to a low porous brick, as
samples B-2 (19.24%, Table 4.4). Porosity also influenced the effect of temperature. The
duration of the biofouling process on high porous samples (B-5) was increased by 15% when
exposed at a colder temperature (T=10 °C). On the contrary, for the less porous substrate
(samples B-2) the time process was increased by 30%. Thus, the effect of temperature was
enhanced on sample characterized by low porosity.

The effect of roughness on the average covered area at the end of the tests is reported in
Figure 6.9b. The higher roughness values of samples B-5S and B-5R (6.60 pm and 7.60 pum,
Table 4.4) favoured the algae growth, if compared to sample B-3, characterized by a lower
roughness (2.95 pum, Table 4.4). Roughness influenced the effect of temperature, too. On
sample B-5 the average algal coverage decreased by 60%, while on low rough samples
(B-3) it was decreased by 80%.

Regarding the total pore area, no clear correlations were found, considering the covered area
at the end of the tests and the time to reach the maximum biofouling on brick samples
(Figure 6.9c-d). However, since the total pore area is a property linked to the pore structure
[118,132,133], it could influence the behaviour of the material regarding the storage of water
inside the material pores.
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Figure 6.9. a) Duration of the accelerated biofouling process on tested fired bricks in
ascending order of porosity; b) Average covered area by algae at the end of the tests on
tested bricks in ascending order of roughness; ¢) Time needed for a complete biofouling
process on samples in ascending order of total pore area; d) Final average covered area on
samples in ascending order of total pore area.

Finally, it can be pointed out that porosity mainly influenced the rate of biofouling process:
a higher value of porosity corresponded to a faster algae growth. At the same time, roughness
mainly affected the covered area reached at the end of the biofouling: the percentage of algal
coverage had an increasing trend from smoother to rougher surfaces.
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SEM investigations on fired bricks were performed on B-2R and B-5R samples, collected
after accelerated growth tests under optimal growth conditions (27.5 £ 2.5 °C), in order to
take into account the lowest and highest porosity and different roughness. In Figure 6.10
the SEM micrographs show the presence of tested algae and cyanobacteria on the two tested
fired brick surfaces.

a) 6.0 , = ) v s = (O - o 5 /’

Figure 6.10. SEM micrographs (magnification 500x) of B-2R and B-5R samples collected
at the end of the accelerated growth test. a) On B-2R sample, algae and cyanobacteria
(green arrow) grown close to the pores, taking advantage of the micro-asperities of the

substrate but leaving free the smoother surface (red arrow); b) On B-5R sample, algae and

cyanobacteria grown inside pore cavities (green arrows) and adhered to the many
irregularities of the surface.

It is evident that the biofouling was represented by filaments, that were gathered mainly along
and across the pore micro-cavities and clung to the micro-asperities of the rough surface of
the substrates. Thus, it is reasonable to suppose that the presence of pores facilitates the
settlement of the biofouling, while an irregular surface (roughness) its spread.

This assumption seems to confirm what previously deduced from Figure 6.9. In other words,
on the one side, the lower the porosity the higher the stagnation time, because the biofouling
needs time to link together from one pore to another. On the other side, the higher the
roughness the higher the covered area, because the presence of micro-indentations on the
material surface favours the mechanical anchorage of the microbial cells, which
progressively proliferated and grew, forming filamentous algal biomass. Clearly, a high
porosity joined to a high roughness causes low stagnation times, as well as a great spread of
the biofouling, that is a high covered area.
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Chapter 7
Modelling of the experimental results

7.1 Effect of temperature modelled with the previous
Avrami’s model

According to the modified Avrami’s equation (1), growth curves X(#) were analytically
modelled with the parameters obtained from the accelerated growth tests at T=27.5 °C and
T=10 °C. Results are reported in Figure 7.1. The graphs show the results about the materials
experimentally tested in this research (samples B-2, B-3 and B-5), while the results of the
other fired brick materials (B-1 and B-4) can be found in literature [21].

The experimental measurements of the covered area for each material are displayed as
vertical bars, reported as standard deviations of the measurements weekly acquired on three
samples.

These results confirmed the experimental findings, also reported in Figure 6.8. The effect of
the temperature is well represented, since the curves associated to the lower temperature were
clearly lower in terms of covered area and delayed in time respect to the curves related to the
optimal temperature.

For all the samples, the curves on average tended to slightly underestimate the initial
part of experimental results and, on the contrary, to slightly overestimate the growth process
in the proximity of the last stagnation phase. However, since the analytical values were
generally included within the standard deviations of the average experimental values, it can
be assessed that the analytical curves, obtained with the modified Avrami’s equation (1),
well modelled the experimental measurements, both for the optimal and the non-optimal
tested temperatures.
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Table 7.1 shows the parameters calculated from the experimental measurements (see
Section 5.1.1) and used for the analytical calculation of X(?#), according to the modified
Avrami’s equation (1).

Concerning the accelerated growth tests at temperature of 27.5 °C, the final covered area
ratio A/4; ranged on average from 66% for samples B-3, to the maximum of 94.2% for
samples B-5S. K values were significantly different from each other, and they ranged from
7.00-10°% for samples B-2S to 1.27-10°° for samples B-5R. Only on B-2 surfaces, of both
rough and smoothed samples, a latency time ¢, was observed and it was equal to 27 days.
On the contrary, considering the parameters calculated after the tests at the temperature
of 10 °C, the maximum covered area A4./4, reached only the 35.2% on samples B-5S (about
three times lower than in the case of optimal temperature). K values ranged from 9.74-107
for samples B-5S to 5.32-107 for samples B-2S. Latency time t; was found the same as for
temperature of 27.5 °C (equal to about 27 days for B-2 samples, and almost null for the other
samples).

Generally, after the tests at lower temperature, values of the parameters A./4; and K had a
severe decrease: except for samples B-3, growth rate K diminished more than 10 times and
A/A, was reduced up to 35%. On the contrary, temperature seemed not to have effect on the
latency time ¢;.

Sample Temperature  A./A; [-] K[-] t; [day] R [%]
tested [°C]

B-2R 27.5 0.795 1.10-107 27 5

B-2S 0.779 7.00-10°8 27 10

B-3 0.660 9.47-107 0 9

B-5R 0.877 1.27-10° 0 10

B-5S 0.942 8.80-10°¢ 0 8

B-2R 10 0.096 5.94-10° 27

B-2S 0.072 5.32:10° 27 4

B-3 0.120 2.68-107 0

B-5R 0.327 9.74-107 0 12

B-5S 0.352 9.40-107 0 12

Table 7.1. Avrami’s parameters determined after the accelerated tests at constant
temperature on fired bricks.

Finally, in Table 7.1 the R factor values for each material are reported, to indicate in
percentage how much the analytical curves differed from the data experimentally obtained.
Values ranged between 5% and 10% for the optimal temperature (T=27.5 °C) and between
4% and 12% for the colder tested temperature (T=10 °C). Thus, it can be reasonably stated
that the modified Avrami’s law (equation (1)) is adequate to describe algal growth also for
temperatures lower than the optimal one.
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7.2 Results about the scaling effect of environmental
conditions

Table 7.2 shows the effect of relative humidity on algal growth for each tested sample. The
Q values, determined according to equation (11), were equal to O for all the performed
RH tests. In these cases indeed, in spite of the high level of relative humidity maintained
inside the growth chambers, the environmental conditions did not provide on the samples’
surface free water to assure biological activity. According to the adopted calculation method
(see Section 5.1.2), the Q value was equal to 1, only in presence of water streaming on the
samples’ surface, such as in Test 0 with wet&dry cycles (RH>98%).

RH condition Q value
Test 0: RH > 98%, wet&dry cycles 1
Test 1: 75£2% RH 0
Test 2: 87+2% RH 0
Test 3: 98+2% RH 0

Table 7.2. Q values determined from experimental results under tested relative humidities.

Concerning the scale functions ti, used to take into account the effect of temperature on the
biofouling process, Table 7.3 lists the ta and tx values (related to 4./4; and K parameters),
calculated for each fired brick tested at T=10 °C (Test_5) according to the equation (12).
Since for all the tested samples under T=10 °C, the latency time #; showed no differences if
compare to experiments at T=27.5 °C, the scale values 1, were considered equal to 1.

No significant growth was detected during the preliminary tests on temperatures T=5 °C and
T=40 °C (Test_4 and Test_6), thus ta and tx were assumed null; on the contrary, 1, was
assumed tending towards an infinite value. Adopting these values for the scale functions in
equation (7), the absence of growth can be well simulated.

Moreover, having assumed T=27.5 °C as the reference value, all the 1; scale functions were
equal to 1 in case of temperature T = 27.5 °C.

Sample TA ®

B-2S 0.12 0.09
B-2R 0.10 0.10
B-3 0.19 0.11
B-5S 0.35 0.15
B-5R 0.33 0.15

Table 7.3. Experimental results for ta and 1k of Test 5 (T=10 °C).
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7.3 Equations of the implemented Avrami’s parameters
based on fired bricks

According to the method described in Section 5.2.2, the experimental results of the Tests 0
(tests performed at T= 27.5 °C) were fitted with the substrate properties of the tested fired
bricks, in order to express the A./4, K and ¢; parameters as functions of the substrate
properties (P, A and R). The resulting equations of the parameters 4./4;, K and ¢; are listed
in (14)-(16).

4
A (p R Ay=1-c @ (@ Prb-Ric A+d) (14)
A
2
_ﬂ.(g-P+h-R+z-A+]j
K(P,R,A)=1-¢ ! (15)

m
H(P,R,A)=y- 16
2 (16)
(n-P+0-R+p-A+q)

The equations for the final covered area ratio A./A4, and rate parameter K showed an
increase trend with the variables (P, 4 and R), while the latency time ¢; had an inverse trend.
Table 7.4 shows the significant variables and the respective numerical values of the
regression coefficients for the three parameters the A./4;, K and ¢,.

For the A./A; parameter, in equation (14), the resulted significant variables were porosity P
and roughness R, respectively multiplied by the regression coefficients a and b. The
regression coefficient ¢ of the total pore area 4 and the constant term d were about zero, thus
they were not taken into account. Regarding to the K parameter of equation (15), the variables
with significant regression coefficients (g, /) were found to be porosity P and total area 4,
both with the same regression coefficient value. Finally, the latency time #; in equation (16)
was found to be only a function of roughness R, and its regression coefficient o was
equal to 1.

Parameter P R A Constant term
Ad/A: a=2.480 b=0.126 c=0 d=0
- 103 _ L _ 103 j=5.79-107,
K g=4.49-10 h=0 i=4.49-10 1=2.09
t n=0 o=1 p=0 m=25,¢q=-5.02

Table 7.4. Avrami’s parameters for fired brick materials: regression coefficients associated
to the substrate variables (porosity P, roughness R and total pore area 4).
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Concerning the corrective coefficients (a, f and y), provided into the model to take into
account the eventual secondary effects on growth related to the nature of different materials,
in the case of the fired bricks considered in this Section they were assumed equal to 1, since
the model was firstly determined on this type of material.

Finally, the resulting functions of A./4;, K and ¢; parameter for fired brick materials, with
only the significative variables, are reported in equations (17)-(19).

4
i(P’R)zl_e—(2.48-P+0.126-R) (17)
At

(449-107-P+4.49-107 - 4+5.79-107°
2.09
K(P,A)=1-e (18)
5
tl(R):— 19
(R-5.02)° (19)

An acceptable agreement between values of the parameters experimentally determined
(according to Section 5.1.1) and the values obtained with the above equations (17)-(19), was
obtained. The coefficients of determination R? are reported in figure (Figure 7.2).

The parameter 4./A4, of equation (14) showed a very good correlation with the experimental
data, with a R?=0.91 (Figure 7.2a). The growth rate K in equation (15) exhibited not a high
correlation factor (R?=0.76, Figure 7.2), but equation (18) was able to well simulate the

growth rate calculated with the implemented failure model (equation (7)) according to the
experimental findings. Finally and the latency time equation (16) had R?=0.99 (Figure 7.2c).
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7.4 Equations of the scale functions of environmental
conditions based on fired bricks

Based on to the experimental results (Table 7.2), the Q scale function had a binary trend in
accordance with high levels of RH and free water availability, while it was not related to the
substrate properties. Hence, the equation (20) shows the formula implemented in the failure
model.

0, RH <98%

sz(RH):{l, RH >98% 0

According to this set, Q parameter was equal to 1 only when relative humidity was at least
equal to 98% and in presence of water on the material surface. For other cases, Q was set to
0, nullifying the result of equation (7). From a more precautionary engineering standpoint,
the Q scale function was assumed equal to 1 also for relative humidity values equal or higher
than 98%, instead of considering only free water availability.

Also the scale function of temperature on the latency time t; was directly determined from
experimental data (Table 7.3), thus it was not subjected to fitting. The equation (21) shows
the resulting temperature scale function 1y for the latency time ¢#;:

(T ~ 1, 5°C<T <10°C
t1(T) =1, 10°C<T <27.5°C 1)
74(T) ~1, 27.5°C<T < 40°C

where, in accordance with the experimental results (see Section 7.2), the scale function can
be stated equal to 1 for a temperature ranging between 10°C and 27.5°C. For the other ranges,
T was assumed equal to 1, but future works should investigate other temperatures, in order
to validate or confute this hypothesis.

The formulations of the parameters 74 and tx are shown in the equations (22) and (23). Both
equations were cubical functions of temperature. The coefficients of determination R?
showed a perfect agreement between experimental and calculated values: (both R? were equal
to 1).

TA(T):I"A'T3+SA'T2+MA'T+VA (22)

z‘K(T):rK-T3+sK-T2+uK-T+vK (23)
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The regression coefficients 7, s, u and v, respectively for ta and tx are presented in the
equations (24) and (25). Since both the scale functions 14 and tx experimentally determined
(in Table 7.3) showed a correlation with the substrate properties (P, R, A), the regression
coefficients (d’, b/, ..., d"") were determined.

r (PR, A)=5, (! -P+b!-Rec! -4+’

_ 0 oyl A g,
s (P.R.A)=7 (a b Rec Avd )

(24)
u (P,RA)=2, (a”’ P+b™ Ry g g™ )
v (PR A =4, (" P+b"” Rec! - a+a™ )
ro (PR A) =5 (! P+b! Rec! - A+d" )
s (PRA) =1 (a-P+b" Rc! - A+d"
(25)

u_ (P,R,A) =21 (a’” P+ R g g™ )
K K

_ W p IV o IV 4, IV
v (PR A= (a”-P+b" R 4+a”

Table 7.5 shows that, as a result of the fitting process, all the equations of the sets (24) and
(25) are only functions of porosity P and roughness R. Since the regression coefficient ¢’ did
not assumed any significant value, it was simply considered equal to zero. In general, all the
regression coefficients of the T4 and tk scale functions, respectively ra, sa, ua, va and rx, sk,
uk, vk in equations (22) and (23), resulted significant.

Regres_sion R 4 Constant
coefficient term

74 a'=3.8447-10 b'=-4.0800-10¢ =0 d'=-2.1164-10"*
54 a=-2.7874-102 b"=2.9590-10 =0 d"=1.1856-102
A am=5.5270-10"" b"M=-5.8670-10" =0 d"=-1.4727-10"
VA aV=-2.1146 bV =2.2450-102 V=0 dV =4.7041-10"
rK a'=8.3270-10° b'=6.7000-107 =0 d'=-1.8459-10*
SK a"=-6.0378-107 b"=-4.8800-10° =0 d"=9.8770-1073
Uk a™=1.1971-10" b"M=9.6900-10 =0 d"m=-1.0759-10""
VK a"V =-4.5803-10" bV =-3.7100-10" V=0 dV=3.1809-10"

Table 7.5. Regression coefficients determined for the substrate variables (P, R, 4) of the
temperature scale functions T4 and 1.
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Figure 7.3a and Figure 7.3b show the trend of the functions ta and 1k, respectively scaling
the parameters 4./4; and K, in the range between 5°C and 40°C. Both 1 and 1« functions
reach the maximum value in the temperatures comprised between 25°C and 30°C, hence
inside the optimal range of growth for the tested algae [71,73].
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Figure 7.3. Trend of the scale functions a) ta and b) 1k for the tested fired brick materials.

Using the data of Table 7.3, both the equations (22) and (23)showed a coefficients of
determination R? equal to 0.99, hence a perfect agreement between experimental and
calculated values was found.
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7.5 Corrective coefficients for stone materials

According to the results of a previous work [22], by fitting the experimental data about
stones, it was possible to determine the corrective coefficients for stone materials (o, B and
7). In this way the regression coefficients determined for the A./4,, K and ¢; parameter of fired
bricks remained valid and adequate also for stone substrates. Moreover, all the three
conditions imposed for the iterative fitting process (see Section 5.2.2) were respected. The
corrective coefficients (o, B and y) of the failure models’ parameters 4./4;, K and ¢, for stones,
expressed in equations (14)-(16), are shown in Table 7.6.

Parameter Corrective coefficient

AdA:s a=2 sandstones
a=100 limestones
K p=1.724 sandstones

B=6.897 limestones

t y=0.2 sandstones

y=1.6 limestones

Table 7.6. Calculated values of corrective coefficients for sandstone and limestone
materials.

These coefficients have been determined for sandstone and limestone substrates [22], but
according to Section 5.2.2 this process could be applied on further different substrates in
order to extend the model to others building materials.
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7.6 Validation of the failure model

In this Section, Figure 7.4, Figure 7.5 and Figure 7.6 present the growth curves obtained by
the new failure model compared to the experimental data about fired bricks materials. As
expected, the typical sigmoidal curve was returned, representing the typical biofouling
process over time on building materials [19].

The model was able to simulate the biodeterioration observed during the tests performed
under optimal environmental conditions for growth, at T=27.5°C, RH > 98% and with
“wet&dry” cycles (Figure 7.4 and Figure 7.5)

In particular the different evolutions of covered area on the samples’ surfaces was well
reproduced by the model, according to the different substrate properties of the fired bricks.
Also the velocities of the different biofouling processes were simulated. Indeed, the faster
biodegradation of the most porous materials, respect to the less porous, was rightly
represented, as well as the final covered area, according to the different surface roughness of
the substrates.

Figure 7.5 show the growth curves obtained by the failure model about the materials tested
in Graziani et al. [21]. The model slightly overestimated the final covered area of BI1-R and
B-18S samples, and the overall growth rate of the B-4S sample, but, since this material reached
a final covered area of almost 100%, it can be acceptable from a precautionary engineering
point of view.

Finally, Figure 7.6 reports the failure model curves for the materials tested under the
environmental condition of Test 5 (T=10°C; RH > 98% and “wet&dry” cycles). In this case,
the low temperature strongly reduced the covered area during the process, limiting the
degradation of the materials. Also for this environmental condition, the growth curves,
properly decreased by t; values, were close to the experimental data, and a good
reproducibility of the measurements was obtained.
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d)

Figure 7.4. Growth curves, calculated with the implemented failure model, on the fired
brick materials tested in this research under optimal environmental conditions (Test_0).
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Figure 7.7 shows the growth curves obtained by the new failure model (7) calibrated for
stones and the original experimental data found in literature [22]. At first sight, the failure

model well overlapped the experimental values.
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Figure 7.7. Growth curves, calculated with the implemented failure model, on the stone
materials: a) sandstones and b) limestones; tested under optimal environmental conditions
(Test_0). Vertical line bars indicate experimental standard deviations.

On this type of material, at the end of the biofouling process (almost 49 days), the algal
coverage could reach up to 100% of the samples’ surface.
It should be remembered that the stone substrates were characterized by considerable lower
values of porosity, roughness and total pore area, if compared to the tested fired bricks.
Despite this difference the corrective coefficient determined for stones (see Section 7.5) were
confirmed to be adequate to simulate the real biofouling measured on stone substrates.
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The analytical validation of the failure model was performed by determining the confidential
R factor (Figure 7.8) for each material, calculated according to equation (13), representing
the gap between the experimental curve and the analytical curve.

Regarding the fired bricks (Figure 7.8a), under optimal growth conditions (Test 0) all the
tested samples showed R factors comprised between 6% and 23%, while for T =10+ 2.5 °C
(Test_5) R factors were lower than 15%.

In Figure 7.8b the confidential R factors for the limestone and sandstone samples are
reported. All the values were very low, with the maximum equal to 18% (material S-1).
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Figure 7.8. R factor values for a) fired brick materials and b) stone materials. Dotted lines
indicate the limit of an acceptable R factor.

Finally, to validate the results, the R factors of this study were compared to the R factors
calculated in other researches on similar building materials. The acceptable limit (25%)
reported in Figure 7.8 was set according to the R factors reported in literature [19-21].
The R factors obtained in this work were always lower than the acceptable limit.
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In conclusion, for all the investigated materials a good agreement between the simulated
biofouling and the experimental data was obtained. Hence, it can be assessed that the failure
model well simulated the algal biofouling both on fired brick and stone surfaces under
different environmental conditions.
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Chapter 8

Conclusions

Previous studies showed that the modified Avrami’s model is able to well simulate algal
growth on building materials under optimal environmental conditions. However, a failure
model able to predict algae growth on building materials, explicitly considering the influence
of variable environmental conditions, as well as the substrate properties, on the algae growth
has not been developed yet. This work tried to fill this gap considering the parameters that
mostly influence the algal growth: the total porosity, roughness and total pore area of the
substrate, as well as and temperature and relative humidity among the environmental
conditions.

Up to now, researches, with particular reference to fired bricks, have shown the important
role of the substrate in biofouling. However, all these studies referred to tests usually
performed under optimal conditions of temperature and relative humidity, without
considering the influence of non-constant environmental conditions, whose role was instead
taken into account in this research. In this work, the effects of the environmental conditions
were assessed carrying out accelerated growth test of Chlorella mirabilis and
Chroococcidiopsis fissurarum stains, with water “run-off cycles” apparatus, on building
materials exposed to different relative humidities and temperatures.

Concerning the investigations about the effect of relative humidity, the colorimetric
variations detected on samples’ surfaces exposed to RH < 98% were lower than the
perceptible threshold for human eye. Quantitative analysis (DIA) confirmed this result, since
no covered area by algae was detected onto any samples’ surface at the tested RHs. Thus,
experimental findings showed that there was no growth at the tested relative humidities, and,
from an engineering standpoint, RH < 98% could be considered as a safety limit against algae
growth. Therefore, it can be reasonably assumed that the phenomenon of growth can only
occur in presence of free water on the material surface.

According to the accelerated growth tests carried out under different temperatures, it was
found that algal biofouling was highly influenced by the temperature conditions. The colder
temperature reduced the rate of the biofouling process and the covered area at the end of the
tests significantly decreased, if compared to the exposure under optimal temperature.
Thanks to the experimental results, it was confirmed the role of the substrate on algae growth:
high porosity and high roughness influenced the colonization in terms of time and covered
area at the end of the process. Indeed, the lower the porosity the higher is the stagnation time,
since the microorganisms need time to join from a pore to another one. Moreover, the higher
the roughness the higher is the covered area, because the micro-asperities of the substrate
favour the mechanical anchorage of the microorganisms.

Experimental results were then analytically analysed, and it was confirmed that the previous
modified Avrami’s model was able to predict algae growth, not only for optimal temperature
conditions, but also for colder ones. Subsequently the previous Avrami’s model was
implemented, by introducing variables related to the substrate properties (total porosity,
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roughness and total pore area) and to the environmental conditions (temperature and relative
humidity).

Results demonstrated that the new failure model is still suitable to describe the algal
biofouling over the time, for different material substrates (fired brick and stones) and also to
predict the overall process of covered area under non-optimal environmental conditions.
Moreover, from an engineering standpoint, this failure model can be considered a promising
tool. By implementing the obtained mathematical equations into a hygrothermal calculation
software, it could be possible to determine the biofouling process on different building
fagades. In addition, this new tool would help in the prediction of the service life of a certain
structural design in critical temperature and humidity conditions, supporting the engineers in
developing and/or providing guidelines for interventions and maintenance techniques.

This study was based on brick and stone material data, but other different materials and
different environmental conditions should be investigated to extend the feasibility of the
model (by determining the new material corrective coefficients and by validating the scale
functions regarding environmental conditions), as well as different algae strains should be
tested to consider the various colonizers of the facades. In addition, the model was bases only
on data experimentally collected under controlled conditions. Field-scale results should be
performed and compared to laboratory data to enhance the predictive capability of the model
to uncontrolled conditions.
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