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Nomenclature

X(t) colonization rate (%)

t time (day)

t latency time (day)

Y number of algal spots at time t per unit area
dy/dt specific attachment rate (Spot/fiday)

S surface of an algal spot (Am

K specific attachment constant (Spot/.aay’)
Kc growth rate constant (um/day)

K overall rate constant (Spot/day

n Avrami’s exponent

Abstract

The aim of this research was to modelize the calimmn of mortar surface by green algae
using Avrami’s law. The resistance of mortars, wdlfferent intrinsic characteristics
(porosity, roughness, carbonation state), to thafohling was studied by means of an
accelerated lab-scale test. A suspension of gréga l&ebsormidium flaccidum, was
performed to periodically sprinkle the mortar saga. The covered surface rate followed a
sigmoidal type curve versus time. Moreover, in ortle apply Avrami’'s law, the algal
colonization has been described by two processesxhanent and growth of algal cells. The
image analysis showed that both the roughness laaccdarbonation influenced the algal
attachment, unlike the porosity. The attachmentifipeate increased linearly with time. For
the algal growth process, it's difficult to conclude the influence of mortar characteristics
due to a high dispersion of experimental resultswelver, the assumption of a constant
growth rate was acceptable. A good agreement batiteesimulation and the experimental
results was obtained.

Keywords: modeling, Avrami’s law, biological colonizatioalgae, mortar

1. Introduction
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The building facades, after construction, are itadly subject to the colonization by
microorganisms which can induce an aesthetical adizgion of the construction. These
microorganisms may be bacteria, algae, cyanobagctengi, lichens and even higher plants if
no prevention is achieved. It is found that, excepiquitous bacteria, algae are the first
colonizers. Moreover, th&lebsormidium flaccidum algae are well known for their wide
distribution (John 1988 ; Ortega-Calvo et al. 19@rtega-Calvo et al. 1993 ; Gaylarde and
Gaylarde 2000 ; 2005 ; Crispim et al. 2003 ; Riedal. 2008) and like being the dominant
microorganism in biofilm composition (Barberousseak 2006). The biological biofouling
causes an aesthetic problem and thus a signifezartomic loss due to the maintenance and
the repair of the facades.

The implantation of microorganisms depends on wgrorigins parameters. Indeed,
under temperate or tropical climate, the compositiba biofilm and the dominant species are
respectively different (Crispim et al. 2003). Acdimig to several authors the microclimate
(i.e. light, moisture) is an essential parameteictvizontrols the nature and the growth of the
microorganisms (John 1988 ; Arifio et al. 1997). Theeroclimate is influenced by the
inclination, the orientation, the distance from grduand the exposure to the shadow of a
building facade. The substrate characteristicsh siscporosity, surface roughness, chemical
composition and surface pH, are obviously import@ruelle 1991 ; Ortega-Calvo et al.
1995 ; Tomaselli et al. 2000 ; Tran et al 2012)veBal authors showed that the biological
colonization is faster on a rough wall (Wee and 1880 ; Pietrini et al. 1985 ; Joshi and
Mukudan 1997 ; Tomaselli et al. 2000 ; Tran et28l12). According to these authors, the
roughness promotes the attachment of biologicdk d&} providing numerous asperities.
Moreover, a high porosity increases the amount atewavailable to microorganisms and
thus favors their development (Ohshima 1999 ; rétd Silva 2005 ; Miller et al. 2006 ;
Miller et al. 2009). On the contrary, the settlemiey algae is slowed down or inhibited if the
surface pH is greater than 11 (Grant 1982).

Several studies focused on the influence of thesanpeters on biofouling, at laboratory
scale as well as at real scale. However, to ounledge, very few studies have attempted to
model this phenomenon. Ruot and Barberousse (30@ppsed a simulation of the surface
materials colonization by algae. They showed thatAvrami’'s equation was quite a good
tool to express the temporal evolution of the caation rates. However, their study remains
still preliminary and does not allow explaining tkimetic process and the role of material
intrinsic characteristics.

Avrami's law, in the form of an exponential equatithas been developed by Avrami,
Johnson and Melh for over 70 years (Avrami 19394QL; 1941 ; Johnson and Mehl 1939).
This law was originally intended to describe thiotabpic phase transformation in solids.
Nowadays, it is used in many domains: crystall@aof polymers, heat treatment in industry
and thermal decomposition of solids ... (Hay 19lbyvacek 2004). Avrami’'s model is based
on two processes: the nucleation and the growth. fibheleation corresponds to the
appearance of nuclei of a new phase. The growttesepts the increase in the size of these
nuclei into the initial phase during time.

In the case of this work, the fouling is initiatey the attachment of algae on the surface
of the samples which creates many spots. The aadbtan rate follows a sigmoidal curve for
the surface fraction colonized as function of timAs. a consequence, colonization can be
simulated thanks to the Avrami’'s model considerihg algal spots as nuclei. Indeed, the
algal spots are very small and randomly distributedthe surface. The extension of the
fouling results from the increase in the size of fingt algal spots by the growth of algal
filament and from the adhesion of new spots as etifum of time.
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The aim of this study is to modelize the coloni@atmechanism of the surface materials
by algae using Avrami’'s model.

2. Materials and methods

The studied materials were mortars made up of &atttement CEM |1 52.5 N (Holcim),
siliceous sand (Sibelco DU 0.1/0.35) and calcarefiley (Omya). Table 1 gives the
proportions of each constituent. The mortar wapged with a water to cement ratio w/c
(wt./wt.) of 0.5. In order to obtain a more porausrtar, the w/c ratio was increased to 1.
However, cellulose ether (Hydroxylethyl Methyl Getise - HEMC) was added as admixture
to thicken the mortar and thus avoiding segregation

For each mortar, three finishing methods were apptin the surface of samples during
the setting. One corresponded to a smoothing lwea and the two other to a scratching by
sponges of two different roughnesses.

The mortar mixture was cast into 50 x 50 x 1 cmaexied polystyrene moulds and
stored at 21 £ 1 °C and 95 £ 5 % of relative hutgidRH) during 28 days (for the
preparation of uncarbonated mortars). To prepaitsoated samples, the mortars were stored
only 7 days before being cut into 20 x 8 x 1 cmgas These samples were then stored in a
chamber under pure G(at 21 £ 1 °C, and 65 £ 5 % relative humidity aigr36 days.

The total porosity of materials was determined bgreury intrusion porosimetry
(Micromeritics Autopore IV 9400). For each mortéinfee samples beforehand dried by
acetone were analyzed.

The surface roughness was measured using a CHR-pEfflometer and was evaluated
by the arithmetic average of the heighg)(f5adelmawla et al. 2002).

The surface pH of mortars was measured by a sudi@otrode (WTW Sentix Sur). To
ensure contact between the substrate and the miesle, a drop of water was deposed on
the surface before measurement.

The studied algal specie wd€ebsormidium flaccidum. It was chosen due to its
representativeness and its facility of cultivation.

The bio-receptivity of mortar, depending on its retderistics (porosity, roughness,
carbonation state), was examined through a labryratocelerated test. The experimental
device consisted of a 100 x 50 x 50 cm closed glhamber placed in a dark room. At the
beginning of the experiments, 50 L of sterilized @sIBasal Medium (BBM) (Barberousse
2006) were inoculated witK. flaccidum in order to obtain an algal suspension of 4 rifgt.
dry mass. The algal growth was carried out at 2by@neans of a thermo-regulator. In this
device, two rows of samples were placed back t& baca stainless steel support inclined at
45°, Each row of samples was equipped with a systamstituted of a stainless steel tube (10
mm diameter drilled every 10 mm) and two pumps gRElow 650 BF). This device allowed
to the algal suspension, to flow on the top of esahple.

The sprinkling period and the flow rate were sspeztively at 90 min every 12 h and at
26 + 2 L.h". The light was provided by two neon lamps (OSRAMoFa L30W/77). The
photoperiod was of 12 h and was starting with thgitming of a sprinkling cycle.
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In each test, 18 samples of materials were plagedihe chamber. Each formulation was
tested in triplicates. Carbonated or uncarbonadetptes were tested separately.

Table 2 gives the characteristics of the studiedtan®r Each mortar was labeled
according to three codes. The first one was theratio (0.5 or 1), the second one expressed
the carbonation state (C for carbonated and UC ufocarbonated) and the third one
corresponded to the roughness (R1, R2 and R3).ekample, a sample labeled 10C-R2
corresponded to a carbonated sample, carried dataviv/c ratio equal to 1 and with the
intermediate roughness.

To evaluate biofouling, the sample surface wasydadigitized by means of an office
scanner. The area colonized by algae was deterntipeichage analysis using Aphelidn
software. The colonization rate was given by thi®raf the colonized area to the total surface
and was noted X(t).

Full details of the experimental approach were dieed in a previous paper (Tran et al.
2012).

In order to experimentally determine the specittacéhment rate and the growth rate of
algae, an algorithm was developed with Aphélisoftware. The objective of the algorithm
was to quantify new spots appearing between tirmad t#At by comparison of the two
images acquired respectively at time t antttfThe growth rate was determined by following
the increase in the surface of each spot over time.

3. Theoretical basis of the model

An example of biodeterioration result is shown ag Ea. On this figure, the effect of the
roughness on the biofouling of mortars by algahighlighted for the mortar serie 10C (10
and C mean a w/c equal to 1 and carbonated, resglgt In fact, whatever the mortars
studied, the shape of the curve, X(t), was alwhgsseime: sigmoidal type (Tran et al. 2012).
In all cases, three steps were identified: a Iatestep, an exponential growth step and a step
of stagnation (Tran et al. 2012). This type of eucan be well simulated by using Avrami’s
equation (Ruot and Barberousse 2007). As mentiondte introduction, the Avrami’s law is
used to modelize the kinetics of allotropic phasadformations in solids. This model is
based on two processes: the nucleation and thetly@wuclei. The nucleation corresponds
to the formation of nuclei of a new phase. The dlhoeorresponds to the increase in the size
of these nuclei in the initial phase during timewéver, the Avrami’s law is only valid under
the four assumptions below:

- the volume of the initial phase is unlimited congghto the nucleus one,
- the nuclei must be distributed randomly in the vaduphthe solid,

- the form and the growth of all the nuclei are idleadt

— the growth rate is independent of the appearanee ¢if the nucleus.

According to our biofouling results, an analogyvien a chemical transformation and
the fouling can be drawn. Thus it allows applyingr@mi’'s theory. Indeed, during an
allotropic transformation, the old phase is transied into new one. In the case of the
biological fouling of mortars, it is possible torn=der the uncolonized mortar as the old
phase and the mortar colonized by algae (algaehattiaon the surface of the mortar) as the
new phase. In both cases, the transformation oblthgphase into new one results from the
displacement of the interface between both phaSkseover, if we consider the algal
biofouling of mortars, the curves dX/dt=f(X), suak those in Fig. 1b, exhibit a maximum. In
the case of chemical reaction, such as thermalndeesition of solid, it suggests that the
reaction involves simultaneous nucleation and gnoprocesses of the new phase (Galwey

4
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and Brown). Kinetics modeling of these reactiores @sually done using a general expression
of the reaction rate under the form dX/dt=A.f(X).iAa preexponential factor, which depends
on temperature and activation energy and f(X) atfancof the fractional conversion X.
When X(t) is a sigmoidal curve, authors often use Avrami laws to express f(X). As it is
shown on fig. 1a, in our case, the colonizatioe M&ft) corresponds to a sigmoidal curve.

Moreover, the sample fouling is initiated by theaelhment of algae on the surface of the
samples. It results in the appearance of very sgrna#n spots on the surface, corresponding
to algae, which can be assimilated to nuclei in Akeami's model. The smaller algal spot
detected by image analysis, i.e. one pixel, was @BB00 um®. This surface is very small
compared to the samples size (168 1®°). Thus the sample may be considered as infinite,
as required by a two-dimensional Avrami’'s model. Thiekness of algae biofilm was not
investigated here.

The extension of the fouling results from the ghowt the first algal spots and from the
adhesion of new ones (Fig. 2). This confirms tlm&t attachment and the growth occurred
simultaneously, which allows the use of Avrami’sdab

In addition, the algal spots appeared randomlyhensemple surface as required by the
Avrami’'s model.

Thus, the colonization by algae has been considesdde combination of two processes:
the attachment and growth of algal spots, whichewassimilated respectively to the
"nucleation” step and to the growth step of thectail described in the Avrami’s model.

To simplify the modeling, it was assumed that ttchment (“nucleation” in the
Avrami’s model) occurred with the same probabibtyer the entire surface of the sample. As
a consequence, the surface defects, such as &ilelsudid not affect the attachment of algae.

Fig. 1 showed that no colonization of the sampldases by algae occurred during
several days. This time was called latency periting this period the attachment and the
growth of algae were null. The duration of this pd@an depend on several parameters, such
as sprinkling period, chemical composition of tpe@men and of the culture medium... The
latency time () was defined as the time corresponding to a cpétiun rate of 0.5 %. The
best reproducibility was obtained using this method.

In general, the attachment and the growth of algaethe mortar surface might be
affected by the porosity (p), the roughness (R, itlitial pH of the surface (pH), the chemical
composition of the mortar, the algae species, thgaeaviability, the light intensity, the
temperature, the inclination of the substrate serfand the sprinkling flow. However, except
the material properties (porosity, roughness andaser pH), all other experimental
parameters were constantly fixed.

The specific attachment rate was defined as thebeurof algal spots appearing on
surface unit per time unit (eq.1).

%: K, (p.R.pH)X (t-1,)° M

Where:
y is the number of algal spots at time t per uréagiSpot/pr).

kg is the attachment specific rate constant (Spdtigasf™?).
t corresponds to the latency time (day).
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Concerning the growth, the hypotheses that the tyroate was identical for all algal
spots and was constant during time were applied.slinece area covered by an algal spot
appearing at timé was expressed as follow:

S,(1,0) =k (t-0)° (2)
Where k corresponds to the specific growth rate consiamt/day).
k. takes into account the growth rate in each dioectk and y) and the form of the algal
spot.

The colonization rate X(t) was calculated from taev of "nucleation” and growth
previously expressed, as an exponential equatopr3jgDelmon 1969).

X(t) =1- e Keu” 3)
Where:
K = Ak K (4)
. 2
with A= (5)
(q+1)(q+2)(q+3)
n=q+3 (6)
4. Results
4.1. Experimental examination of algal attachment proces

The determination of the specific attachment ratealgfae was carried out by the
algorithm developed with Aphelion software. At edithe step, new algal spots fixed on the
surface were counted by image analysis. The speatiiachment rate was thus calculated for
each material by dividing the number of new algalts per unit of time by the initial sample
surface. The size of the smallest algal spot whmlld be detected was approximately 85 x
85 pum (720Qum?). It corresponded taround 80 times the surface of an algal cell bl 4r5
10" times the sample surface. This justified the higpsis that the surface of the sample
could be considered as infinite as required byA@mi’s model.

This process was applied only in the early stagera/ess than 8 % of sample surface
was covered by algae. A more advanced colonizalismipted the fixation of new algal cells
and therefore distorted the determination of thecB attachment rate constang)(k

4.1.1 Influence of mortar characteristics on tlgabhttachment process

Fig. 3 illustrates the evolution, during time, bktspecific attachment rate of algae for
carbonated mortars mixed with a w/c ratio of 1. Each samples, the specific attachment rate
is null during several days. This result confiring existence of a latency period during which
no spot is fixed to the surface. Moreover, despitportant uncertainties, influence of the
roughness on the algal attachment rate is obvimueed, the rougher the mortar is, the
higher the attachment rate is.

The effect of the carbonation of mortars (roughnB2sand w/c = 1), on the algal
attachment rate is shown on Fig. 4. The attachmegatreached for the uncarbonated mortar
is much smaller than for the carbonated one.
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For carbonated mortars and roughness R2, the ndeuef w/c ratio on the attachment
rate is illustrated on Fig. 5. The results dematstthat attachment specific rate for w/c ratios
of 0.5 and 1 are very close. Thus, in our study,dfiect of the porosity was negligible on the
biofouling.

4.1.2 Specific attachment rate constant

According to the Figs. 3, 4 and 5, beyond the keyeiime, the specific attachment rate,
which is equivalent to the “nucleation” rate in tAgrami’'s model, increases linearly with
time. This result implies that the specific attaeminrate can be modelized by a power law. In
this case, the value of the power (q) is equal to &xpress the attachment rate. Thus the
specific attachment constang)kcan be determined, beyond the latency timel(y a linear
regression. Fig. 3 illustrates the fit obtaineddarbonated mortars with a w/c ratio equal to 1.

The values of k for all the studied mortars are summarized in &abBl For all the
samples, to the exception of 05R3-gjkstrongly dependent of the roughness. Indeeénwh
the roughness increaseg,dtso increases. For examplg,df carbonated samples is 9 times
higher and 30 times higher when the roughnessasesefrom R1 to R2 and from R1 to R3
respectively.

The behavior of the 05R3-C sample for which thecHjgeattachment constant was
smaller than the one obtained for 05R2-C was padaic Despite a high Rvalue (186um),
the micro-roughness created by the sand grains miasing from the surface of these
samples. This micro-roughness is important in pramydhe algal adherence.

Moreover, beyond a roughness of 30um, the relatipnisetween kand the roughness
(Ry) seems to be linear (Fig. 6a). The slope of thaigit line is around 4.6 and 0.7
respectively for the carbonated samples and thearbooated ones. So the carbonated
samples are more sensitive to the roughness thamhormated ones.

In addition, the carbonation, and then the surfalde impacts the specific attachment
constant. Indeed, whatever the roughnegs &lways higher for carbonated samples than for
uncarbonated ones.

4.1.3 Latency time

The values ofitare summarized in Table 3. The latency time deectavith the roughness
and the carbonation. For carbonated samples, teetedff the roughness is weak (fig. 6b).
However, the effect is strongly marked with uncadied mortars.

Moreover, the latency time is really dependentef¢hemical state of the surface. Indeed,
the carbonation of the mortars decreases the Mtdimne and thus increases the
biocompatibility of the substrate. For example, ldtency times range from 6 to 10 days for
carbonated samples and from 17 to 44 days for booated ones.

4.2. Experimental examination of growth process

Image analysis and specific algorithm enabled uktate and track changes, during
time, of the surface of each algal spot found enstirface of the sample. The evolution of the
spot surface corresponds to the growth of algadlamsito a growth rate.

The growth rate constantjkvas experimentally determined and calculated raicg to
the equation (7).

_ \/St+At _\/S_t
K =NTtat VSt

O ((t+A)-1) ()
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Where:
S represents the area of an algal spot at timenf)(
Suat represents the area of the same algal spot at+ifiéum?)

Fig. 7 shows the evolution of kvith time for carbonated samples of w/c ratio éqaa
0.5. The values ofkwere determined for colonization rates below 50B#yond this value,
the number of algal spots that could be isolatechdmitor their growth became too low. By
considering the high dispersion of experimentaliitssthe growth rate constant kloes not
seem to vary significantly with time. This remaskalso valid for all other mortars.

If the growth rate constant is considered as indéeet of time, the average of this
constant could be calculated for each material. Tésults are presented on Fig. 8.
Experimental errors were very important. It is #fere difficult to highlight the effect of
intrinsic characteristics of materials on the gtowate constant. However, despite these
uncertainties, it seems that, for each type of saympe algal growth was lower on the
uncarbonated samples than on the carbonated ones.

4.3, Simulation of colonization rates

In order to simulate the colonization process amdac¢cordance with the results of
paragraph 4.1.2, q was fixed to 1 and thus n wasldég 4. The K parameter was adjusted
from the equation (3) by the least squares metkodds determined so that the error was
minimal). In order to express the deviation betwéle® model and experimental data, a
fiability factor (R) was calculated as follow:

Z (X st X et) ?
t=1

> X

t=1

R =

(8)

Where:
Xt represents the simulated colonization rate at time
Xetrepresents the experimental colonization rateved t

All the values of K are summarized in the TableAS. expected, K increases with the
roughness and the carbonation with the exceptiosaaiple 05C-R3 (w/c=0.5, carbonated
and high roughness). This result was previouslgriesd and discussed in paragraph 4.1.2.
By using the equation (3) and the values of K, @#swpossible to simulate the colonization
rate. For all the carbonated mortars, the simulatedes were close to the experimental
points (Fig. 9). The fiability factors were smalitiva maximum error lower than 11 %. For
most of the uncarbonated mortars, a good agreebetween simulated colonization rate and
experimental data was obtained (Fig. 10). Howedwergences can be noticed for the 10UC-
R2 serie (w/c=1, uncarbonated and intermediate moegs) which was not well simulated.
Indeed, the fiability factor is equal to 25%. Howevas shown on fig. 10, these mortars
exhibited abnormal behavior in our experiments.

4.4. Comparison between the experimental and the calculed growth rate
constant
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From the experimental values of Ketermined by image analysis, the values of the
growth rate constant {kaicuated Were calculated by the equation (9). Resultsinbthwere
compared with those experimentally determined.

K
—calculated — 4| 1 9
c Iculated Ak ( )

g

k

As shown in Fig. 11, for all mortars, calculatedues were higher than experimental
ones. Except in the case of mortar 05UC-R1, forctviihe calculated value reached up 4
times the experimental one, the ratios betwegAdkiated@nd K.experimentaivere inferior to 3 for
all the cases. Taking into account the uncertantiee two values remained nevertheless
close.

5. Discussion

In this paper, it was demonstrated that the Avathiéory could be applied in order to
simulate the colonization kinetic of mortar surfaty algae, in an accelerated laboratory test.
For almost all mortars, the simulated curves amy ¢ise to the experimental results. The
nucleation-growth mechanism is well adapted to idescthe phenomenon of biological
colonization. Indeed, the colonization started Itaclhment of small algal spots (called
"nuclei” in Avrami’'s law) and is extended by theogith of these latter. Each of these two
processes was directly analyzed by image analysis.

The algal attachment on a surface is particuladynmglex, depending on several
parameters such as the microorganism nature, thstrate type, the medium type, the
microorganism concentration, which modify the iatdtons between the substrate and
microorganisms and microorganisms themselves. Howenethe case of this work, the
mechanism of attachment was not studied. The additoised on the macroscopic aspect of
the algal adhesion. Indeed, the size of the smalles of algal spot which could be detected
by image analysis was approximately 7200°. This area corresponded to around 80 times
the surface of an algal cell. So, a spot is conghadea lot of algal cells. This spot concept
integrates the complex phenomena involved in theesidn of cells to a surface, the cell
density and the surface properties which depena@sabolic activity and physiological state,
necessary to retention and self-organization d§ ¢€larnazza et al. 2011).

The algal attachment on the sample surface wasifisagntly influenced by the
roughness. Indeed, roughness provides asperitieghwromoted the anchorage of algal
cells. It results in a higher specific attachmexté rand a shorter latency time.

The carbonation, by decreasing surface pH, favtirecdttachment and growth processes.
It produced the same effects than the roughnesancesasing the specific attachment rate
and shortening the latency time. However, unlike ibughness which acts physically on the
ability of algae to cling on a substrate, the cadimn may affect the algal metabolism.
Indeed, in the case of carbonated mortars, the edija are in a less alkaline medium, and so,
less stressful conditions than in the case of Unweaated ones. The ability of attaching and
spreading of algae on the surface are thus baitecarbonated samples (Tran et al. 2012).
The growth of the spots is the consequence of dgetative or cellular multiplication which
is favored at low pH (Skaloud, 2006).

The attachment of algae on the surface of the matbss governed by adaptive metabolic
interactions between algal cells and the subs{fea&om et Shilo 1984, Finlay et al. 2002,
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Barberousse 2006). The algal extracellular polysaicdes can play the role of glue (Robins
et al. 1986, Gantar et al. 1995, Barberousse 200@se polymers are involved in the initial
contact between the cell and the surface, andwattone (Barberousse 2006). Indeed, they
exist permanently on the cell wall and are adsodoethe surface in contact.

These metabolites are composed of hexoses (glucgakctose, mannose), 6-
deoxyhexoses (rhamnose, fucose) and pentoses éxydoabinose). The main constituent
depends on the algal species considered and trstrateh ForKlebsormidium flaccidum,
mannose was identified as the major component ¢Basse 2006).

In contrast, the role of w/c ratio on the algahakiment was not detected. As mentioned
by Tran et al. (2012), due to the test conditidhe, mortars permanently contained abundant
water. So this last was not a limited factor for atgal growth.

It was proved by image analysis that, in the eathge, algal specific attachment rate
evolved linearly with time. In order to model thelanization rate (eq. (3)), it was supposed
that the attachment rate increased linearly wittetithroughout all the process.

The influence of intrinsic material characteristms the growth process has not been
shown due to important experimental uncertainti€ee errors may result from the
detachment of ancient cells or the adherence of cedls at the periphery of existing spots
due to the periodic runoff. In these cases, théasarvariation of spots was no longer only
related to their growth. However, the assumptionarfstant growth rate over time was found
acceptable.

The variation in algal activity between the differdests prevents us from generalizing
the results. Thus, no general equation describimg relationship between the kinetic
parameters ((tky) and the intrinsic material parameters could baiokt.

6. Conclusion

The kinetic of biological colonization on mortarface was well modelized in applying
Avrami's theory. The experimental conditions usedthis study were suitable for the
application of the Avrami’'s model and satisfied assumptions of the model. The model
based on two steps, “nucleation” or attachment @nowth, closely represents the
colonization rate.

The influence of roughness and carbonation on thaclament frequency was
highlighted. These two intrinsic parameters promdtee anchorage of algae on the substrate
by increasing the attachment rate and by shortetliagatency time. The porosity had no
effect in our tests.

According to the results, the evolution of the ettaent rate as function of time seems
linear. So the attachment rate followed a powddwl with a power gq equal to 1.

Due to large experimental uncertainties, it wafidlift to conclude on the growth rate of
algal spots. However, supposition of a constanivijraate of spots appeared acceptable.
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Table 1. Mortar formulation

Component Cement Sand Calcareous Filler

Admixture®
(in the case of w/c = 1)

% mass of dry 30

: 65 5 0.27
mixture
in addition to dry mixture (cement, sand and fjlle
Table 2. Characteristics of the mortars
Ratio w/c Porosity (%)  Surface pH Code a fum)

= Roughness 1 05C-R1 409

% 0.5 10.6 +0.4 9.5+0.2 Roughness 2 05C-R2 90+8

S Roughness 3 05C-R3 186 + 21

2 Roughness 1 10C-R1 30+3

8 1.0 32.1+19 9.0+ 0.1 Roughness 2 10C-R2 55 +4
Roughness 3 10C-R3 169 + 17

2 Roughness 1 05UC-R1 295

§ 0.5 15.9+0.6 11.2+0.4 Roughness?2  05UC-R2 47 £ 6

IS Roughness 3  05UC-R3 123+ 9

S Roughness 1 10UC-R1 29+5

2 1.0 3720 11 +0.4 Roughness?2 10UC-R2 55+4

> Roughness 3 10UC-R3 123 +0

Table 3. Experimental and calculated kinetic patanseand fiability factor

Mortar tl kg (X]-Om) kc—experimental K (xloe) R kc—calculated

(day) (spot/umf.day’)  (um/day)  (spot/day’) (%)  (um/day)
- 10C-R1 10+ 2 21.3 184 + 147 22.3 5 299
% 10C-R2 8+1 183.9 122 + 93 193.6 7 350
S 10C-R3 6+1 652.6 109+ 71 437.9 7 285
2 05C-R1 9+2 39.0 132 + 103 36.2 11 337
8 05C-R2 81 376.2 101 £ 87 492.5 10 298
— 05C-R3 8+2 127.0 124 + 95 76.4 8 263
% 10UC-R1 27+1 15 74 + 68 0.2 8 131
S 10UC-R2 201 84.1 66 + 51 1.5 25 103
e 10UC-R3 18+ 2 86.3 83 + 57 31.8 12 201
§ O5UC-R1 44 +5 1.9 60 + 50 0.7 8 237
D O5UC-R2 27+4 8.4 74 + 47 0.4 8 72
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05UC-R3

17+3

66.1

83 + 58

32.7

12
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