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Abstract

Biodeterioration of mortars by the photosyntheticnoorganisms is affected by their
intrinsic properties such as porosity, roughness sundace pH. The influence of these
parameters was examined using an accelerated daoelat in laboratory and a natural fouling
test in the real-worldig-situ). Basing on color measurement and image analyssimpact
of each intrinsic parameter was evaluated. Thelteediffered from a scale to the other one.
No influence of porosity was measured on the atgédnization rate in the laboratory test
whereas, a high porosity seemed to increase gligtel bioreceptivity of the mortars exposed
outdoor. The roughness, in both tests, promotedmnitoeobial colonization. However, the

discrimination of roughness grades was better enléboratory test than in the-situ one.
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The surface pH influenced remarkably on the aca@ddrbiofouling test but not on thesitu
one. These dissimilarities resulted from the déferes in experimental configurations of the

two tests.

Keywords: mortar, biofouling, intrinsic properties, labaraf test,in-situ test

1. Introduction

The colonization of building facades by microorgans is a subject that concerns more
and more the civil engineering community. Indedds phenomenon changes the aesthetical
appearance of materials and, in later stage, can eempromise the durability of structures
by corrosion or by physical degradation inducedhgymicroorganism (Maury-Ramirez et al.,
2013). The type of microorganisms colonizing centeged building facades is diverse. But
the analyses oin-situ samples show that algae are one of the initial rmath colonizers
(Gaylarde and Gaylarde, 2005). These microorganalow the successive implantation and
the growth of other biological organisms such akdns and bryophytes. If no solution is
found, the pteridophytes and higher plants may afgmear (Perrichet, 1984; Deruelle, 1991,
Barberousse, 2006). The microbial development nhest eliminated to avoid worse
consequences to buildings. The more the cleaningtemance activities are repeated the

more expensive the cost.

Several factors such as the global climate, thal lesvironment, the building design and

the facade materials influence the biological fogli

The rainfall, the wind and the temperature consighe climatic parameters influencing
together the water availability of facade materialsich is an essential element to the

microbial metabolism. A permanently wet facade poten the growth of algae and higher
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plants (Arifio and Saiz-Jimenez, 1996; Loh, 2002er&fore, the facades represent a higher
susceptibility to biofouling in the rainy regionsdcaduring the heavy rainy season (Young
1997). However, a high temperature induces watap@wation by heating the materials.

Similarly, the wind can cause a drying phenomenon.

The local environmental conditions, such as topaolgyaand nature of the ground,
presence of moisture and/or industrial activitiesuad the buildings, should be taken into
account. As an example, a house roof, located dlmseaside, can be totally colonized by
nitrophilous lichens, characterized by the yellomocange, in a few years (Deruelle, 1991).
Indeed, sea sprays, by providing nitrogen to thédimg surface, favor the microorganism
growth. In addition, the humid environments setrn@dake, a river, trees or shrubs, are

favorable to the appearance of stains on the walls.

The growth of biological fouling is also depending the orientation of the facade.
Indeed, the north-facing facades which are wetber lass sunny, get colonize faster (Arifio
and Saiz-Jimenez, 1996; Young, 1997; Barberous¥@6)2 Similarly, a facade exposed to
dominant winds seems to be colonized more easily tina other sides of the same building.
The wind can transport both the rain and the bioklgoropagules at the facades promoting

the biofouling.

Parts of building often moistened for long periodseasily covered of propagules, are
highly sensitive to the biological colonization (&/@and Lee, 1980). The biofouling often
grows at the foot of walls, the junction of diffatecoatings and the overhanging elements

(cornices, moldings, balconies, etc.) (Wee and L680; CSTB, 2005; Barberousse, 2006).

In addition to external conditions, the biologicda@velopment is affected by the intrinsic

characteristics of the facade, defined as its bepsvity (Guillitte, 1995). These
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characteristics can be divided into physical propsr(porosity, roughness and hydrodynamic

properties) and chemical ones (chemical composigibinsurface).

Since the last thirty years, several researches haea devoted to the study of the
building-materials bioreceptivity. In all these stg] the experimental tests were conducted
with more or less accelerated methods of the bickbgrowth on materials. The goal of these
accelerated methods was to reduce the test duratiinh normally required many years in
the real-world. The experimental parameters wetes thptimized to favor the growth of
microorganisms (Dubosc et al., 2001; Barberouss@)6R Different methodologies,
concerning the preparation of materials, the padsinoculation and humidification, the
temperature and the photoperiod of the test wekeldped (Grant and Bravery, 1985;
Guillitte and Dreesen, 1995; Ohshima et al., 1999bosc et al., 2001; Miller et al., 2006;
Miller et al., 2009; De Muynck et al., 2009; Tranak, 2012). According to all these studies,
the roughness of materials appears as one of tls# mMportant parameters. Indeed, the
colonization of the building materials by microongams is promoted by the roughness of the
surface. In fact the roughness provides many agserand thus increases the physical
anchorage of these micro-organisms (Dubosc, 2008n Et al., 2012). This effect of
roughness on the biofouling was confirmed by olet@ns of buildings in real conditions
(Wee and Lee, 1980; Darlington, 1981; Pietrinilet2085; Joshi and Mukundan, 1997). The
total porosity, the pore size distribution and pleeous network, should be taken into account,
because the absorption and the water retention atemals are controlled by these
characteristics (Warscheid et al., 1993; Ohshimal.etL999; Crispim et al., 2003; Miller et
al., 2006; Miller et al., 2009). Furthermore, timaibition of the algal growth by high pH of

material surface is commonly mentioned (Grant, 1982)

Most of previous studies propose only a qualitagwaluation of the biofouling or a

comparison of very different materials. In ordeatxelerate the fouling, mortars are usually

4
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aged (by carbonation and/or leaching) to decrdasasurface alkalinity. But the effect of the
accelerated aging is rarely evaluated. Moreover etterimental conditions of accelerated
tests are significantly far from the real conditiolbe investigations in field-scale are rarely
conducted because of the long duration of the éxeats (Young, 1997; Ohshima et al.,
1999; Lengsfeld and Krus, 2004). Thus, the relatigm between bench-scale experimental

results and field-scale experimental results isfsca

This work aims to clarify the effect of porositypughness and carbonation, on the
building-materials colonization by algae at laborgtandin-situ scale. One unique mortar

formulation has been investigated. The kineticheflbiological colonization was studied.

2. Materials and methods

2.1. Preparation and characterization of samples

Portland cement (CEM | 52.5, Holcim), siliceous s&8tbelco DU 0.1/0.35), calcareous
filler (Omya) and cellulose ether (Hydroxylethyl Mgl Cellulose, SE-Tylose) were mixed
according to the proportions summarized in Tablt Jorepare the studied samples. The
water-to-cement ratiorfc) (wt/wt) was fixed at 1 and 1.2. These twfc were considered in

order to modify the porosity without changing themmical composition of mortars.

Table 1

Mortar formulation

Component Cement Sand Calcareous Filler Admixtufe
% mass of dry mixture 30 65 5 0.27

2in addition to dry mixture (cement, sand and fjlle
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The variation of sample surface pH was achievedabguring process. Mortars were
subjected (called carbonated mortars) or not (@aillacarbonated mortars) to ageing by

accelerated carbonation prior to the start of bilfgutest.

After mixing, the fresh mortar was casted into 59> 50 cm x 1 cm extruded polystyrene
molds. The fresh mortar was stored at 21 £ 1 °C%nd 5 % of relative humidity during 28
days for the uncarbonated samples. The mortarsplegee then cut into samples of 20 cm x 8
cm x 1 cm and of 20 cm x 30 cm x 1 cm for the labmy tests and than-situ tests,
respectively. For the carbonated samples, the imestiar was stored in the aforementioned
conditions for only 7 days before being cut. Thisrpature curing end aimed to shorten the
total duration of specimen production and to obthm closest total storage time as possible

between carbonated and uncarbonated samples.

The samples were then exposed to pure &Q1 £ 1 °C and 65 + 5 % of relative humidity
until the complete carbonation. This carbonationcpss required 36 days. The pH was
verified by spraying a phenolphthalein solutior2(® in ethanol) on the entire thickness of
specimen. The discoloration of the solution indddah diminution of pH to about 9 (Thiery,

2005).

Moreover, the surface pH of mortar was measurechégns of a surface electrode (WTW
Sentix Sur). For each sample, six measurements pegfermed at six positions distributed
over the sample surface. A constant volume of Igidtiwater (0.1 ml) was deposed on the
related position. The electrode was kept in contaitt the sample surface during a fixed time
of 30 seconds. The pH value was then recordedhandurface pH of sample was the average
of these six values. The surface pH of sample wasitored twice a week during the

carbonation process.



139 The pore size distribution and the total porosiftynuaterials were determined using
140 mercury intrusion porosimetry (Micromeritics AutopotV 9400). Three samples were
141  measured for each mortar formulation, wéc ratio of 1 and 1.2, both uncarbonated after 28
142  days of curing and carbonated after 7 days of guaimd 36 days of accelerated carbonation.

143  They were beforehand dried by acetone to evachategen pores.

144 To obtain several surface roughnesses, three suifashing methods were applied during
145  the sample setting. The first one consisted in shogtthe surface of fresh mortars with a
146  ruler and the two others in scratching the surfafcihe setting mortars with sponges of two

147  different roughnesses.

148 The roughness of the mortar specimens was evalbgteteans of an optical profilometer
149  (CHR-150-L). The arithmetic average of the heigRt was determined from the
150 measurements of the surface profile (Gadelmawlal.e2002). Measurements consisted in
151  analyze 161 profiles of 7 cm length and spaced6fibm. The data was recorded each 20 pm
152  along each profile. The value Ra, representatiih@sample roughness, corresponded to the

153  average of 563.661 measuring points.

154 Each mortar was labeled by four codes. The firg oorresponds to thw/c ratio, the
155 second to the carbonation state, the third to thughness and the last to the scale of the
156  biofouling test. For example, a sample labeled IRIGtab corresponded to the
157 uncarbonated mortar prepared withv/a ratio of 1 with the smoothest roughness and tasted

158  the laboratory experiment.

159 2.2. Lab-scale and field-scal e biofouling tests

160 The laboratory experiments consisted in an acdel@ralgal growth on cementitious
161 materials. A closed device containing an algal sosn was set up. The microalgae

162  Klebsormidium flaccidum was selected in this research basing on its reptativeness and
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ease of liquid culture. The suspension was peradgisprinkled on the samples surface. The
run-off period was fixed to 90 min every 12 h. Tight was provided by two neon lamps
during 12 h per day, and was set to start simuttaslg with the run-off cycles. All the
experimental configurations (rate of sprinkling,ghii intensity, temperature, initial
concentration of the algal suspension and anglénaion of the samples) were kept
constant. The details of the experimental approeate described in previous papers (Tran et

al., 2012; Tran et al., 2013).

In laboratory experiments, specimens with dimensio20 cm x 8 cm x 1 cm were tested
in triplicate for each material. Carbonated andanbonated samples were tested separately.

Therefore, 18 samples were introduced in the teataber for each experiment.

The field-scale experiments consisted in a natdealelopment of microorganisms on
cementitious materials. The mortar samples wereeplan a stainless steel frame in a private
green park close to Grenoble, France. The sampierdiions were larger than the ones used
in the laboratory test, i.e. 20 cm x 30 cm x 1 Gitme larger dimensions aimed to minimize all
the non-representative effect resulted from theinaatincidental events such as a random
intense inoculation of microorganisms at an indiaidsample points, the deposition of bird

droppings on the sample surface, etc.

The exposure of materials to the outdoor conditgiagted on 26 June 2009 and lasted one
year and a half. The experimental configurationsewahosen in order to favor the biological
colonization of the sample surface. The samplesvpdaced near trees, facing the north
direction and inclined with an angle of 45 °. ThEe@mens were arranged in two rows of
which the first was located at 1 m above the grotendvoid splashing during rainy periods.

The contamination between specimens by water flaw also avoided (Fig. 1).
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Fig. 1. Experimental set-up for tha-situ tests.

Each material was tested in triplicates. The mertaith aw/c ratio of 1 were studied at
carbonated and uncarbonated states, with the threghnesses. For the samples witv/a
ratio equal to 1.2, only the carbonated mortarshwite two highest roughnesses were

examined.

2.3. Evaluation criteria of biofouling

The biological colonization of mortar surface waslaated by means of image analysis

and colorimetric measurements.

Concerning the image analysis, the surface of seenghs digitized using Epson V300
office scanner. The images obtained in the RGBrcspimce were converted into the YIQ
color space. The distinction between the areasredvby algae and the surfaces of clean
mortars were achieved on the Q channel (Tran e2@L2). The colonization rat&() (%))
was then given by the ratio of the fouled areahé¢ototal surface of the sample. The samples
from the lab-scale and field-scale experiments wessmned every weekday and at least every

two months, respectively.

The colorimetric measurements were performed usoigrimeters (Minolta CM-2600d

for the laboratory tests and Konica Minolta Chro@R-410 for thein-situ tests). For each
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specimen, the measurements were conducted atpgostons spread over the whole sample
surface. Thirty six and eighteen measurements mer@tored on a lab sample andiarsitu
one, respectively. The sample area of each measatemas of 0.5 cfand 19.6 crf
respectively. The CIE Lab color space data @*, b* coordinates) were collected. The data
was monitored three times a week on the lab spexsrard at least every two months for the
field-scale specimens. In order to evaluate thercohanges of the test specimens, for each
color coordinatglL*, a*, b*), the difference between sample at a given timethadsame

sample at the initial time (uncolonized sample) daerminedAL*, Aa*, Ab*).
3. Results
3.1. Characterization of materials

The porosity, the surface pH and the roughnesad enortar are given in Table 2. For the
samples made withv/c ratio equal to 1 (i.e. uncarbonated and carbopated values of the
porosity, the surface pH and the roughness R1 werse of a previous paper (Tran et al.,

2012).

Table 2

Characteristics of mortars

Ratio Porosity  Surface Code R («m)
w/c (%) pH
Uncarbonated 1 37.2+0 11+04 Roughness 1 1UC-R1 295
Roughness 2 1UC-R2 47+ 6
Roughness 3 1UC-R3 70+8

1.2 38.9+0.3 11.0+0.3 Roughness 1 1.2UC-R1 295
Roughness 2 1.2UC-R2 47 £ 6
Roughness 3 1.2UC-R3 123+ 9

Carbonated 1 321+19 9.0zx0.1 Roughness 1 1C-R1 29+5
Roughness 2 1C-R2 47+ 6
Roughness 3 1C-R3 138+ 15
1.2 36.2+0.1 89%x0.1 Roughnessl 1.2C-R1 32+4
Roughness 2 1.2C-R2 47+ 6
Roughness 3 1.2C-R3 145+ 18

10
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The total porosity of uncarbonated mortars varredhf37 to 39 %, which is coherent with
the literature (Monge 2007). The mortars with tighbstw/c ratio were slightly more porous.
According to Lafhaj et al. (2006), the porosityreases non-linearly with thw/c ratio. When

thisw/c ratio is high, its effect on the total porosityattenuated.

The carbonated mortars were less porous than tbarhwwnated ones, i.e. 32 % for 1C
against 37 % for 1UC and 36 % for 1.2C against 390%01.2UC. It is known that the
carbonation leads to a reduction of pore volumeudti¢1992) noted that this reduction of the

total porosity is even more enhanced by a\Wwwratio.

Depending on the curing process, two levels ofamarfpH were obtained. The surface pH
reached 11 with the standard curing (uncarbonatetbkes) and 9 by accelerated carbonation.
Moreover, no effect of the/c ratio on the surface pH was detected. Indeedsdhee value of

surface pH was measured for batfe ratios.

Three levels of roughness were obtained whateeecuhing process and tiaéc ratio. The
smoothest surface (R1), without reliefs, was adhiely the method of finishing to the rule.
The rougher surfaces were obtained by scratchiagsémple surfaces with sponges. Both
strong reliefs and asperities appeared on the esigturface (R3). Moreover, a remarkable
discrimination between the highest roughness (R8) the intermediate one (R2) was
observed. In fact, th&k, values were 2.5 to 5 times higher for R3 than R#%. As a

comparison, the difference between the R2 and Rslonly about 1.5 times.

3.2. Biological colonization of cementitious materialsin laboratory and field test

Fig. 2 illustrates the biological fouling of spe@ns investigated in the accelerated tests

and than-situ experiments over time.

11



LABORATORY TEST

1 day 11 days 19 days 25 days
INSTU TEST

25/06/2009 10/07/2010 14/09/2010
0 month 13 months 15 months

20/10/2010 24/11/2010 06/1/2011
16 months 17 months 18.5 months
Fig. 2. Surface colonized by algae over time for carbahatertarsw/c of 1.2 and
roughness R3.
245
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In the laboratory tests, the colonization of thefate byKlebsormidium flaccidum created
a dense and velvety mat as previously shown by &rah (2012; 2013). The first algal spots
appeared at privileged sites of the surface, sadirédbubble holes or asperities formed by the
roughness. The extension of fouling resulted frowa growth of the existent spots and the
adhesion of new ones. On the sample surface ofslomeeighnesses (R1 and R2), the algal
development formed streaks due to the suspensaw. fThis fouling form was usually
observed on the building facades. On the roughestams (R3), the fouling followed the

asperities on the surface which conducted the floiwke algal suspension.

The sample exposure in the natural conditions begaummer (end of June 2009). The
first settlement appeared on the mortars 1.2C-R@&r d1.6 months of exposure. The
colonization rate by microorganisms of this mosgarface is shown in the Fig. 3. Following
the latency period, the biological colonization deped rapidly. Four and a half months

later, the fouling was observed on the whalsitu specimens.

/
v

0 2 4 6 8 10 12 14 16 18 20
Exposition time (month)

Fig. 3. Colonization rate for carbonated mortaws; of 1.2 and roughness R3 in timesitu
test.

o o
S O
L

X(t) (%)

N S
o o
\

o

The same latency time was observed by Dubosc (28@®)Young (1997) for carbonated
mortars and sandstone samples, respectively. Tdlegmal development accelerated during

the autumn period (August to November, i.e. 13 Tomonths of exposure). The same

13
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observation was made by Warscheid et al. (1993ktone samples exposed to outdoor
conditions in different locations in Germany.

The propagules of microorganisms might be alrea&dlyesl on the mortar surface since the
spring. Fig. 4 shows the monthly average valuesawnffall and air temperature during the
experimental time. In spring 2010 (April and Mayrresponding to 10 and 11 months
respectively), the meteorological data highlightégh precipitation and medium temperature
(i.e. about 15°C). The following summer corresponded to the harslimate, especially in
July (12-13 months), with the highest average teatpees and the lowest precipitations of
the year. During this period, the water availalolethe microorganism development was very
limited. Then mild temperatures accompanied witugable rainfall in autumn (September
and October corresponding to 15 and 16 monthspdsxe respectively) favored remarkably
the algal growth. From December (18 months), theatenent of algae from the samples
surface was observed. It corresponds to the wipeiod characterized by very low
temperatures, weak density of lighting and snowe @bing of microorganisms in this season

might be the reason of theirs detachment.

140 F ﬁ\ 25
120 t-----FN-ro b @@ 20
[ VY A U A & A ®- A
100 L 15

80 t---t-- @A AL AW\
- 10

(6]
Monthly average temperature
°0)

Cumulative monthly
precipitation (mm)

L -0

5 | 5 : -©- Temperature !

0 T T T T | T T | T -5

0O 2 4 6 8 10 12 14 16 18 20
Time (month)

Fig. 4. Monthly average air temperature and cumulativeipi&tion during then-situ test.

Fig. 5 represents the color changes of carbonatedars of roughness R3, tested in

laboratory and field-scale. All the graphs show itieain values and the standard deviation of

14



286  three specimens. The evolution of clarity* and chromaticitiegia*, 4b* showed the same
287  trends for the two test scales. Thie*, 4/a* decreased while th#b* increased with time. The
288  biological colonization led to more and more dartX), green fa*) and yellow (gb*)
289  sample surface. This color is characteristic oegralgae. The main colonizers on thesitu

290 samples could be attributed to these microorganisms

Time in lab test (day) Time in lab test (day)
0 10 20 30 40 50 60 20 30 40 50 60
10 L L : L L 2 . . . .
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Exposition time in field test (month) Exposition time in field test (month)
291
Time in lab test (day)
0 10 20 30 40 50 60
25 1 1 1 1 1
-G 1C-R3-Field
20  —4—1.2C-R3-Field /%?!FW
15 J %+ 1C-R3-Lab p A
—e—12CR3-lab ¢¥F | /l ;P
510 > &
< (__x /
° -i-.m -
OT*W!;’;, :
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Exposition time in field test (month)
292
293 Fig. 5. Evolution of the claritylL* and the chromaticitiesa*, A4b* of mortars with the
294 roughness R3 in lab- and field-scale tests.
295
296 3.2.1. Effect of w/cratio
297 Fig. 6 shows the influence of thc ratio (1 and 1.2) on the biofouling rate of carldeda

298  mortars (three roughnesses).
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Fig. 6 Effect ofw/c ratio and roughness on the colonization rate &ba@nated mortars in
laboratory (a) and field test (b).

In the lab test, the algal colonization curve wdssigmoid type. Three steps can be
identified: a latency step, an exponential growtépsand a step of stagnation. For each
roughness (R1, R2 and R3), no effect ofvleratio was identified on algal coverage. In fact,
for the roughest mortars (R3), the fouling rate le®@ quite identically. The algal
colonization appeared after 6 testing days ancethige surface was covered after 30 days.
For the two other roughnesses, with such experahestandard deviation, the colonization
rate of the less porous mortars (1C) could be densd similar to the one of the more porous

mortars (1.2C).

Unlike in the accelerated test, in the real condgi an effect of the/c ratio was detected.

Indeed, the mortars made withwéc ratio of 1.2 presented a faster microbial develepim
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than the ones prepared withwac ratio of 1. For the 1.2C-R3 samples, the biofaylin
appeared between 11 and 13 months of exposuréefdame moment, no algal colonization
was observed on the mortar 1C. The following messuealized two months later, showed a
coverage area of 80 % for 1.2C mortars against @ily% for 1C mortars. For the
intermediate roughness (R2), the effectmd ratio was less important. 30 % of the mortars
1C was colonized while it was 2 times higher onrimtar 1.2C. One month later, only the

more porous mortar was totally colonized.

The color changes of the roughest mortar confirthedresults obtained from the images
analyses (Fig. 5). Indeed, the color intensity @CER3-Field mortars evolved faster than the
one of 1C-R3-Field mortars. Furthermore, the changeolor intensity between these two
mortars occurred after 13 months of exposure. Gongg the bench-scale experiments, the
evolution of the color and the colonization ratencaled perfectly regardless of tiaéc ratio.
Indeed, an increase in the color intensity wasaletebetween 4 and 28 days of exposure.
Then, no color evolution was observed since thé 2Btys of testing, corresponding to the

necessary time for a complete biofouling.

3.2.2. Effect of the roughness

For the bench-scale test, the biofouling rate wagooisly influenced by the surface
roughness of samples (Fig. 6a). The effect of tireet levels of roughness tested on the
biofouling were quite distinct, whatever théc ratio (1 and 1.2). The smoothest roughness
(R1) exhibited the lowest colonization rate and highest latency time. Indeed, the latency
time was around 18 days of testing for roughnessaBainst 9 and 6 days for roughness R2
and R3, respectively. Similarly, the complete cadahon was achieved more quickly on the
rougher mortars, i.e. in 30 days for R3, againsabd 56 days for R2 and R1, respectively.

Furthermore, the curve slope evolved in the samg @a®s the roughness during the
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exponential growth phase. The more the roughnesshigh, the more the colonization was

quick.

The roughness impacted also the biological devedmprof mortars exposed in the real-
world (Fig. 6b). However, unlike bench-scale testly two grades of roughness (i.e. rough
and smooth) were observed. The mortars of vergmfft roughness, R2 and R3, showed no
difference in bioreceptivity to visible photosynticeorganisms. This result was particularly
obvious forw/c = 1. Conversely, a transition from a smooth s@f@1) to a rough one (R2)
remarkably increased the bioreceptivity of mortémgleed, the colonization appeared slower
for the mortar R1 than for the two others. The renturface of samples R2 and R3 was
colonized after 17 months (November 2010). For game duration, only 60 % of mortar
surface R1 was colonized. Beyond this time, a @s&rén the covered area was noticed for all
samples. It has been assigned to detachment d.alp@ detachment rate was similar for all
mortars ofw/c equal to 1. However, for mortar wfc equal to 1.2, smooth surface showed a
faster decrease in the coverage area comparedetaotigh one. Hence, the effect of

roughness on the microbial detachment rate rendifisult to analyze.

3.2.3. Effect of the accelerated carbonation

Fig. 7 illustrated the evolution of the colonizaticate for carbonated and uncarbonated

mortars mixed with av/c ratio of 1, for the lowest and the highest rougisne
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Fig. 7. Effect of accelerated carbonation on the colorepatate for mortars mixed withw/c
ratio of 1, with roughness R1 and R3, in laborata)yand field test (b).

The carbonation seemed to be the most decisivemgdea on the bioreceptivity of
materials for the accelerated fouling test. It digantly shortened the latency time, and
accelerated the rate of algal colonization. As stbw the Fig. 7, the latency time of 1C-R1
mortar was of 18 days. This value was 2.6 times fean that of 1UC-R1 mortar (46 days).
Similarly, the colonization of 1C-R3 mortar begdtea7 days against 26 days for 1UC-R3
mortar. The complete colonization was reached ird@gs for the 1C-R3 mortar against 51
days for the 1UC-R3 one. It is worth noting thae total colonization of 1UC-R1 was not
obtained because of a precocious stop of testireyeftheless, basing on the roughest

mortars, the slope of the curve was greater fdsaraated mortars than for uncarbonated ones.

In the field-scale test, it seems that the acctddraarbonation did not result in different
growth profiles. The biofouling evolved quite ideadly on carbonated and uncarbonated
mortars. For both mortars 1UC and 1C, and of roeghrR1 or R3, the colonization by
microorganisms began at the same moment, i.e. &8emonths. Then, 4 months later
(November, corresponding to 17 months of expostine)gentire surface of all rough samples
(R3) was colonized. At this same time, the algdbmization reached a common rate of

around 60 % for smoothest samples (R1), carbonatedncarbonated. From 18 months
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(December 2010), a decrease of fouled area waswelasen the entire surface due to the
microbial detachment. It seems that the detachmaet was not dependent on the initial

carbonation state of mortars.

4. Discussion

The results obtained from the color measuremertdt@image analysis, are coherent and
complementary. Indeed, the effect of intrinsic eaéeristics of mortars on their bioreceptivity
was found identical by these two methods. Due toitoong the entire surface of samples,

the color changes are well representative of théetbarea.

The color evolution of the surface of the samplespoth laboratory anth-situ tests, was
quite identical, i.e. more and more dark, greenyeildw. The fouling of then situ samples
is thus presumably associated to green algae. Tié@sebial species are the primary and
main colonizers on building facades as noticeddwesal authors (Wee and Lee, 1980; Grant,

1982; Ortega - Calvo et al., 1995; Tomaselli et2000; Barberousse, 2006).

The influence ofw/c ratio on the accelerated fouling was negligiblbee Teason is related
to experimental conditions rather than to modeferdince in porosity between two studied
mortars. Indeed, the relative humidity in the latory test chamber is permanently very high
(i.e. from 80 to 100 %) (Fig. 8). In this conditidhe water content into the samples is always

abundant and so is sufficient to the algal develapm
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Fig. 8. Daily cycle of temperature and relative humidityhe test chamber.

In order to verify this assumption, the filling eabf pore by waters((%)) was calculated
(Dubosc, 2000). It correspondsdfp ratio, wherep (%) is the sample porosity, agd%) is

the amount of water absorbed by a unit of samplenve, calculated as follows:

r

" tar m".' rer
g% = 100 X ———= 100 x IXEI’

sample Porarer Fample

Vuater: VOlume of water absorbed by the samplejcm

Vampe: @pparent volume of the sample @nealculated from three dimensions of sample;

Muater: @Mount of water absorbed by the sample (g) thatjual to the difference between
the mass of sample in the humid condition and éndity one.

pwater: density of water (1 g.cf)

The humid sample weight was measured 6 times alengiurnal cycle and 2 times along
the nocturnal one. Before the start of accelerfdating test, the sample was dried at°@

until obtaining constant weight. This weight was sidered as the mass of dry sample.

The amount of water absorbed by the sample reaahewdximum value just after the
sprinkling cycle and remained constant during la hocturnal period. During the diurnal

period, the water evaporated under the warmingeffeluced by neon lights. However, the
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amount of evaporated water was weak. Indeed, aritleof the diurnal period, the remaining
water into the mortars filled at least 75 % and%0Qof the porosity of uncarbonated and

carbonated samples, respectively.

The water, being an indispensable element for ihledical metabolism, is thus no longer
a limiting factor for the biological developmenthi$ observation was confirmed by previous
studies regarding two mortars made witfc ratios equal to 0.5 and 1 (Tran et al., 2012,
2013). Despite of the considerable difference iropity, these mortars exhibited completely

identical bioreceptivity.

In natural condition, the impact of thé&c ratio on the colonization rate of samples was

exhibited. The microbial fouling seemed to be fabby the highest/c ratio (1.2).

To evaluate the porous network of mortars, analyser® performed after 17 months of
exposure to the outdoor conditions. PIM’s resutididate a modification of the porous
network. Indeed, the total porosity of the 1C-R8 arR2C-R3 mortars increased from 32 to 36
% and from 36 to 38 %, respectively. Moreover, $irggle peak characterizing the pore
entrance diameter shifted to larger diameters @igindeed, the pore inlet diameter, that was
equal to 0.3um at the beginning of outdoor exposure, was abduut at the end of the
experiment for the 1C mortar. For the 1.2C mottae,pore inlet diameter evolved from 0.75
to 1.6um. The enlargement of the pore entrance diametdd dm® due to the leaching effect
by rain and to the activities of biological agentls asbacterial communities and/or fungi
(Warscheid and Braams 2000hese results, which corresponded to the averdgessaf the

entire thickness of samples, might be amplifiethatsurface.
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Fig. 9. Pore size distribution of carbonated mortars \aiic ratio of 1 and 1.2 at the
beginning and end of the-situ test.

The mortars made witha/c ratio of 1.2 were more porous than those formdlategh a
w/c ratio of 1 and exhibited a greater bioreceptivitiie effect of porosity on the biofouling
rate of samples exposed outdoor are in agreeménttie literature (Warscheid et al., 1993;
Ohshima et al., 1999; Crispim et al., 2003; Pragtd Silva, 2005; Miller et al., 2006; Miller

et al., 2009).

Previous studies highlighted an important roleafghness on the biological colonization
(Prieto and Silva, 2005; Miller et al., 2006; Millet al., 2009; Tran et al., 2012; Tran et al.,
2013). By providing asperities, the roughness favdhe physical attachment of
microorganisms which is dispersed by the water ftovthe wind. Consequently, the rougher
the surface is, earlier the biological fouling begand faster the colonization is. The recent
accelerated fouling experiments allow confirming #ffect of roughness. Indeed, the three
grades of roughness studied induced a discriminagffect on the colonization rate. The
same results were noticed by Tran et al. (2012ptbers mortars mixed with &/c ratio of

0.5.

For in-situ samples, the visible biofouling due to phototrapluirganisms appeared
approximately at the same moment whatever the megg of mortars. Indeed, for all the

roughnesses, the first spots were detected aftertdl3 and 15 months of exposure. Based on
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the results of laboratory tests, iimesitu samples of the roughness R3 should have beely first
colonized, successively followed by mortars of tbeghness R2 and then R1. However, in
the in-situ test, the season, the external relative humidity @mperature could impact the

colonization and thus hided the roughness effect.

In the natural conditions, only two grades of rouggmwere observed. The two roughest
mortars showed the same bioreceptivity to pigmendeganisms despite considerably
different roughness. This tendency remains cohesgthtthat obtained in laboratory test. In
fact, a nonlinear relationship between roughness agal fouling rate is noticed. A close
bioreceptivity was observed between mortars of Inmighness (Tran et al., 2012). The non-
differentiation in the outdoor test could be inddid®y a natural inoculation much less intense

than in accelerated tests.

Concerning the accelerated carbonation, this wsitincharacteristic of the samples
appeared as the most important parameter whiclctaffethe biological growth in the
accelerated fouling test. Unlike the effect of rongss which favors the ability of algae to
physically cling to the surface, the pH and/or cadtion disturbs the biological metabolism.
Carbonation leads to a decrease in the surfacef ganaples and to a lower increase in pH of
the algal suspension flowing on test specimenss€qurently, th&. flaccidum algal cells are
in less alkaline conditions and thus in less stoéssnvironment for their growth with
carbonated samples than with uncarbonated onegedn&. flaccidum is known as an
acidophilic microorganism. The ability of attachiagd growth of algae on a surface are thus

promoted by the carbonated of samples (Tran e2@12; 2013).

The growth of the algal spots on the sample surifad¢be consequence of the vegetative
and cellular multiplication which is favored at lgwH (Skaloud, 2006). The attachment of

algae on the surface of the substrate is govergemblaptive metabolic interactions between
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algal cells and the substrate (Fattom and Shilo4;1B&lay et al., 2002; Barberousse et al.,
2006). The algal extracellular polysaccharides @iy the role of glue (Robins et al., 1986;
Gantar et al., 1995; Barberousse et al., 2006)sd Ineetabolites depend on the algal species
considered and the substrate. They are involvedennitial contact between the cell and the

surface, and act over time (Barberousse et al§)200

As a consequence, carbonated mortars are highlgptige to colonization by
microorganisms. Algal colonization begins much iegrland occurs faster compared to the

uncarbonated mortars.

In the field-scale test, the influence of carbomratiwas not highlighted. Indeed, the
biofouling of mortars, carbonated or uncarbonateds detected at the same moment.
Perhaps, the favorable climatic conditions andigefit inoculation conditions were not met
at the beginning of testing. In fact, the samplesenexposed through the summer. Therefore,
spring, the most favorable season for the micrausga spreading and their growth was past.
Hence, the microbial colonization of carbonated @aswas not initiated despite a favorable
surface pH. After one year of exposure, the momane aged and weathered by leaching and
natural carbonation. Consequently, the same supgbcépH = 8) was measured for all the
samples whatever their initial carbonation statee Bioreceptivity of mortars is thus identical
when favorable conditions to the biological develepinhave been in place. Therefore, the

influence of the initial surface pH on biofoulirgygompletely inhibited.

5. Conclusion

The present research has investigated the effecheofintrinsic parameters (porosity,
roughness and carbonation) of mortars on theihbiofg by photosynthetic organisms. This

study was conducted by both laboratory accelerasd andn-situ ones.
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The impact of porosity on the biofouling of mortassdifferent for the two experimental
test scales. This parameter has no effect on thfeuding rate in laboratory tests due to the
experimental conditions. However, although more érpents of verification still required

for the field-scale tests, high porosity seemsatmf the biological colonization.

For the both test scales, the influence of the loegs is evidenced. A rough surface
enhances the biological attachment. The discrinanaif roughness grades was better in the
accelerated tests than in the field-scale ones fHsult could be explained by the fact that the
accelerated test is performed in a closed circith an intense inoculation while the-situ

test involves natural inoculation.

Thanks to its experimental configuration, the labory tests allow revealing the role of
the accelerated carbonation. It is considereddeceive parameter in the accelerated fouling.
Indeed, carbonated mortars lead to a lower pH vafuthe mortar surface and the algal
suspension in the test chamber. The algal developimehus significantly promoted and so
the colonization rate is remarkably acceleratetthéncase of carbonated mortars. While in the
natural conditions, due to numerous uncontrolled emm@tlom environmental factors, the
effect of the carbonation was not observed. Thdugem of biofouling is identical on the
both carbonated and uncarbonated mortars. Due ttotigeexposure time and progressive
ageing by lixiviation and carbonation, the surfaé€ and thus the alkalinity, of carbonated

and uncarbonated samples is the same.

The divergence of results between the laboratodyfeid-scale tests, prevent to correlate
the two experimental scales. These dissimilariteald be remediated by improving the
experimental protocol. In the accelerated test, dndr phase of samples between two
sprinkling cycles could allow highlighting the roté porosity. A reasonable choice of the

beginning of sample exposure to natural environmeotild highlight the effect of
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528 carbonation. The effect of roughness in accelertgsticould be closer than that in natural
529 test by decreasing the inoculation intensity. Tdésrease in inoculation process could be
530 achieved by reducing, either the initial concemrabf the algal suspension or either the run-

531  off.

532

27



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

References

Arifio, X., & Saiz-Jimenez, C., 1996. Factors afifegtthe colonization and distribution of
cyanobacteria, algae and lichens in ancient mortars8th International Congress on
Deterioration and Conservation of Stone, Berlirh-731.

Barberousse, H., 2006. Etude de la diversité dgsecal et des cyanobactéries colonisant les
revétements de facade en France et recherche desirfafavorisant leur implantation,
PhD thesis, Muséum National d'Histoire Naturellai$] France.

Barberousse, H., Ruiz, G., Gloaguen, V., LombaRid,, Djediat, C., Mascarell, G. et al.,
2006. Capsular polysaccharides secreted by builthggde colonisers: characterisation
and adsorption to surfaces. Biofouling 22(6), 360-3

Crispim, C.A., Gaylarde, P.M., Gaylarde, C.C., 20BRjal and cyanobacterial biofiims on
calcareous historic buildings. Current Microbiolotfy, 79-82.

CSTB, 2005. Salissures de facade : comment lesr&/iExemples de solutions techniques.
Guide pratique du CSTB.

Darlington, A., 1981. Ecology of walls. Heinemamndon.

De Muynck, W., Ramirez, A.M., Belie, N.D., VersttagW., 2009. Evaluation of strategies to
prevent algal fouling on white architectural andllutar concrete. International
Biodeterioration and Biodegradation 63, 679-689.

Deruelle, S., 1991. Réle du support dans la crosales microorganismes. Matériaux et
Construction 24, 163-168.

Dubosc, A., 2000. Etude du développement de satisshbiologiques sur les parements en
béton: Mise au point d'essais accélérés de vimltient, PhD thesis, Institut National des

Sciences Appliquées, Toulouse, France.

28



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

Dubosc, A., Escadeillas, G., Blanc, P.J., 2001. r&harization of biological stains on
external concrete walls and influence of concredeuaderlying material. Cement and
Concrete Research 31, 1613-1617.

Fattom, A., Shilo, M., 1984. Hydrophobicity as axhasion mechanism of benthic
cyanobacteria. Applied and Environmental Microbgpl@l7, 135-143.

Finlay, J.A., Callow, M.E., Ista, L.K., Lopez, G,RCallow, J.A., 2002. The influence of
surface wettability on the adhesion strength oftlestt spores of the green alga
Enteromorpha and the diatonAmphora. Integrative and Comparative Biology 42, 1116-
1122.

Gadelmawla, E.S., Koura, M.M., Maksoud, T.M.A., \E#& |.M., Soliman, H.H., 2002.
Roughness parameters. Journal of Materials Praxg$sichnology 123, 133-145.

Gantar, M., Rowell, P., Kerby, N.W., 1995. Role eftra- cellular polysaccharides in the
colonization of wheatTfiticum vulgarie L.) roots by N-fixing cyanobacteria. Biology and
Fertility of Soils 19, 41-48.

Gaylarde, C.C., Gaylarde, P.M., 20@5comparative study of the major microbial biomaés
biofilms on exteriors of buildings in Europe and tiha America. International
Biodeterioration and Biodegradation 55, 131-139.

Grant, C., 1982. Fouling of terrestrial substrabgsalgae and implications for control — a
review. International Biodeterioration Bulletin 17-65.

Grant, C., Bravery, A.F., 1985. A new method fosessing the resistance of stone to algal
disfigurement and the efficacy of chemical inhilstoProceedings of the Vth international
congress on deterioration and conservation of stBnesses polytechniques romandes,
Lausanne, pp. 663-674.

Guillitte, O., 1995. Bioreceptivity: A new concemti for building ecology studies. Science of

the Total Environment 167, 215-220.

29



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

Guillitte, O., Dreesen, R., 1995. Laboratory cham&tedies and petrographical analysis as
bioreceptivity assessment tools of building matsri&cience of the Total Environment
167, 365-374.

Houst, Y.F., 1992. Diffusion de gaz carbonatatibnegrait de la pate de ciment durcie, PhD
thesis, Ecole Polytechnique Fédérale de Lausamwigzesland.

Joshi, C.D., Mukunda, U., 1997. Algal disfiguremantd degradation of architectural paints
in India. Paintindia 47, 27-32.

Lafhaj, Z., Goueygou, M., Djerbi, A., & Kaczmare¥,, 2006. Correlation between porosity,
permeability and ultrasonic parameters of mortathwiariable water/cement ratio and
water content. Cement and Concrete Research 366&25

Lengsfeld, K., Krus, M., 2004. Microorganisms orcddes - reasons, consequences and
measures. In: IEA - Annex 41 “Moist-Eng” meetinda§&jow, UK.

Loh, W.S., 2002. Product development for green petidity — a case study / Development of
algae resistant surface coating for building fasade¢he humid tropics. Proceedings of the
2"%World Conference on Green Productivity, Manila,lippines.

Maury-Ramirez, A., De Muynck, W., Stevens, R., Destere, K., De Belie, N., 2013.
Titanium dioxide based strategies to prevent afgaling on cementitious materials.
Cement and Concrete Composites 36, 93-100.

Miller, A., Dionisio, A., Macedo, M.F., 2006. Primyabioreceptivity: A comparative study of
different Portuguese lithotypes. International Bitatioration and Biodegradation 57, 136-
142.

Miller, A.Z., Dionisio, A., Laiz, L., Macedo, M.FSaiz-Jimenez, C., 2009. The influence of
inherent properties of building limestones on théioreceptivity to phototrophic

microorganisms. Annals of Microbiology 59, 705-713.

30



605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

Monge, J., 2007. Fissuration des mortiers en cauchieces - Effets de I'hydratation, du
séchage et de la carbonatation, PhD thesis, Ecoten&le Supérieure de Cachan, Paris,
France.

Ortega-Calvo, J.J., Arifio, X., Hernandez-Marine, Maiz-Jimenez, C., 1995. Factors
affecting the weathering and colonization of monaotadyy phototrophic microorganisms.
Science of the Total Environment 167, 329-341.

Ohshima, A., Matsui, I., Yuasa, N., Henmi, Y., 1999study on growth of fungus and algae
on mortar. Transactions of the Japan Concreteuibest21, 173-178.

Perrichet, A., 1984. Développement de micro-orgasis a la surface des bétons et enduits.
Matériaux et Construction 17(2), 173-177.

Pietrini, A.M., Ricci, M., Bartolini, M., Giuliani,M.R., 1985. A reddish colour alteration
caused by algae on stoneworks. Proceedings of tie iMernational congress on
deterioration and conservation of stone, Pressigepbniques romandes, Lausanne, 653-
662.

Prieto, B., Silva, B., 2005. Estimation of the puial bioreceptivity of granitic rocks from
their intrinsic properties. International Biodetggtion and Biodegradaton 56, 206-215.
Skaloud, P., 2006. Variation and taxonomic sigaifice of some morphological features in
european strains dflebsormidium (Klebsormidiophyceae, Streptophyta). Nova Hedwigia

83, 533-550.

Robins, R.J., Hall, D.O., Shi, D.J., Turner, RRhodes, M.J.C., 1986. Mucilage acts to
adhere cyanobacteria and cultured plant cells tdogical and inert surfaces. FEMS
Microbiology Letters 34, 155-160.

Thiery, M., 2005. Modélisation de la carbonatatimosphérique des matériaux cimentaires;
prise en compte des effets cinétiqgues et des naatdns microstructuraleset hydriques,

PhD thesis, Ecole Nationale des Ponts et Chaudséearis, France.

31



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

Tomaselli, L., Lamenti, G., Bosco, M., Tiano, FOOR. Biodiversity of photosynthetic micro-
organisms dwelling on stone monuments. Internatiorgiodeterioration and
Biodegradation 46, 251-258.

Tran, T.H., Govin, A., Guyonnet, R., Grosseau,lBrs, C., Garcia-Diaz, E., Damidot, D.,
Deves, O., Ruot, B., 2012. Influence of the infkngharacteristics of mortars on
biofouling byKlebsormidium flaccidum. International Biodeterioration and Biodegradation
70, 31-39.

Tran, T.H., Govin, A., Guyonnet, R., Grosseau,ers, C., Damidot, D., Deves, O., Ruot,
B., 2013. Avrami’'s law based kinetic modeling ofaouzation of mortar surface by algae
Klebsormidium flaccidum. International Biodeterioration and Biodegradafién 73-80.

Warscheid, Th., Braams, J., 2000. Biodeterioratmn stone: a review. International
Biodeterioration and Biodegradation 46, 343-368.

Warscheid, Th., Becker, T., Braams, J., Bruggert®ff Gehrmann, C., Krumbein, W.E. &
Petersen, K., 1993. Studies on the temporal desetap of microbial infection of different
types of sedimentary rocks and its effect on theriakation of the physico-chemical
properties in building materials. In Consevationstdne and other materials, M. Thiel
(Ed.), E & FN Spon, London, 303-310.

Wee, Y.C., Lee K.B., 1980. Proliferation of algae surfaces of buildings in Singapore.
International Biodeterioration Bulletin 16, 113-117

Young, M.E., 1997. Biological growth and their teaship to the physical and chemical
characteristics of sandstones before and afteniclgaPhD thesis, The Robert Gordon

University, Aberdeen, Scotland.

32



