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SUMMARY: Microorganisms, such as bacteria, cyanobacteria, fungi, algae, 
and lichens, are liable to grow on building materials. Biological activity 
contributes to deterioration of building material. Fungi are among the most 
harmful organisms associated to biodeterioration of organic and inorganic 
materials. Cement-based materials are porous and contain organic 
admixtures. Thus they possess significant bioreceptivity. The objectives of 
the study were firstly to develop a methodology and an accelerated test in 
order to evaluate the bioreceptivity of cement-based materials to fungal 
colonization and secondly to evaluate the ability to resist of Calcium 
Aluminate Cements compared to that of Portland Cements. Three specific 
fungi (Aspergillus niger, Coniosporium uncinatum and Alternaria 
alternata), often identified on monuments or degraded buildings, were 
tested. The biocolonization of mortar samples was evaluated by quantifying 
the amount of ergosterol which is a predominant and endogenous sterol met 
only in the cell membrane of fungi. The results show that the resistance 
ability of CACs to fungal colonization seems to be higher than that of 
Portland based mortars. 
Keywords: Accelerated laboratory test, Biodeterioration, Calcium 
Aluminate Cement, Fungi, Mortars. 

 
 

INTRODUCTION 
 

Biodeterioration can be defined as an irreversible transformation of all types of material 
(organic or inorganic) possessing an economic, artistic, historic or archaeological value, 
due to organisms in natural environments [1, 2]. An example of biodeterioration is given 
on Fig. 1[3]. In 1995, Guillitte defines the concept of the bioreceptivity as “the ability of 
a material to be colonized by one or more groups of living organisms without 
necessarily inducing biodeterioration” [4]. The bioreceptivity can also be defined as, the 
set of material properties that contribute to installation, adhesion and the development 
of organisms. It depends on the intrinsic properties of the matrix, such as its chemical 
composition, porosity, permeability, or roughness, etc. 
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Fig. 1: Influence of biodeterioration process on an angel statue of the cathedral of Cologne (Germany), 
(a) original object in 1880 (photograph by Anselm Schmitz, Cologne) and (b) the respective weathered 
statue in 1993 (photograph by A. Wolff, Cologne) 

 
In fact, many microorganisms such as; bacteria, cyanobacteria, algae, and fungi, 

etc. are able to colonize and degrade materials [5]. The biodeterioration is often the result 
of complex microbial interactions [3]. Microorganisms are naturally selected depending 
on pH and available nutrients. The development of the first colonizers modifies the 
physico-chemical parameters of the surface, thus facilitating colonization of new 
species, the second colonizers, and so forth, defining thereby the biological succession. 
Bacteria are usually the first colonizers, because they can grow on any type of support 
and in extended pH ranges [6]. 

Fungi are eukaryotic organisms (cells with a nucleus). They are devoid of 
chlorophyll and therefore incapable of photosynthesis. Thus they are heterotrophic 
organisms and need an external source of carbon [6,7]. Wastes or dead cells, from algae 
and bacteria, dead leaves and bird droppings are sources of carbon [7]. Fungi can be 
regarded as the best armed organisms for the biodeterioration of organic and inorganic 
materials [8]. Indeed, they are ubiquitous and colonize a wide variety of substrates, such 
as textile, leather, paper, stones, wood, plastic, paint and construction materials [9]. 
Moreover, they are able to penetrate into a material by hyphal growth and by 
biocorrosive activity due to the excretion of organic acids or by the oxidation of 
compounds of the matrix and to discolor material surfaces by excretion of melanins or 
carotenoids and to induce mechanical stress into materials [3].  

The biodeterioration process begins as soon as the fungi settle and colonize the 
surface of the material. This process can be summed up as follows for the 
biodeterioration of stones:  Production of organic acids (such as oxalic, citric, propionic, etc...) which leads to 

the dissolution of carbonates and the de-cohesion of the grains.  Aesthetical damage due to the excretion of fungal pigment such as melanin and 
carotenoid [10,11].  Inter-crystalline growth of the fungi within the faults of the matrix.  Biopitting which corresponds to the formation of small craters due to the de-
cohesion of grains induced by the penetration of hyphae within the stones [12]. 

As fungal or biological stains clearly affect the aesthetics of a façade and 
represent a significant economic loss, due to the costs of maintenance and repair, a 
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focus on building materials is necessary. The objectives of this study were firstly to 
develop an accelerated, reliable and reproducible method in order to evaluate the 
bioreceptivity of cement-based materials to fungal colonization, and secondly to 
highlight the possible effect of the chemical composition of cements on their 
susceptibility to fungal growth. To achieve this last objective, Calcium Aluminate and 
Portland Cement-based materials were studied with three specific fungi (Aspergillus 
niger, Coniosporium uncinatum and Alternaria alternata). 

 
 

MATERIALS AND METHODS 
 

Fungal Strains 
In order to evaluate the bioreceptivity of the cementitious materials, 3 fungal strains 
have been tested (Fig. 2).   Aspergillus niger was chosen because this fungi is often identified from samples 

on monuments or degraded buildings [3,13] and grows on various substrates, such 
as decaying organic matters, soils, foodstuffs, grains, minerals and building 
materials, and is ubiquitous in the human environment. A. niger is an acidogenic 
fungus i.e. that it produces organic acids, such as citric, ascorbic, gluconic, 
acetic acid, etc. Thus, they are responsible for the biodeterioration of the 
materials by chemical route.  Coniosporium uncinatum is commonly isolated from monuments located in the 
Mediterranean basin. In many cases it is the predominant microflora [14]. C. 
uncinatum is a meristematic fungus, which is almost all isolated from the surface 
of stones. This fungus degrades materials by physical process (by deep 
penetration into the matrix).  Alternaria alternata is ubiquist (indicating that it is found in different biotopes) 
and its habitat is very diverse ranging from very wet areas to dry and arid 
regions. This species has already been isolated on various substrates and 
materials, such as marble, paintings, plants, food, textiles and floors and is 
considered as main cause for brown and black coloring of limestone, marble, 
and sandstone of European and African monuments [15]. As with C. uncinatum, 
A. alternata implies a physical degradation of materials. 

Strains Alternaria alternata Fries von Keissler, MUCL 30967 and Aspergillus 
niger van Tieghem, MUCL 19002, came from the collection of microorganisms of the 
Mycothèque at the Catholic University of Louvain (MUCL), Belgium. Coniosporium 
uncinatum CBS 100212 strains, originated in Italy, was isolated by De Leo et al (1999) 
and provided by the Centraal Bureau voor Schimmel cultures (CBS - Holland). 

Aspergillus niger and Alternaria alternata strains have been cultivated in Petri 
box on Potatoes Dextrose Agar (PDA, Difco) solid media. Coniosporium uncinatum 
stain has been cultivated in Potatoes Dextrose Broth (PDB, Sigma) liquid media. All the 
media have been previously sterilized. After inoculation of the culture media, the 
cultures were incubated at 80±5% RH et 24±1°C until sufficient growth occurred.  

Fungal cell suspensions have been prepared from the cultures. After centrifugation 
at 3000 rpm for 15 min (Multifuge 3SR+ - Thermo Fisher), the pellet was suspended in 
a nutritive media composed of Yeast Nitrogen Broth (YNB) 1wt% and Glucose 
0.01wt% in water, in order to obtain a fungal cell concentration in the suspension, of 106 
fungal units/ml. 
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Fig. 2: Fungal strains used: (a) Aspergillus niger, (b) Alternaria alternata, (c) Coniosporium uncinatum 

 
Materials: 
The ability to resist to fungal biodeterioration was investigated by working on cement 
based mortars. Indeed, rendering is a common construction technique for masonry walls 
and façades. In order to study the potential effect of the chemical composition of 
mortars on the fungal biodeterioration a panel of eight cementitious matrices was 
prepared. Among this panel, five were mortars and three were pure pastes (without 
sand) in order to emphasize the potential effect of the chemical composition. 

 
Table 1. Nomenclature and formulation of mortars and pure pastes. 

Nomenclature Denomination Binder (wt%) 
WP-M White Portland-Mortar 

100% White Portland CEMII/A 42.5 
WP-PP White Portland-Pure Paste 

PL-M Portland Lime-Mortar 
80% White Portland CEMII/A 42.5 / 

20% Lime 
TSA-M Ettringite-Mortar 70%Ternal White / 30% Anhydrite 
MCA-M Medium Content of Aluminate-Mortar 

100% Calcoat RG 
MCA-PP 

Medium Content of Aluminate-Pure 
Paste 

HCA-M High Content of Aluminate-Mortar 
100% Ternal White 

HCA-PP High Content of Aluminate-Pure Paste 
 
A white Portland cement (CEMII/A 42.5, Lafarge) and two Calcium Aluminate 

Cements (CAC) (Kerneos) with different aluminate content were tested (Table 1 and 
Table 2). Moreover, two binary binders made of Portland with lime, and CAC with 
anhydrite, completed the panel. The white Portland cement was used as a reference for 
the evaluation of the biocolonization. Oxide composition of all cements and admixtures 
were determined by X-ray fluorescence spectroscopy (SRS3400, Bruker-AXS) and are 
given by Table 2. 

The specimens were prepared according to the standard EN196-1, i.e., a water-to-
cement ratio (w/c) equal to 0.5 and proportions of binder and sand (Sibelco CV32) 
respectively of 25% and 75% in weight. However, for the preparation of pure pastes, the 
w/c was lowered to 0.3 in order to have a correct consistency. 

The fresh mortars or pure pastes were cast into 8 × 2 × 1 cm PVC molds. The 
specimens were striped after 24 hours of hydration under 100% of relative humidity 
(RH) and 21°C and then kept 28 days under the same conditions of humidity and 
temperature. 

 
 

(a) (b) (c) 
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Table 2. Chemical compositions of the investigated cements and admixtures determined by X-ray 
fluorescence 

 CEM II/A Ternal White® Calcoat RG® Sand Anhydrite 
CaO (%) 69.68 30.84 39.30 0.00 41.30 
SiO2 (%) 21.77 0.42 5.35 97.63 0.12 
Al 2O3 (%) 2.21 68.50 50.96 0.66 0.09 
TiO2 (%) 0.08 0.01 2.23 0.05 0.00 
Fe2O3 (%) 0.28 0.15 1.83 0.07 0.10 
MgO (%) 0.55 0.15 0.45 0.06 0.00 
Na2O (%) 0.01 0.28 0.26 0.08 0.00 
K2O (%) 0.45 0.02 0.19 0.44 0.03 
MnO (%) 0.01 0.00 0.03 0.00 0.01 

S (%) 2.14 0.07 0.00 0.03 22.9 
Anhydrite (%) 9.16    100 

 
In order to decrease the surface pH, an accelerated weathering was applied to the 

specimens. In the case of Aspergillus niger and Coniosporium uncinatum, the 
weathering of samples consisted of a combination of a carbonation step, under pure CO2 
(21 ± 1°C, 65 ± 5% RH for 7 days) and a lixiviation step by water (25 days). For pure 
pastes, a second carbonation step (14 days) was imposed to intensify the decrease of 
surface pH. A simple carbonation step (21 ± 1°C, 65 ± 5% RH for 40 days) was applied 
to specimens in the case of Alternaria alternata. The surface pH was measured by a 
surface electrode (WTW Sentix Sur). To ensure contact between the substrate and the 
pH-electrode, the surface was moistened. 

All the specimens were sterilized by gamma ray (30kGy) to avoid contaminations 
and to quantify only the fungal colonization.  

 
Accelerated test 
The accelerated test was previously described by Wiktor et al.[16]. It was performed in 
polypropylene and autoclavable boxes (Fig. 3). All the materials used have been 
previously sterilized. The bottom of the box was filled with a thin layer (about 1cm) of 
vermiculite. Then 70mL of deionized water was spread on the vermiculite in order to 
keep the necessary moisture for the fungal growth into the box. Two cementitious 
specimens were placed into the box. To avoid direct contact between the specimens and 
the vermiculite, a paper sheet was introduced between the both. 

In sterile conditions, the sterilized samples were inoculated by spreading 1.5mL of 
the fungal suspension on the surface of each specimen. Then the boxes were closed and 
stored at 80±5% RH and 24±1 °C. 

 

 
Fig. 3: Scheme of the experimental set-up used for the accelerated test 
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Evaluation of the fungal colonization 
The quantification of the biocolonization by fungi was carried out by ergosterol assay. 
Indeed, the ergosterol is a predominant and endogenous sterol, and specific to the cell 
membrane of fungi and some microalgae. The method for the determination of 
ergosterol used in this study was based on the protocol proposed by Ruzicka et al.[17]. At 
the end of the test, the ergosterol was extracted from the samples by immersion of a 
whole specimen in 20mL of methanol. The whole was subjected to ultrasound for 45 
min and then stored in methanol at 4°C for 12 h. The supernatant was then filtered at 
0.22 µm before being analyzed by HPLC (pump Waters 616, 600S controller and PDA 
detector Waters 996). The column used was a C18 Novapack and its temperature was 
fixed at 30°C. The mobile phase was pure methanol and the flow was 0.5 mL.min-1. The 
peak area at the absorption of 282 nm was used for quantification with an ergosterol 
external standard (Sigma-Aldrich). All the quantifications were conducted in triplicate.  

 
 

RESULTS AND DISCUSSION 
 

Characterization of weathering 
The objective of the accelerated weathering method was to decrease the surface pH of 
the samples. The initial surface pH was around 12.0-12.5 for the Portland-based 
samples (WP-M, PL-M, WP-PP). Concerning the Aluminate-based samples (HCA-M, 
MCA-M, TSA-M, HCA-PP and MCA-PP), the pH was lower, i.e. in the range of 10.8 
to 11.4. At the end of the weathering process (carbonation and lixiviation), all the 
mortars exhibited similar surface pH. Indeed, the pH ranged from 9.3 to 9.6 and from 
9.5 to 9.7 respectively for Portland-based samples and for Aluminate-based samples. 
The carbonation of the Portland-based materials mainly led to the conversion of the 
portlandite into calcite ( ). For the Aluminate-based materials, the hydrates such as 
C3AH6 and CAH10 were converted into  and AH3. For TSA-M, the high amount of 
Aft and AFm, such as ettringite and monosulfoaluminate, totally disappeared and led to 
the formation of  and AH3. Thanks to a second carbonation step, the surface pH of 
the pure pastes was lower than for mortars, and was between 7.7 and 8.0. The second 
weathering method (carbonation step alone) was more efficient for the mortars. Indeed, 
the final pH was around 8.0-8.9. However, the carbonation was less effective in the case 
of the pure pastes. Indeed, the surface pH reached was higher (8.9-9.3) than for mortars. 
This result could be due to the lower porosity of the pure pastes compared to that of 
mortars. 

 
Biodeterioration test 
Aspergillus niger 
The samples inoculated with Aspergillus niger were incubated for 72 days at 80% RH 
and 24°C. The visual observation indicates a total absence of fungal development on the 
surface of all specimens (Fig. 4). 

While Aspergillus niger is often identified from samples of monuments or 
buildings degraded, its growth on the cementitious materials was not observed. Similar 
results were obtained by Wiktor [18]. However, a significant growth of Aspergillus niger 
on the paper sheet was observed, confirming the good conditions of development. 

 

 _
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 _
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 _
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Fig. 4: Samples inoculated with Aspergillus niger after 72 days of incubation. 

 
Coniosporium uncinatum 
Fig. 5 represents the specimens inoculated with Coniosporium uncinatum after 52 days 
of incubation. 
 

           

      

           
Fig. 5: Samples inoculated with Coniosporium uncinatum after 52 days of incubation. 

 
With the exception of the High Content of Aluminate Mortars (HCA-M), C. 

uncinatum colonies developed on all specimens (black dots). However, for Portland 
cement-based mortars (WP-m and PL-M) these colonies of C. uncinatum were the most 
developed, and with the largest diameter. The fungal growth seems to be lower for 
MCA-M and TSA-M. No fungal colonization was noted on HCA-M. The same trend 
was obtained with pure pastes. The advantage of these samples was that they were 
smoother, and therefore making the colonization more visible. The results of the 
quantification of ergosterol are shown in the fig. 6 and confirm the visual observation. It 
is clear that Portland-based mortars (WP-M and PL-M) are the most colonized by fungi. 
Moreover, these results suggest that the higher the aluminate content, the lower is the 
fungal colonization. Indeed, for TSA-M and MCA-M, the amount of ergosterol is 
halved compared to the Portland-based materials and no ergosterol was detected for 
HAC-M. Furthermore the amount of ergosterol is the same in TSA-M and MCA-M as is 
the initial amount of aluminate. 

HCA-M MCA-M TSA-M HCA-PP MCA-PP PL-M WP-M WP-PP 

HCA-M 

TSA-M 

HCA-PP MCA-PP 

PL-M WP-M 

WP-PP 

MCA-M 
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Fig. 6: Quantification of ergosterol for samples inoculated with Coniosporium uncinatum after 52 days of 
incubation. 

 
For pure pastes, with the exception of CACs, the results are not discriminating, as 

expected. Indeed, the evolution of the amount of ergosterol is consistent with the 
aluminate content of the formulation. However, the difference between WP-PP and 
MCA-PP is very low or even non-existent. 

 
Alternaria alternata 
The results of the biodeterioration test carried out with Alternaria alternata after 52 
days of incubation, are shown in fig. 7. This fungus strongly colonized all specimens 
with the production of spores and the development of black mycelium specific to this 
species on the surface of the specimens. However, the fungal development was 
observed on the surface of the specimen in contact with paper sheet (i.e. the surface 
opposite the inoculated surface with the fungal suspension). The paper sheet was also 
strongly colonized by Alternaria alternata. As in the case of C. uncinatum, matrices 
made of high aluminate content in the cement (HCA-M and HCA-PP) were the least 
covered by fungi. Compared to this the Portland-based samples (WP-M, WP-PP and 
PL-M) were the most biodegraded. 

The results of the assay of ergosterol are shown in the Fig. 8 and confirm the 
strong fungal development mentioned shown by visual observation of the samples. 
Indeed, the amount of ergosterol is around ten times higher than in the case of C. 
uncinatum, and ranges from 1 to 15 µg per sample. Moreover, contrary to C. uncinatum, 
a fungal growth was detected for the binders with high aluminate content (HCA-M and 
HCA-PP). The increase in the fungal growth could be due to the lower surface pH of 
these specimens, compared to those used for C. uncinatum. Indeed, the surface pH 
reached after weathering, was around 8.0-9.3 and 9.3-9.7 respectively in the case of A. 
alternata and C. uncinatum.  

For mortars, WP-M and PL-M are the most colonized by A. alternata, followed 
by TSA-M and MCA-M and then HCA-M. As previously, the order of magnitude of the 
colonization intensity is inversely proportional to the aluminate content of the cement. 
A net difference in the ergosterol content was measured between WP-PP and HCA-PP, 
suggesting, again, a good resistance of aluminous cement to the development of fungi. 
However, the standard deviation obtained for MCA-PP is very high; therefore it is 
difficult to conclude on this formulation. 
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Fig. 7: Samples inoculated with Alternaria alternata after 52 days of incubation. 

 

 
Fig. 8: Quantification of ergosterol for samples inoculated with Alternaria alternata after 52 days of 
incubation. 

 
Fig. 9 shows the relationship between the amount of aluminium present in the 

mortars and the amount of ergosterol. Due to the complexity of the composition in 
aluminate hydrates and in aluminate anhydrous phases of the mortars, it was not 
possible to quantify the amount of aluminate phases present. Therefore a measure of the 
amount of aluminate phases was represented by the total amount of aluminium 
contained in the initial cement (as determined by X-ray fluorescence and expressed as 
aluminium oxide). Despite not knowing the nature and the actual quantity of the 
aluminate phases present, it seems that there is a clear relationship between the amount 
of ergosterol, and thus the fungal colonization of the mortars, with the aluminium oxide 
content. Thus, the higher is the aluminium oxide content; the lower is the fungal growth. 
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Fig. 9: Relationship between aluminium oxide content in the mortars and the amount of ergosterol. 

 
Despite many researches devoted to study the effect of aluminium on cells or 

microorganisms, the mechanism is still not fully understood. Since many years, 
aluminium is described as having bacteriostatic [19], fungicide [20], parasiticide [21] and 
phytotoxic [22] properties. According to the authors, aluminium adsorbs onto the wall 
cells or is absorbed into the cells, resulting in deleterious metabolic effect which induces 
stop or delay in cell division. However, for all the studies, the experiments were carried 
out in acidic media, which highlights only the effect of aqueous aluminium (Al3+). In 
our case, the pH of the medium and of the substrate surface was around 7.5 and higher 
than 8.0 respectively, thus, the expected concentration of Al3+ should be very low. To 
improve the knowledge on the bioreceptivity of CACs, it would be necessary to study 
the toxicity of the stable aluminate phases (AH3, C3AH6), unstable aluminate phases 
(CAH10, C2AH8) and anhydrous aluminate phases (CA, CA2, C2AS). 

 
 

CONCLUSION 
 

The accelerated biodeterioration test proposed in this study is reliable and reproducible 
for the evaluation of the bioreceptivity of cement-based materials to fungal colonization. 
Among the three fungi tested, no fungal growth was only detected for Aspergillus niger. 
However, Coniosporium uncinatum and Alternaria alternata both showed a strong 
development on cement-based specimens. Moreover, the development of A. alternata 
was higher than that of C. uncinatum. Thus A. alternata could be a good candidate to 
evaluate the bioreceptivity of these building materials.  

The ergosterol assay allows the fungal development to be quantified and gives an 
estimation of the extent of biodeterioration. The results showed that, for mortars and 
pure pastes, the specimens composed of Portland cement were the most vulnerable to 
the fungal colonization. Furthermore, as amount of aluminium increases, the fungal 
biodeterioration decreases. Hence, TSA-M and MCA-M were more colonized than 
HCA-M. These results seem to highlight that the bioreceptivity of cement-based 
materials to fungi increases with the decrease in the aluminium (and therefore 
aluminate) content. Despite the high standard deviation, the same tendency was noted 
for pure pastes. 
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