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ABSTRACT




Fungal growth on concrete is a big challenge for building industries, real estate settlement in
the modern world including India. The present study focuses on to prevent the invasive
fungal damage in concrete using UVC and gamma radiation. To achieve this aim, fungi was
isolated from three distinct locations of the fungal infected surface (4 cm? area) of the wall of
200 years old Tagore’s house at Jorasanko, north of Kolkata, West Bengal, India by rubbing a
sterilized cotton swab at a height of 2.5 m from the ground. Subsequently, the cotton swab
was dipped in 1 mL of sterile Czapek Dox broth and then inoculated into the Czapek Dox
Agar plates. For seven days, the plates were incubated at 27 °C and slides were prepared for
each colony. After microscopic observation, the four fungal strains i.e. Aspergillus niger,
Aspergillus tamarii, Aspergillus flavus and Penicillium oxalicum were identified. Thereafter
concrete pieces were inoculated with pure cultures of fungi which were isolated from
Tagore’s house. The weight loss (%) of concrete piece, pH and color change of the fungal
medium, oxalic acid production from HPLC (High Performance Liquid Chromatography)
analysis, calcium leaching from micro EDXRF (Energy Dispersive X-ray Fluorescence
Spectroscopy) study, SEM (Scanning Electron Microscope) images of fungal colonization on
concrete surface after 30 days showed that 4. tamarii imparted the maximum loss compared
to other fungal species. A long term biodeterioration study (Marquez-Penaranda et al., 2016;
Wiktor et al., 2009) of M40 and M20 graded concrete cube was subsequently performed with
pure culture of A. tamarii to observe the changes in the concrete cube. After 180 days, the
loss of weight and compressive strength of the infected concrete cubes (M40 and M20)
compared to the control were 1.20 + 0.01%, 2.22 £ 0.04%, 24.34 £ 0.16% and 25.17 £ 0.12%
respectively. The fungal development and expansion of fungal hyphae into the interior of
concrete cubes, which was deemed to be responsible for crack formation, which clearly
visible in the stereo zoom microscope and SEM images. The micro EDXRF analysis further
revealed that reduction in calcium mass for M40 and M20 graded concrete were 25.36 +
0.05% and 15.68 + 0.09% as well as absence of several spectral bands from FTIR (Fourier
Transform Infrared Spectroscopy) study after 180 days which supported the A. tamarii’s
propensity for such deteriorating effect. Dose selection study was then performed for 30 days
to find out the changes in properties in the A. tamarii infected concrete cube (M20) after
exposure of UVC and gamma irradiation in radiation chamber. According to the concrete
cube’s physical, mechanical, and chemical properties, UVC (5 min) and gamma (0.5 KGy)
radiation were required to prevent fungal biodeterioration without any deterioration of
concrete cube caused by radiation. Radiosensitivity test (Choi and Lim 2016) was performed

to select the most potent dose for complete inhibition of A.tamarii. The investigation

iv



reflected that 4. tamarii was resistant after 5 min UVC and 0.5 KGy gamma exposures in
radiation chamber but 20 min UVC and 1 KGy gamma radiation were needed for complete
depletion of fungal population. Long term inhibition study was performed with M20 grade
concrete for 180 days to observe the efficacy of the selected doses of radiation. Negligible
weight losses (0.28 = 0.09% and 0.72 + 0.08%) were observed in UVC and gamma exposed
infected concrete cubes as well as compressive strength of the cubes were improved
compared to only infected samples. Strong stretching bands and greater calcium content (%)
were also observed via the FTIR and micro EDXRF study in irradiated as well as infected
cubes (66.43 = 0.06% and 54.11 = 0.07%) than the only infected ones. The usage of selected
ultraviolet and gamma radiation doses demonstrated the effectiveness of minimising these
prominent visible and chemical modifications of concrete materials against the growth of A.

tamarii.
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1.1 Concrete

Concrete is an useful widely accepted composite man-made construction material, mainly
constituted with cement, water, sand (fine aggregate) and stone chips (coarse aggregate). By
mixing water and cement, chemical reactions known as sol-gel hydration take place. These
reactions through different stages bind the different matrices together (Nair et al., 2021). The
name “concrete” comes from the Latin term concretus, meaning “to grow together” (Surahyo
et al.,, 2019). The concrete freshly mixed before set is known as wet or green concrete
whereas after setting and hardening it is known as hardened concrete and to be matured for
taking necessary structural strength. Concrete is a cost effective, sustainable choice for
different structures because of its strength, durability, versatility, reflectivity and long-lasting.
It is easy to create and may be moulded into any shapes and sizes. Concrete is widely used
building material in the construction of different structures such as dams, weirs, houses,
foundations, fences, roads, bridges, retaining walls, chimneys, marine constructions, sewers,
pipes, culverts etc are various examples of civil engineering applications. However
deterioration of concrete is an adverse phenomenon of down-gradation of cementitious
materials to a lower vulnerable quality that reduce the life of material. It is defined as the loss
of structural capacity over time resulting from the action of external agents or the leaching
imposes on the material (Sanchez-Silva et al., 2008). When this deterioration is brought about
by biological factors, it is termed as biodeterioration, which is an undesired negative change
in the properties of a material due to the dominant activities of kind of living organisms (Rose
1981; Hueck 1965; 1968). There is a difference between ‘biodegradation’ and
‘biodeterioration’ (Allsopp et al., 2004). When microorganisms modify materials with a
positive or useful purpose it is referred to as ‘biodegradation’ and the negative impacts of a
microbial activity is referred to as ‘biodeterioration’. Though concrete is not biodegradable

but can be deteriorated by the action of biological agents mainly by fungal attack.

1.2 Research focuses on fungal biodeterioration of concrete

In the context of the proposed study it may not be out of the place to mention the fact that
fungi are chemoheterotrophic organisms that are common in subaerial and subsurface
habitats. Autumn and summer are the prevailing seasons with the highest fungal levels in
environment, while winter and spring have the lowest. Geographically, the Southwest, Far
West, and Southeast have the highest levels of fungi. Aspergillus sp., Penicillium sp.,

Cladosporium sp., and nonsporulating fungi which are the most prevalent cultivable airborne



fungi inside throughout all seasons and regions (Di Giulio et al., 2010; Yassin et al., 2010;
Reddy et al., 2017). They actively participate in decomposition, as pathogens and mutualistic
symbionts of both animals and plants, and as creatures that ruin both natural and
manufactured materials (Burford et al., 2003). Most of fungi present in indoors come from
outdoor sources in normal houses and buildings (Nevalainen et al., 2015). Generally fungi
enter a building through windows and doors, through outside air intakes of the ventilation,
heating, and air conditioners, and contaminate building materials and other structural
elements. Till date, fungi were thought to exist indoors primarily in the form of spores (in
singly or groups). The earlier work carried out by some researchers demonstrated that indoor
fungi grown in the culture medium or construction materials, subjected to an air current, able
to release fungal fragments, as individual or group wise in form of spores. Moreover, sick
building syndrome (SBS) (Sykes 1988) is a global phenomenon and a disease confirmed by
the World Health Organization (Thach et al., 2019; Sarkhosh et al., 2021) predominantly by

the active fungal ingress. Some of the deterioration effects on building surface are exhibited

below (Fig. 1.1).

Fig. 1.1 Surface of concrete walls covered and affected by fungal biofilm (Kurth et al.,
2008).

Microorganisms (bacteria, cyanobacteria, fungi, algae, and lichens) play a significant role in
the overall deterioration of construction materials, such as concrete, mortar, stone, slurries
and paint coatings, glass and metals etc (Pinar and sterflinger 2009; Kurth et al., 2008). Fungi
are amongst the most harmful organisms associated with the deterioration of inorganic and

organic materials (Urzi et al., 2000). Now a day’s mold growth in homes is one of the vital



problems in the house construction industry. In most of the buildings, the main reason of
mold growth is seepage. The cement constructed walls of the buildings with internal seepage
either due to rains or leakages in washroom or air conditioning system which supports indoor
fungal growth. In suitable temperature and humidity for their growth, in form of fungal
colony and degrade the properties of concrete, which are dependent on the availability of
nutrients and carbon sources. Sometimes in various environments the fungal species are
called as bio indicators of indoor air pollution (Cabral 2010). Concrete weathering, abrasion,
deterioration, carbonation, corrosion, and chloride ion penetration are caused by physical,
mechanical and chemical factors. This phenomenon shortens the concrete’s lifespan and
hiking the maintenance cost. Fungi release organic acids that react with free lime Ca(OH); in
the alkaline concrete to form highly soluble calcium salts. The pH in the pores of concrete
drops when calcium salts are leached and the cement paste’s binding agent’s remains to be
unstable. As a result, unstable material is easily removed by mechanical impacts and becomes

fragile.

It is difficult and expensive to repair or replace deteriorated concrete structures. The annual
loss worldwide from fungal attacks on archives, apparel and construction materials are over
Rs 2.7 lakh crores (US$40 billion) as stated by Allsopp (2011). In Hamburg, Germany, one
percent of the building’s cost or Rs 2,28,000 crores ($25-$30 billion), is spent on
maintenance annually to combat deteriorating effects to be imposed by biological, physical

and chemical invasion (Sand and bock 1991).

In the present investigation, fungi affected historical buildings are taken into consideration
and field observations are done. After thoroughly examination, lots of mold in wood,
concrete, marble and painting surfaces are physically observed. To collect samples sterile
cotton swabs were used to wipe the deteriorated building’s walls. The samples were then
immediately transferred to Czapek Dox Agar plates. After seven days of incubation the
fungal species were identified in compound microscope. This study revealed that fungi
present in this heritage building were Aspergillus niger, Aspergillus tamarii, Aspergillus
flavus and Penicillium oxalicum. This finding motivated the researcher to carry out further
research for exploring how the fungal species biologically deteriorates the physical,
mechanical, chemical and aesthetic properties of concrete. In this matter, no such integrated
study has been carried out in detail in the past to identify the fungi, loss determination and
prevention by some important physical radiological phenomenon to eradicate the problem.
The present research is addressed for the reduction of such gap.
4



Most taxa in the kingdom fungi are known for their filamentous growth habit and special
ability to develop by extending their hyphal tips. Moreover, filamentous fungi have strong,
flexible cell walls that allow them to penetrate into concrete materials to seek and acquire
nutrient resources. Indeed, filamentous fungi can colonise and grow in concrete structures
under favourable conditions of temperature and moisture, provided they have access to
enough nutrients, energy, and organic carbon sources. This can have a detrimental effect on
the concrete's physical, mechanical, chemical, and aesthetic properties (Tong 2018). Gene of
fungus or phylum of fungi responsible for such corrosion and identification needed for that.
Furthermore, necessary methods and assessment for remediation of fungal affected materials

is the present scope of study.

To address this critical issue, a variety of techniques have been developed, including the use
of fungicide in paints and the use of Ca(OH),, SiO,, and ZnO nanoparticles during white
wash (Sierra-Fernandez et al., 2017; Aldosari et al., 2019; Heaton et al., 1991). The use of
UVC and gamma radiation to prevent microbial contamination of concrete materials has only
recently been described in few research studies (Borderie et al., 2012; Kontani et al., 2014;
Van Der Molen et al., 1980; Caneva et al., 2008). Radiation-related knowledge on the
physical, mechanical, and chemical deterioration of concrete materials was thought to be
scarce up till date. With this view point, the present studies has been undertaken to choose an
acceptable UVC and gamma radiation exposure dose to prevent fungal biodeterioration of
concrete with the least possible loss of the materials in its physical, mechanical, and chemical
properties. On fungus inoculated on concrete, a growth environment extremely similar to that
actually found on buildings, the effectiveness of the UVC and gamma exposure strategy to

restrict the fungal biodeterioration for some time duration was also established.

1.3 Prevention of fungal biodeterioration of concrete

The preservation of a nation’s historic structures is the engineers and architects top priority.
Ionizing and non-ionizing radiation have successfully been used in the recent past years to
disinfect cultural heritage structures with the assistance of libraries and museum authorities
(Fuentes et al., 2022; Bertrand et al., 2023). Additionally, a lot of materials can be irradiated
at once. It thus became possible to sterilise, decontaminate, and disinfest foods, cosmetics,
pharmaceuticals and medical supplies in addition to doing irradiations for study (Katusin-

Razem et al., 2003). This technology does not harm the environment or leave any residue



behind. Therefore, there is no risk to the environment or to conservators/restorers, museum

curators and registrars, or operators of irradiation facilities.

According to a recent study, various items may respond differently after exposure to
radiation. It is dependent on the radiation dose and the substance (Badarloo et al., 2022;
Olarinoye et al. 2023). In addition to eliminating mould, a high radiation exposure also
causes the substrate to degrade substantially. With a wavelength of 10 nm to 400 nm,
ultraviolet radiation has an electromagnetic spectrum that is shorter than visible light but
longer than X-rays. UV radiation is splitted into three groups based on wavelengths: UVA
(315400 nm), UVB (280-315 nm), and UVC (100-280 nm). UVC is the only ray that the
ozone layer totally filters off, unlike UVA and UVB. UVC is the portion of the solar
spectrum that is particularly destructive to bacteria, fungi, and algae because it contains
extremely energy containing photons. In contrast to conventional disinfection methods,
gamma rays are electromagnetic waves with tremendous penetrating power that can flow
through materials without leaving any toxic trace (Maity et al., 2005; Da Silva et al., 2006).
Through ionization, this sterilising procedure directly harms cell DNA, causes mutations, and
finally destroys the cell. It also encourages the production of reactive oxygen species (ROS),
free radicals, and peroxides through the radiolysis of cellular water, which breaks single and

double strands of DNA (McNamara et al., 2003).

The outcome of the present investigation will be helpful for knowledge base research
findings of deterioration of concrete materials due to fungal attack in indoor environment and
to examine the physical, chemical, mechanical and aesthetic properties. These findings also
support for standardization of some non-destructive method such as application of ultraviolet
and gamma radiation for reduction of such fungal deterioration. Also, the degradation
mechanism of concrete against radiation are investigated and results of gamma ray irradiation
tests on cement paste samples also presented to provide a better understanding of the

interaction between radiation and concrete.

It is addressed at both the ionizing radiation community (engineers, scientists and technicians
working in various field such as environmental technology, radiation technology, radiation
chemistry and radiation biology) as well as the conservation community (registrars, curators,
conservators, conservation scientists, archaeologists) active in the different fields of cultural

heritage (museums, libraries, archive, historical buildings).



1.4 Organization of thesis

This dissertation contains following chapters organized to translate the entire research work

under present investigation.

Chapter 1 mainly covers introduction, genesis of the problem statement and brief objective of

the work as introduction.

Chapter 2 review of literature mainly focuses on the brief review of literature of the present

research work.

Chapter 3 stated objective and scope of work.

Chapter 4 introduces the methodology of this dissertation in detail.
Chapter 5 is the result and discussion of the present research work.

Chapter 6 stated a conclusion of this dissertation as well as recommendation on scopes of

future work.

Chapter 7 all the research work referred in this dissertation has been listed in the reference

section.

Chapter 8 contains the publications and conference proceedings related to the present

research work.



CHAPTER -2

LITERATURE REVIEW




2.1 Micro-fungi in indoor environment

Majority of time is spending in indoor environments such as houses, schools, colleges, offices
for which the quality of indoor air becomes very important. The presence of few numbers of
airborne microorganisms in such places a normal, but an increase of their concentration level
could be a sign of disease risk factor. When fungi were present in an indoor environment,
they were typically very prevalent and difficult to prevent. In an interior environment,
microorganisms were usually not spread uniformly. The first stage in identifying the causes
and effects of building-related deterioration is the detection and species identification of all

fungi present in indoor environments.

A study conducted by Mui et al., (2007) in the air-conditioned offices in Hong Kong, which
were comparable to several other Asian cities, Aspergillus sp., Cladosporium sp. and
Penicillium sp. were found to be the most prevalent fungal species. This can be explained by
the climate of the city, where the daily mean relative humidity ranges from 30 to 97% and the

daily maximum and minimum air temperatures are 35 °C and 60 °C, respectively.

A further study conducted by Yassin et al., (2010) revealed that seven genera of fungi, mainly
Aspergillus species, were isolated from the science laboratory and classrooms of Kuwait
University. In the investigation, Aspergillus niger and Penicillium sp. fungal spores were

found.

Similar type of research work was also performed within the passengers (platform, station
precinct and passenger carriage) and workers (bedroom, station office and ticket office)
activity areas of the Seoul metropolitan subway (Kim et al., 2011). The station precinct and
employees' bedroom had some of the highest amounts of airborne fungi among the places
that were tested. The genera identified in all activity areas of the subway were Penicillium

sp., Cladosporium sp. and Aspergillus sp.

Indoor air of a hospital may affect not only the patient’s health, but it can also have an impact
on hospital staff members' interactions with patients. In order to ascertain the abundance and
variety of airborne micro-fungi in both indoor and outdoor environments, a further
investigation was carried out at the government hospital in Turkey (Okten et al., 2012).
According to the findings, there were 2469 bacterial colonies and 1376 micro fungal colonies

in the hospital environment. Cladosporium sp. had the highest percentage of colonies among



these (33.58%). There were also a few more species discovered, including Aspergillus sp.,

Penicillium sp. and Alternaria sp.

A study by Naji et al., (2014) showed that Aspergillus was the most prevalent genus (48.9%)
as discovered in National Museum, Yemen. A. niger (25.53%) and 4. flavus (10.63%) were
the two most prevalent species, while A. fumigatus, A. candidus and A. ustus were isolated in
low frequency. Penicillium and Cladosporium were isolated in considerable amounts (14.89

and 12.76%) respectively.

Deterioration factors like viable spore load, species diversity and species dominance in three
seasons in the museum in Kolkata, India had been reported by Bhattacharyya et al., (2016).
Monsoon season found to be the highest concentration of spores in the museum's living room,
while winter season had the lowest concentration in the library. Paecilomyces sp. (50.8%)
had the highest spore percentage, followed by Aspergillus sp. and Penicillium sp. However,
the eleven dominant fungal species were not evenly dispersed in the indoor environment of
the study area throughout the year and significant variations were observed in between

different rooms.

A different study was performed in indoor and outdoor air of twelve kindergartens in Rasht,
Iran (Chegini et al., 2020). The predominant genera of the airborne fungi in kindergartens
were Aspergillus flavus, Aspergillus terreus, Penicillium sp., Cladosporium sp., Alternaria
sp., Ulocladium sp. and Rhodotorula sp. Staszowska (2023) investigated the prevalence of
airborne fungi in the library of the Lublin University of Technology, Poland. The study
revealed the presence of most common airborne fungi such as Aspergillus sp., Penicillium sp.

and Cladosporium sp.

2.2 Biodeterioration of concrete structures

In this section, comprehensive reviews of literatures highlighting the fungal influences on
concrete structures were presented. After construction, concrete is typically resistant to
biological attack because of its high alkalinity (Sand 1987). Biodeterioration can be broadly
classified into three main categories: (a) biophysical (b) biochemical and (c) aesthetic,
depending on the biodeteriogens, the type of the material, and environmental conditions
(Gaylarde et al., 2003). In many regions of the world, the environmental deterioration of

concrete infrastructure is a major, widespread, and expensive issue. Following are some of
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the research studies which have been carried out to evaluate the deterioration of concrete by

microorganisms.

Perfettini et al., (1991) discovered that the overall porosity of cement samples (discs with
thickness 4 mm and diameter 70 mm) increased to 31% after 11 months of exposure to A.
niger in comparison to the uninoculated control, which had a porosity similar to about 20%.
A. niger's production of oxalic acid and the creation of insoluble calcium oxalate perhaps be

responsible for the similar amount of Ca that leached under both the circumstances.

Melanin and other extracellular polymerization products from fungi are the main causes for
the pigmentation (Krumbein et al., 1992). Wollenzien et al., (1995) isolated the filamentous
and micro colonial fungi which majorly came from the stone monuments in the
Mediterranean region. Melanin production is a characteristic of the majority of strains. In dry,
humid and warmth environments, melanin synthesis was thought to be essential for the
survival of micro colonial fungi on rock. Roughness on the concrete surface is typically
caused by the erosive action of water or the friction of structural parts with other materials

(Ribas-Silva 1995).

Research work was performed to evaluate the biodeterioration of concrete by fungus, and to
measure calcium release and weight loss of the concrete specimens (Gu et al., 1998). Studies
showed that the presence of Fusarium sp. promotes concrete deterioration. This study tracked
the weight variations of concrete samples that were exposed to fungus for up to 120 days.
Once the precipitates were gently brushed off by a brush, a concrete sample exposed to
Fusarium sp. showed up to 6% weight loss. However, during the incubation phase,
inoculation with Fusarium sp. considerably improved the process of calcium release from
concrete. On the outside of the test samples, released calcium may have formed soluble
precipitates with organic acids generated by fungus. Moreover, SEM micrographs (Fig. 2.1)
revealed that fungus were capable of etching concrete and extending the fungal hyphae into
the concrete's core, expanding the damaged area and increasing porosity (Gu et al., 1998;

Gaylarde et al., 2003).
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Fig. 2.1 Fungus hyphae observed on the deteriorated surface of a concrete bridge pier

submerged in a contaminated river (Gaylarde et al., 2003).

Mehta (1999) explored whether the calcium salts that are produced when calcium hydroxide
reacts with oxalic, tartaric, tannic, humic, hydrofluoric or phosphoric acid fall under the
category of insoluble, non-expansive calcium salts. In the alkaline concrete (pH around 13),
lactic and acetic acid react with free lime Ca(OH), to form highly soluble calcium ions. If the
salts are leached, the pH in the pores of the concrete drops, which makes the cement paste's
binding agents unstable and then easily eliminated by mechanical impacts from washing or
animals. In another study, Sanchez-Silva et al., (2008) found that microorganisms affect the
concrete mainly by eroding the exposed concrete surface, decreasing the protective cover

depth and increasing porosity that accelerate cracking and other problems.

A three-month investigation on the bio-deteriorative effects of several fungal strains on a
cementitious matrix was developed by Wiktor et al., (2009). The main impact of the results
was aesthetical biodeterioration. Findings indicated that fungal growth had been taking place
under these experimental circumstances since the first week of incubation. In particular,
hyphae were seen inside the matrix of samples injected with Alternaria alternata and
Coniosporium uncinatum, penetrating via the cracks caused by the accelerated weathering of
the matrix. These measurements allowed us to estimate the depth of microbial colonisation at
130 pum. While periodic acid schiff (PAS) staining revealed that the true extent of microbial

growth on and within the matrix, as the later confirmed by SEM observations of cross section
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showing the penetration of hyphae inside the matrix, stereomicroscopy observations revealed

that microbial growth was only noticed on the surface of specimens.

The effect of the activity of sulfur oxidizing bacteria (SOB) on concrete structures has been
linked mainly to weight loss and compressive strength (Marquez-Penaranda et al., 2016).
Here, samples of cement mortar exposed to an environment high in H,S were inoculated with
pure cultures of Acidithiobacillus thiooxidans and Halothiobacillus neapolitanus. Over the
course of 300 days, physical property changes were measured. After 300 days, weight loss in
the samples inoculated with Acidithiobacillus thiooxidans and Halothiobacillus neapolitanus
was 4.6 and 2.4%, respectively. Samples inoculated with the consortium lost more than half
(52%) of their initial strength, whereas control samples did not exhibit any significant
strength differences. Algae present in mixing water or on the surface of the aggregate either
reduces bond by combining with the cement or decreases the strength of the concrete by

entraining a lot of air (Duggal 2017).

Yakovleva et al., (2018) inoculated concrete beams (160 X 40 x 40 mm) with Penicillium
brevicompactum, submerged the lower half in a culture medium, and exposed the upper
surfaces to a humid environment. After a short incubation period of 28 days, surfaces that
were both immersed and exposed exhibited signs of fungal degradation. Yet, in this instance,
compared to the uninoculated control, Ca leaching of immersed and exposed concrete
inoculated with fungus increased by roughly 41 and 32%, respectively. No significant
changes in the percentage of other trace elements were detected (Fig. 2.2). The flexural and
compressive strengths of infected concrete were also decreased, compared to the control
samples. It was interesting to note that concrete samples with greater initial strengths were
less likely to experience strength loss as a result of fungus infection. As a result, 4. niger
lowered the flexural and compressive strengths of concrete with an initial compressive
strength of 400 kg/cm” by 0.46 and 1.5% respectively and for concrete of higher initial
compressive strength equivalent to 1000 kg/cm® they were reduced to a smaller extent by

0.21 and 0.41% respectively.
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Fig. 2.2 Composition of components in concrete surface layer A) without treatment; B)
surface totally submerged in P. brevicompactum culture medium for 28 days; C) concrete

surface in contact with air in container for 28 days (Yakovleva et al., 2018).

Organic acids were metabolic waste products released by fungi to change (acidify) and
improve the growing circumstances of their immediate external environment. These acids
react with calcium and play a significant role in the chemical biodeterioration of concrete.
The main filamentous fungus and often released organic acids implicated with concrete
fungal influenced degradation (FID) are listed in Table 1. Environmental factors had an
impact on the types and amounts of organic acids released, which had significant
repercussions for the development of FID (Magnuson and Lasure 2004). The reaction
between organic acids released by fungi and the Ca*" ions in concrete that resulted in the
formation of soluble Ca salts that cause Ca leaching and insoluble Ca salts that cause
expansion attack is what drives the degradation mechanism (De Windt and Devillers 2010).
Citric acid was shown to be the most aggressive acid and oxalic acid to be the least

aggressive acid for cementitious materials, according to Bertron (2014).
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Table 1 Organic acids released by Aspergillus sp. that are involved in FID.

Fungal taxa

Organic acids

Reference

Aspergillus
sp.

Oxalic

Dutton and Evans (1996)

Oxalic, acetic, formic, fumaric, gluconic,

glyoxylic and itaconic

Sterflinger (2000)

Succinic

Vazquez et al., (2000)

Oxalic, citric, acetic, fumaric, pyruvic,
gluconic, lactic, formic, propionic and

butyric

Jestin et al., (2004)

Oxalic, citric, succinic, gluconic

Rashid et al., (2004)

Oxalic, citric, succinic, gluconic

Fomina et al., (2007)

Oxalic, gluconic

Chuang et al., (2007)

Oxalic, acetic, lactic, citric, malic,
ascorbic, butyric, fumaric, formic,
gluconic, itaconic, isobutyric, propionic,

succinic and tartaric

Liaud et al., (2014)

Oxalic, acetic, lactic, citric, malic, tartaric

Yakovleva et al., (2018)

Oxalic, acetic, lactic, citric, malic, fumaric,

succinic

Nonthijun et al., (2023)
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Hydrolytic enzymes, such as proteases and lipases, were discovered to be secreted by
Aspergillus strains isolated from old concrete buildings as reported by Ilinskaya et al., (2018).
A secreted enzyme known as keratinase as characterized with filamentous fungi including
Aspergillus, Fusarium and Trichoderma, reacts with amino acids to form thin ettringite
needles that cause cracks in concrete (Cody et al., 2001; Kumar and Kushwaha 2014).
Ettringite formation in fresh concrete plays a very promising role by decreasing the setting
time and enhancing the early strength of the concrete matrix due to hydrous in nature.
Nevertheless, ettringite creation in hardened concrete as shown in Fig. 2.3 might result in the
development of cracks, indicating that this formation was one of the mechanisms causing
fungal influenced degradation (FID) of concrete (Hanehara and Oyamada 2010). These
mechanisms would permit the infiltration of water, nutrients, and organic matter as well as
additional infiltration of acids and enzymes, that establish a favourable environment within
the concrete matrix for promoting fungal colonisation and growth. Internal pressure might
potentially cause fragmentation and disintegration as fungal hyphae penetrate in deeper
region into the concrete matrix. This could result in wider crack formation, increased surface
exposure and ultimately more fragile degradation (Ilinskaya et al., 2018; Sterflinger 2000).
The impact of microorganisms on concrete structures can be categorised according to how
they affect concrete surfaces, concrete matrices, cracking and crack progression as seen by

Scanning Electron microscope (Amann et al., 1990).

Fig. 2.3 Formation of ettringite in hardened concrete structures (Portland cement

association, 2001).
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A possible framework (Fig. 2.4) of the chemical and physical mechanisms involved in the
fungal influenced degradation of concrete as descried by Ilinskaya et al., (2018). At first
fungi formed a biofilm on concrete which was followed by the excretion of organic acids by
the fungi. The organic acids reacted with calcium within concrete and formed soluble calcium
salts resulting in leaching of calcium as well as insoluble calcium salts causing expansion
attack. Fungi could secrete enzymes in addition to organic acids, combined with amino acids
also secreted by fungus to form thin ettringite needles. Therefore calcium leaching, expansion
attack and volume increased porosity and cracks were formed. Salts and water percolated
through these cracks which initiated corrosion. As a result, the number of spore increased and
surface growing hyphae penetrated into the concrete materials and caused further

degradation.

Chemical attack
: Soluble calcium »
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calcium acetate)

Organic acids (e.g.
acetic acid) secreted
by fungi + Ca within
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Ca leaching
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Fig. 2.4 Hypothetical framework of the chemical and physical mechanisms involved in FID
of concrete (Ilinskaya et al., 2018).

2.3 Overview of methods to control the biodeterioration of concrete

2.3.1 Biological Methods

2.3.1.1 Biocidal treatments with compounds of natural origin

Both organic and inorganic materials may be treated with natural biocides, which were seen
as being safer for people and more environmentally friendly. Several of these products were
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extracted from plants and can be used as essential oils, crude extracts, or in their pure form.
According to Tayel et al., (2016), plant burning fumes can be used as a powerful substitute to
chemical fungicides because they totally sterilise the fumigated archive while leaving no
changes to the colour or surface structure of the specimens. Also, since fumes were removed
after treatment, residues did not remain in the treated materials and fumes did not promote the

growth of additional microorganisms.

Volatile extracts obtained from /llicium verum, the flower buds of Coptis chinensis, Quercus
infectoria, Phellodendron amurense and Syzygium armoaticum were successfully tested with
isolated fungal biofilm on the stone monuments in South Korea (Jeong et al., 2018). Eugenol,
which was separated from clove extract, demonstrated the strongest antifungal properties.
The stable emulsifiers Tween and Span were combined with the volatile organic molecule. In
order to prevent the formation of bacterial biofilm, Bogdan et al., (2018) studied in vitro the
antibacterial activity of weed extracts and their integration into waterborne paints. The
extracts were collected from Dipsacus fullonum, Rapistrum rugosum, Raphanus sativus,
Nicotiana longiflora, and Sinapis arvensis weeds, being vegetables extensively used in
traditional medicine as antibacterial substances. Results of this investigation have showed
that the Nicotiana longiflora based paint was effective in preventing the growth of biofilms

caused by Staphylococcus aureus and Escherichia coli.

To remove biofilm from a travertine wall at the Sapienza University in Rome, essential oils
obtained from Origanum vulgare, Thymus vulgaris, and Calamintha nepeta and their primary
components (carvacol, thymol, and pulegone) were prepared within a hydrogel matrix
composed of Calcium chloride, Gelrite, polyvinyl acetate, and Acemoll CC (Genova et al.,
2020). Strong antimicrobial activity was showed by Thymus vulgaris and Origanum vulgare
essential oils in in vitro assays, and this activity was subsequently confirmed in situ
applications on biofilm recovered from beneath the floor mosaic tesserae in the Greco-Roman
archaeological site of Solunto, Sicily (Italy) (Casiglia et al., 2020). According to a separate
study, biofilm growth was significantly impacted by the antibacterial activity of a 15%
solution of 7. vulgaris essential oil. The two main chemotypes found were carvacrol and
thymol. Recently, the volatile components of the same essential oils, 7. vulgari and O.
vulgare, were utilised to stop the fungus Aspergillus flavus from causing biodeterioration

processes (Palla et al., 2020).
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2.3.2 Chemical Methods
2.3.2.1 Traditional chemical biocides

Biocides were used to curb the outbreak, but they largely failed over time (Gu 2003).
However partly found effective, but the use of biocide had some unfavourable consequences,
particularly in terms of ecotoxicology. Martin-Sanchez et al., (2012) carried out a separate
research to addressing the community of fungi, distinguished by black stains, in the Lascaux
Cave, France where a Fusarium solani outbreak took place. Two samples of the black stains
were taken before and after the biocidal treatment, respectively, to test the antifungal efficacy
of the substance. The "Devor Mousse" biocide that was employed was mostly made of
compounds such quaternary ammonium, 2-octyl-2H-isothiazol-3-one, benzalkonium
chloride, and Parmetol. A new breakout of black spots appeared after applying biocide for an
exposure time of four months, and they gradually started to fill the cave. According to Nugari
and Salvadori (2017), ethylene oxide, which has been banned in many nations due to its
carcinogenic and mutagenic properties, was the only gas for fumigation (the use of poisonous

gases in airtight boxes) that was effective against insects and fungus.

It is frequently necessary to conduct in situ pilot tests to calibrate biocidal treatments on the
specific study scenario (species, site) if a biocide strategy is intended to reduce microbial
development on a heritage surface. Favero-Longo et al., (2017) investigated of five biocides
(BiotinT, BiotinR, DesNovo, Preventol RI80 and Lichenicida 464) against lichens which
revealed that various biocidal agents and application techniques showed wide variation on
efficacies against every species examined. Also, the effectiveness of a biocidal treatment
against a particular species of lichens varies amongst different heritage sites. Des 50 and
BiotinT, two other commercial biocides that were more efficient against gram positive

bacteria than gram negative, were applied to non-pathogenic bacteria (Dresler et al., 2017).

Recent studies have looked upon the effectiveness, durability, and environmental advantages
of organic Dbiocide agents. Two commercial biocides, Preventol  RI80
(didecyldimethylammonium chloride, 2-octyl-2H-isothiazole), and Biotine T (2-octyl-2H-
isothiazole and Quaternary Ammonium Salts) were used against lichen thalli to test the
physiological recovery of the thalli. After the application of biocides, a significant
physiological change was noted. It was discovered that Preventol R180 was more efficient
and altered quickly the physiological processes (Vannini et al., 2018). An investigation
through laboratory research and field testing, Jeong et al., (2018) found that the antifungal
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capability of the compound Eugenol derived from natural medicinal clove was stronger. It
was found to be significantly reduced the microbial activity and shown excellent anti-fungal
efficacy. Fungicides made from vegetable essential oils show promising and are safe for the

environment.

Dimethyl sulfoxide (DMSO) in a solvent gel has been utilised as the active ingredient to
remove microbial colonisation on stone as an alternative to conventional biocides and
contrasted to biocides currently used in heritage conservation (Toreno et al., 2018). DMSO
solvent gel was shown to be effective at cleaning stone and was seen as a feasible alternative
to commercial biocides because it was affordable, easy to use, and did not interfere with
pigments. The Auschwitz-Birkenau State Museum in Oswiecim, Poland, disinfects new and
historical objects with vaporised hydrogen peroxide, which has comparable effects to

ethylene oxide, according to more recent study (Anna et al., 2020).

2.3.2.2 Nanoparticles

Gutarowska et al., (2012) investigated a case study in Poland for exploring efficacies of
nanoparticles on eradication of fungal ingress on masonry concrete structures. They found
Aspergillus sp., Aureobasidium sp., Alternaria sp., Penicillium sp., Cladosporium sp.,
Chrysonila sp., Paeciliomyces sp., Trichoderma sp., Rhizopus sp., Mucor sp., and Botrytis sp.
were the most prevalent fungi discovered in six museums in this country and archives in
Poland. They showed that the microorganisms on the surface of the documentary heritage
works could be effectively removed by a concentration of 10-100 nm nanosilver particles at

90 ppm.

The introduction of metal oxide nanoparticles as additives quickens chemical processes
during initial hydration, strengthening cement composites. The amount of calcium silicate
hydrate (C-S-H) in the concrete increases as a result of the reaction between the metal oxide
nanoparticles such as TiO,, Al,Os, Fe;Os, Si0O, and the Ca(OH), contained in the concrete.
This phenomenon imparted more compaction, lowering the permeability, and improves the

mechanical properties of the material (Hanus and Harris 2013).

In vitro tests conducted by Van der Werf et al., (2015) revealed that the bioactive
characteristics of Estel1100/ZnO nanocomposite material against the mould Aspergillus niger
be favourable. The findings of this investigation showed that zinc oxide nanoparticles (ZnO

NPs) can be used in matrices at a tenfold higher concentration than silver nanoparticles (Ag
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NPs) without changing the substrate colour and exerting long-lasting bactericidal activity on
the substrates. CuO/SiO, nanocomposites were developed by Zarzuela et al., (2017) using the
sol-gel method used as multifunctional protective coatings for historical structures. They
investigated a reference laboratory yeast and bacterium on slabs under laboratory condition
and they established that the most plausible mechanism for the biocidal impact is the release

24 .
of Cu”’ ions.

Nanoparticle has been found to be an extremely powerful additive for modifying the
cementing products, even at very low concentrations (Reches 2018). The main modifications
was accomplished with an exposure a 1-2-hour reduction in setting time, a 4 to 75% increase
in diffusivity, a 5 to 25% increase in strength, and a 0-30% increase in residual strength for
thermal durability. Due to their small size and huge surface area, nanoparticles have a special
reactivity. As biocides for masonry materials, two nanocomposites based on titanium dioxide

and silver nanoparticles had been employed successfully (Becerra et al., 2019).

A separate study as carried out by Bhattacharyya et al., (2022) showed that fungal species
such as Aspergillus tamarii weakens the physical, chemical and mechanical properties of
concrete hence deteriorate, but the use of silicon oxide nanocoatings can successfully stop the
fungus growth as well as prevent deterioration. The apparent aesthetic modifications
apparently take place due to the contamination by fungus through the colour change of cube
surface although the nanocoated concrete cubes showed a slighter alteration compared to the
biodeteriorated cubes. The stereo graphs showed that the fungus-infected concrete surface
was more exposed than the nanocoated ones. Due to rapid carbonation and calcium ion
leaking into the media, biodegraded cubes of higher alkalinity than nanocoated ones and
capable of changing the chemical composition were seen by SEM images (calcite crystal
formation). Furthermore, the FTIR and EDXRF analyses validated the chemical alterations

for which in the larger context influence the concrete's weight and compressive strength.

2.3.3 Physical Methods
2.3.3.1 UVCirradiation

Van Der Molen et al., (1980) did a pioneer work on the use of UV irradiation to prevent

biofouling of heritage structural materials. To treat some of the portions of the walls invaded

by microorganisms at St. Stephanus Church, Pilsum, Germany the authors created a Mobile

Ultra Violet Unit (MUVU). They indicated that UV treatments were effective in eliminating

microorganisms, but any details regarding the type, power, or time of UV exposure has been
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not mentioned. A separate study as carried out by Ishida et al., (1991), showed that UVC light
(254 pW/cm?) killed most Candida organisms within 5 min. Certain fungi can grow after
phototrophic cells die on the excreted organic matter because they are resistant to UVC
because of pigments like melanin. This was found to be disadvantage that needs to be

considered while using this practise.

When exposed to UV light, species that can thrive in both aquatic and terrestrial settings, like
cyanobacteria, have developed survival mechanisms. The aquatic Tolypothrix UU 2434 was
destroyed after exposure to UVC for half an hour, in contrast to the terrestrial Tolypothrix, T.
byssoitka, which was isolated from the stone surface of the Sun Temple in Konark, India
(Adhikary and Sahu 1998). It was found that exposure to UVC light for 45 min was enough
for inactivation of fungi (Ozcelik 2007).

According to Caneva et al., (2008), UVC irradiation could be utilised to eliminate
microorganisms contaminating heritage materials. They also reported that only UVC
irradiation is not the unique method for preventing the spreading of microorganisms on
structural materials such as paper, wood, concrete, etc. in addition to harmful effect on the

material properties.

Fig. 2.5 UVC treatment on a green algae contaminated wall (Borderie et al., 2012).

Research laboratory for historical monuments tested the effects of UVC treatment on a green
algae-infested wall (Borderie et al., 2012). The study was conducted in the Department of
Aisne, France. A 16 hour UVC exposure treatment with 30W was applied during the night.

Fig. 2.5 shows observations from this initial test. Before the treatment, the algal biofilm
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covered a significant portion of the wall in the first image [2.5(A)]. The algal biofilm was
greatly affected by the 16 hour UVC treatment [2.5(B)], confirming by shown a total

discoloration and entirely disappearing.

Cyanobacteria, which kill through photosynthesis and eukaryotic algae, were both harmful by
prolonged exposure to UVC radiation (PS II is extremely susceptible due to their protein
absorption) (Borderie et al., 2015). In addition, Pfendler et al., (2018) asserted in situ UVC
treatment was more effective, quicker, less expensive, and ecologically friendly than
chemical treatment. However, several radiation treatments were necessary to treat biofilms

due to the layers of cells arranged upon each other and the low penetration of UV light.

2.3.3.2 Gamma irradiation

According to Hassanein (1987), Aspergillus flavus grew more rapidly at lower gamma
radiation doses, and was completely inhibited at 3000 Gy. Irradiation at 0.5 KGy gamma
dose completely eliminated degradation by Alternaria alternata (Barkai-Golan et al., 1993).
Also 750 Gy was the critical dose for inhibiting the degraded fungi. However, radiation
resistance in filamentous fungi varies greatly, ranging from being highly radiation resistant to
being extremely radiation susceptible (Mironenko et al., 2000). A further study were carried
out by da Silva et al., (2006) to determine the gamma radiation dose at which fungi may be
rendered inactive. Representatives of Acremonium, Aspergillus, Cladosporium, Fusarium,
Penicillium and Trichosporon were among the fungi that were isolated, identified, and treated
in a Co® irradiation unit with doses ranging from 14.5 to 25 KGy. The fungi needed to be
killed by a minimum dose of 16 KGy.

Unlike UV radiation, gamma radiation can profoundly penetrate objects; as a result, the
applied inhibitory dose will be felt throughout the entire object (Ponta 2008). According to
Geba et al., (2014), raising the irradiation dose above 10 KGy had a significant impact on the

tested specimens' mechanical resistance and loss of elasticity.

From an archaeological painted coffin, Geweely et al., (2014) isolated Alternaria alternata,
Aspergillus niger, Aspergillus ochraceous, Cladosporium herbarum, Curvularia eragrostidis,
Fusarium moniliforme and Penicillium expansum. Experiments were then carried out to
determine the effectiveness of gamma sterilisation on the fungal degradation of the painted

coffin. XRD, EDX with SEM, and FTIR were applied for analysis and the inquiry. The
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growth parameter rapidly dropped to approach the lethal dose at 2000 Gy when the gamma

radiation exposure grew over 250 Gy.

A wooden cashbox that was a Korean cultural artifact and was kept at a local museum was
subjected to gamma radiation for decontamination (Choi and Lim 2014). The isolated strains
were Aspergillus niger, Penicillium verruculosum and Trichoderma viride. Each strain's
susceptibility to gamma radiation was evaluated, and radiation at a dose of 5 KGy rendered it
inactive. The cash box was thus gamma radiated with the above dose and consequently
disinfected. When the wooden currency box was retested to look for biological contamination

two months following its radiation, no fungi was traceable.

According to Craeye et al., (2015), compressive strength found to be reduced as total
radiation exposure is progressively increased. Also, they discovered that samples that had
been exposed to radiation for a longer period of time at higher dose rates (1.36 KGy/h), had a
greater loss in compressive strength. Low radiation rates (2—8 Gy/h) did not show this impact.
Furthermore, weight loss in cement products was seen under irradiation; likely to be related
to the loss of unbound, physically bound, and chemically bound water. Yet, in conditions of
high radiation exposure, the atomic structure of some aggregates used in concrete may

change from crystalline to deformed amorphous (Field et al., 2015).

2.3.4 Advantage and drawbacks of the control methods

On the basis of all these methods as described above can be summarized below in tabular

form.
Control
Advantages Drawbacks
Strategy
Not selective against
Safer for people and more particular biodeteriogens.
o environmentally friendly than )
Biocidal . - The harvesting season,
) conventional biocides. ] .
Biological | treatments with geographic region, and other
Methods | compounds of Easy to apply. agronomic factors all affect
natural origin. _ ) the extract composition.
Effective against a large
range of microorganisms. Only few products available
on the market.
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Chemical
Methods

Effective against a large

It creates environmental
toxicity.

Possible changes of biofilm

Traditional i i .
o range of microorganisms. structures favouring the
chemica
biocides Affordable and simple to develop m.ent of more
apply dangerous biodeteriogens.
Effectiveness over long run
is very low.
Not selective against
particular biodeteriogens.
Effective at very low .
oy Produce strain.
Nanoparticles concentrations.

Easy to apply.

Surface morphology was
modified.

Product prices are high.

Physical
Methods

UVC irradiation

Do not expose people, the
environment, or cultural
heritage to any harmful

chemicals.

Do not release any toxic
residual element into the
environment.

Organic historical materials
like wood, stone, and
concrete can become

damaged by frequent use.

Low penetration in substrates
and in biofilms that is quite
thick.

Not selective against specific
biodeteriogens.

Gamma
Radiation

Do not expose people, the
environment, or cultural
heritage to any harmful

chemicals.

High penetration in substrates
and in biofilms that is quite
thick.

Organic historical materials
like wood, stone, and
concrete can become

damaged by frequent use.

Limited use in remote
locations.

Require specialized staff.

Costly.
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2.4 Critical review of earlier literature

* The research work done on this topic till now focusses on isolation and identification

of airborne fungi in different indoor environment.

*  Subsequently variation in weight, strength and elemental composition of concrete due

to the infection of few microorganisms has been reported by some research groups.

* Also, the inhibition of biodeterioration of concrete materials using nanoparticles
during white wash, application of fungicide in paints has been performed by different

researchers.

* A specific study on the fungal biodeterioration of concrete with potent airborne
fungus for some time duration has not been explored yet and hence a long term

laboratory scale study to focus on this aspect is proposed.

* Another potential area to investigate is the inhibition of fungal biodeterioration of
concrete materials using different doses of ultraviolet and gamma radiation which is

also required further in this work.
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CHAPTER -3

OBJECTIVES AND

SCOPE OF WORK




3.1 Objectives of work

The objective of the present work is to explore and evaluate biodeterioration potential for
concrete specimen due to invasion of some potent airborne fungi along with assessment of
physico-chemical change of the infected concrete materials with radiation effect for resisting

fungal effect.
Following specific objectives are also considered for the present study:

e To isolate and identify some potent airborne micro-fungi from ambient air as well as
fungal infected concrete wall of the building.

e To evaluate the biodeterioration of concrete materials using fungus (Aspergillus
tamarii) as biodegrading agent.

e To standardize some non-destructive method i.e. application of ultraviolet and gamma
radiation for inhibition of such microbial degradation.

e To interpret the fungal deterioration and inhibition effect on concrete materials by

various standard tests and material testing analyses.

3.2 Scope of work
Following scope of work are undertaken to achieve the objective of the study:

e Identification of sampling location followed by sampling of airborne micro-fungi in
different indoor environment.

e Isolation and identification of fungi from deteriorated walls of the 200 years old
heritage building.

e Preparation of medium for fungal propagation including its sterilization and
standardisation.

e Preliminary study of biodeterioration of concrete pieces by immersing into fungal
spore containing Czapek Dox medium.

e Preparation of concrete cubes for biodeterioration and inhibition study for some time
exposure.

e Standardize some non-destructive method (application of UV and gamma radiation)
for prevention of such microbial degradation.

e Interpretation of results of fungal deterioration and prevention of fungal attack on
concrete specimens by conducting some instrumental test such as SEM, HPLC,

EDXREF, FTIR and stereo microscope observations.
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CHAPTER -4
MATERIALS AND
METHODS
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Chapter 4 deals and describes the methodology adopted for targeting the objective.
4.1 Isolation of fungal species from ambient air
4.1.1 Fungal sampling locations

The location of sampling sites were chosen at different places such as library, computer
room, creche, cafeteria, beauty parlour salon and separately one outdoor (control) area
located in Kolkata, India. All indoor sampling sites were closed and air-conditioned at the
time of sampling. The average humidity was kept as 66% and the temperature fluctuates
between 22 and 27 °C. Temperature and humidity was measured using infrared MESTEK
thermometer (Model IRO1C). Different locations of grabbing samples are shown in Fig. 4.1.

Fig. 4.1 Sampling locations: (a) library; (b) computer room; (c) creche; (d) cafeteria; (¢)
salon; (f) outdoor (control).
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4.1.2 Preparation of agar plates

For the necessary culture of yeasts and moulds, both Rose Bengal Agar (RBA) medium
(Ottow and Glathe 1968) and Potato Dextrose Agar (PDA) medium (Westphal et al., 2021)
were used. PDA medium was prepared with potato infusion (200 g/1), dextrose (20 g/l), agar
(15 g/1) at a pH of 5.6 (CyberScan pH 510). The composition of RBA was papaic digest of
soybean meal (5 g/1), dextrose (10 g/l), mono-potassium phosphate (1 g/l), magnesium sulfate
(0.5 g/) and Rose Bengal (0.050 g/l) at a pH of 7.2 = 0.3 (CyberScan pH 510). After
carefully maintaining the pH for both medium, the ingredients were properly mixed in
distilled water before being autoclaved at 15 pounds per square inch (psi) pressure for 15
min. 20 mL of medium was then added to each sterile petri plate, and left until it hardened.

Before sampling, the plates were kept at a temperature 4 °C in a deep freezer.

4.1.3 Sampling procedure

The fungal spores were collected with Two-Stage Viable Andersen Cascade Impactor. On
agar plates, it can pick up 95-100% of the viable particles larger than 0.8 microns. The plates
were labelled and acclimated at room temperature before being used for air sampling. They
were carried out taped to one another in an icebox. After reaching the chosen location, the
impactor was placed at a relatively undisturbed location inside the room. Then, in a
sequential manner, each set of medium plates was take out and put to the second stage, with
its corresponding matching pair in the first stage. For both of these medium, Andersen
sampler was run for 15 min at each sampling sites. Each stage was carefully opened once it
was finished off, then the plates were removed, and the lid was put on top before the air could
enter to contaminate it. The plates' lids were closed by tapping with hands to prevent them
from reopening during transported, and they were then brought to the lab where they were
kept in an incubator for 7 days at 27 °C. Colony growth was visible on the plates after 7 days
in the incubator. After staining with lacto phenol cotton blue, each colony was examined with

a compound microscope (LEICA ICC50 HD) at 100x magnifications.

4.1.4 Fungal load determination

The term "colony-forming unit" (or "CFU") refers to a measurement of the quantity of viable
fungi in a sample. The following equation was used to determine the amount of fungi per
cubic metre of air:

1000P
RT

Colony — forming unit = CFU/m?
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Where P = number of counted colonies on the sample plate after correction using positive
hole conversion table (Andersen 1958), T = time (15 min), R = rate of air sampling (14

L/minute).

4.2 Isolation of fungal species from damp walls
4.2.1 Location of fungal sampling

The subject area for our current study was the Tagore residence in Jorasanko, Kolkata, India.
Our study site, which was 200 years old and 6 m above sea level, was close to the Hooghly
River (Fig. 4.2). It was built in the 18th century. Throughout the entire year, the weather was
warm and humid. The temperature varies between 24 and 38 °C in the summer and between
12-27 °C in the winter. Around 1582 mm of rain falls annually on average between June and
September. These data have been collected from India Meteorological Department, Ministry

of Earth Sciences, Government of India.
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Fig. 4.2 Location map of our sampling site (Mukherjee et al., 2016).

This old edifice serves as an example of the nation's cultural history, which was highly
valued in society. Additionally, this museum preserves information about the history of the
Tagore family and the Bengal region, including furniture, antique manuscripts, books, photos,

oil paintings, and newspapers.
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4.2.2 Fungal growth in cardinal directions

Cardinal direction (north, south, east and west) of exposure influences the fungal colonisation
in the concrete wall. The least growth was observed in the south and east walls, which might
have been caused by their longer exposure to sunlight leading to changes in surface moisture.
The largest fungal growth was observed on the north and west walls which were exposed to
wind-driven rain. The main source of moisture is the wind-driven rain that affects the
hygrothermal performance of building enclosure, which supports noticeable mould

formation.

4.2.3 Procedure of sampling

Temperature and humidity at Tagore’s home at the time of isolation were 27 °C and 50%
respectively. Fungi was isolated from three distinct locations of the fungal infected surface (4
cm? area) of the wall of Tagore’s house by rubbing a sterilized cotton swab at a height of 2.5
m from the ground. Subsequently, the cotton swab was dipped in 1 mL of sterile Czapek Dox
broth and then inoculated into the Czapek Dox Agar plates. For consequently seven days, the
plates were incubated at 27 °C. Different fungal species produce different types of colony
patterns, with some colonies having different colours or by shapes (irregular to circular).
After 7 days of incubation, slides were prepared for each colony using lacto phenol cotton
blue as a stain in a laminar air flow chamber and observed under compound microscope
(LEICA ICC50HD). The fungi were then identified based on their microscopic structure and
colonial morphology. Also, the identification of these strains had been done by Agharkar
Research Institute (ARI), Pune, Maharashtra, India.

4.3 Selection of predominant fungus for adverse effect

This study was performed to select most potent fungal strain involved in biodeterioration of
concrete. Concrete pieces (250 mm’ surface area) were used for this study. The detailed

methods were explained in subsequent section.

4.3.1 Preparation of fungal spore suspension

In a conical flask, semi-synthetic fungal (Czapek Dox) medium (Szatmari et al., 2015) was
prepared with sodium nitrate (2 g/l), dipotassium hydrogen phosphate (1 g/l), potassium
chloride (0.5 g/l), magnesium sulphate (0.5 g/1), ferrous sulphate (0.01 g/1), sucrose (30 g/1),
and agar (20 g/l) at a pH of 7.3 + 0.2 (CyberScan pH 510). The medium was then sterilised

for 20 min at 121 °C and 1.0546 kg/cm? pressure. After that, the sterile medium in the conical
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flask was tilted at an angle of 45° and left to solidify. With the aid of a sterilised inoculating
loop, a loop of fungal culture was collected and streaked over the agar surface in a conical

flask.

Fig. 4.3 Preparation of: (a) agar slant; (b) spore suspension of fungus.

The agar slants were then kept in an incubator at 27 °C, the temperature necessary for growth
of fungi [Fig. 4.3(a)]. The fungal spores (1.8 x 10° spores/ml) in the slants were combined
with the autoclaved distilled water after the 7-day incubation period [Fig. 4.3(b)]. Finally,
fungal spore suspensions for each fungus species was filled into a sterilized conical flask and

kept them ready for use.

4.3.2 Experimental set up

70 mL test tubes were used for this study. Each test tube was filled with 20 mL of Czapek
Dox medium. The Czapek Dox medium which composed of 2 g sodium nitrate, 1 g
dipotassium hydrogen phosphate, and 30 g sucrose in 1000 mL of distilled water. The pH of
the medium was maintained at 7.3 + 0.2 (CyberScan pH 510). Next the sample concrete
pieces chosen were dipped into the medium. Magnesium sulphate, potassium chloride and
ferrous sulphate were absent in the medium because these salts were already present in
concrete samples. After that all the above test tubes were put in an autoclave for sterilization.
After sterilization, the medium was cooled at ambient temperature (27 &+ 5 °C). At last 2 mL

of each fungal spore suspensions was added in that particular test tube with the help of 5 mL
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pipette in laminar airflow chamber. The entire set up (Fig. 4.4) was kept in an incubator for

30 days at a temperature of 27 °C and a relative humidity of 75%.
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Fig. 4.4 Set-up of test tubes for selection of most potent fungus.

4.4 Biodeterioration study
4.4.1 Preparation of concrete cubes

Portland cement (53 Grade), fine aggregate and coarse aggregate were uniformly hand mixed
manually. Then water was added to this ingredients mixture and hand mixing until the
concrete was homogeneous and was the necessary consistency achieved. Cube of cast iron
moulds [(10 cm % 10 cm % 10 em) and (5 cm % 5 cm X 5 cm)] were cleaned and smeared with
lightly oil as necessary. After that, the freshly mixed concrete (M40 and M20) was
appropriately poured into the mould and tamped with a compacting rod to remove any air
pockets that might exist in the concrete. The iron mould was slightly lifted and dropped after
tamping every layer, to close the top surface of each layer. The last layer of concrete mix
should slightly overflow the mould. Finally the concrete was levelled off with a trowel to
give a flat smooth surface with the top of the iron mould kept at ambient temperature for 1
day. After removal of concrete cubes at the end of 24 h, it was submerged into clean water for

28 days for curing. The cube specimen was removed from the water after specified curing
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time and dried for 3 days at room temperature. Fig. 4.5 depicts the process of preparing

concrete cubes.

Fig. 4.5 Cube preparation: (a) Cement, fine aggregate and coarse aggregate (1:1.5:3); (b)
Concrete mix; (c) Concrete is poured in the mould; (d) Level the top surface and smoothen it
with a trowel; (e) Test specimens are put in water for 28 days curing; (f) Dried in hot air

oven.

4.4.2 Experimental set up of concrete cubes

Airtight plastic containers [(38 cm X 26 cm X 18 ¢cm) and (30 cm X 20 cm X 15 c¢cm)] were
used for biodeterioration test. Utilizing surface sterilization, the containers were cleaned.
M40 and M20 graded concrete cubes were kept in the containers containing sterilized (121
°C temperature at 15 psi pressure for 15 min) Czapek Dox medium (pH 7.3 £ 0.2) and
injected with the spore suspension of most potent fungus (4. tamarii) (Fig. 4.6). In intervals
of 60 days, it was observed for 180 days. Additionally, a control was run for 180 days in
sterile Czapek Dox medium. At a temperature of 27 °C and a relative humidity of 75%, the

full set was incubated.
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Fig. 4.6 Experimental set up for deterioration test of: a) M40 grade concrete (10 cm x 10 cm

x 10 cm); b) M20 grade concrete (5 cm x 5 cm x 5 cm) cubes.

4.5 Selection of radiation dose
4.5.1 Radiosensitivity test of A. tamarii

The fungus that was isolated from deteriorated walls of the Tagore’s residence at North
Kolkata, was used to calculate the necessary dose needed to inactivate fungus on axenic
cultures. The most dominant fungus (4. tamarii) from the preliminary study was inoculated
on Petri dishes with Czapek Dox Agar and incubated at 27 °C for 2 days. Following
incubation period the cultures were exposed to a %cCo gamma source for irradiation at 20 °C
with exposure doses of 0.5, 0.75, 1.0 KGy (1.27 KGy/h) and UVC exposure of 5, 10, 15, 20
min respectively. The UVC light (Philips TUV 11W) of intensity 625 pw/cm? and 254 nm
peak was used in the current investigation. The distance between light and applied surface of
plate was 15 cm. After irradiation the plates were incubated at 27 °C for 7 days. The controls
were grown on Czapek Dox Agar and kept under the same conditions as the treated fungus.
On the first, fourth and seventh days after irradiation, the colony diameter was measured to
check for fungal development in comparison to the colony diameter measured just before
irradiation and to the controls. All these biological assays were done in triplicate. The

protocol used in this followed by Choi and Lim (2016) and da Silva et al., (2006).
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4.5.2 Radiation on concrete cubes
4.5.2.1 Arrangement of concrete cubes

Airtight sterilized plastic boxes (24 cm X 19 cm x 9 cm) and 5 cm X 5 cm X 5 cm concrete
cube (M20) were both used for current study. In separate plastic containers, the formed
concrete cubes were placed in various arrangements that were observed after 30 days. The
arrangements included a biodeterioration set (cubes were infected with 4. tamarii), inhibition
sets (cubes were inoculated with same fungus and exposed to multiple doses of ultraviolet
and gamma radiation), a control set (non-infected and non-irradiated), and multiple control

sets (cubes were irradiated with multiple doses of both radiation).

4.5.2.2 Experimental set up for radiation application

UVC light

= Kysuajur Jysr]

wo/mn 679

el 1 / a—

Concrete cube

Fig. 4.7 An illustration of the concrete cubes exposed to UVC light.

Using a paint brush, spore suspension of A. tamarii was applied on the concrete cubes
(biodeterioration and inhibition) within polyethylene boxes before adding autoclaved Czapek
Dox medium (1/ 10" height of cube) in laminar air flow cabinet. The control sample i.e. non-
infected and non-irradiated sample was run in sterile Czapek Dox medium. Then an incubator
was used to keep the boxes for control (non-infected and non-irradiated) and biodeterioration
(infected) at a constant temperature of about 27 + 2 °C and a relative humidity of 50 £ 2% for

7 days.
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The inhibition sets before irradiation was also maintained at the same temperature and
humidity level in order to see the fungal growth on the concrete cube's surface visually. At
the 8™ day, the inhibition (infected and irradiated) cube samples were exposed to UVC light
for 5, 10, 15 and 20 mins on the irradiation chamber. In the present investigation, UVC light
(Philips TUV 11W), with a peak of 254 nm and a 625 pw/cm? intensity was used. The

distance between light and surface of concrete cube was 15 cm (Fig. 4.7).

ube placed on sample
chkamber

Digital Indicator

Fig. 4.8 Concrete cubes were irradiated with selected dose in gamma radiation chamber.

For gamma radiation, inhibition concrete cubes were subjected to a Co gamma source for
irradiation (Fig. 4.8) at 20 °C with exposure doses of 0.5, 0.75 and 1.0 KGy (1.27 KGy/h) at
UGC DAE, Consortium for Scientific Research, Kolkata Centre. A Fricke Dosimeter was
used to measure the rate of radiation dose (ASTM 2007). The same dosages of UV and
gamma radiation were also applied to the control cubes (irradiated). Finally, the control
(irradiated) and inhibition (infected and irradiated) concrete cubes were put into the cleaned
plastic boxes which contained the same medium (sterile). Both setups were incubated at the

same humidity and temperature for thirty days of retention time.
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4.6 Inhibition study with selected radiation dose
4.6.1 Arrangements of concrete cubes

This study was conducted in airtight plastic boxes (24 cm X 19 cm x 9 cm). Surface
sterilizing was used to clean the box. Both infected sets (cubes were infected with 4. tamarii
and exposed to a selected dose of ultraviolet and gamma radiation from previous study) and
multiple control sets (cubes were exposed to a preselected dose of ultraviolet and gamma

radiation) were included in the arrangements.

4.6.2 Experimental set up

The M20 graded concrete cubes (5 cm X 5 cm % 5 cm) for infected sets were initially coated
with a spore suspension of same fungus using a paintbrush inside a plastic container. After
that, sterile Czapek Dox medium (1/10th height of cube) was added into the plastic box. The
box was then placed into the incubator at 27 °C for 7 days. After 7 days of incubation period,
concrete cubes (infected) were exposed with the selected dose (from dose selection study) of
ultraviolet and gamma radiation. The control cubes were also irradiated with the same dose of
radiations. After cleaning the boxes and addition of fresh sterile (121 °C temperature at 15 psi
pressure for 15 min) Czapek Dox medium (pH 7.3 + 0.2), the exposed concrete cubes
(control and infected) were finally placed inside for 180 days at 27 °C temperature and 75%

relative humidity.

4.7 Characterization of concrete cube
4.7.1 Weight variation

Losing weight was considered to be a significant biodeterioration study indicator (Grbia and
Vukojevia 2009; Bielefeldt et al., 2010). After drying the pieces, the pieces were weighed
before and after the experiment since, if any water had been soaked during the inoculation
process, it would have been eliminated during oven-drying. Each sample's weight was

averaged over three measurements. Equation was used to compute the weight loss variation.

aw= Vi Wz 00
W

1

Where, AW is the weight loss variation (%), W, = Initial dry weight of each cube before

test, W, = Final dry weight of each cube after test.
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4.7.2 Compressive strength variation

Concrete's compressive strength as quantifiable parameters is its most valuable structural
property. The cube samples were positioned between the Aimil Prime Automatic
Compression Testing Machine (AIM317E-MU-1) platens with care to ensure that the cube's
axis was aligned with the platen's centre of thrust (Fig. 4.9). Load was steadily added until the
cube failed. The compressive strength of a concrete cube was calculated by dividing the load
at failure by the area of the specimen. Following expression was used to estimate the

compressive strength of the concrete.

Fig. 4.9 Aimil Prime Automatic Compression Testing Machine (AIM317E-MU-1).

Maximum load (N)
Cross sectional area (mm?)

Compressive Strength =

Three cube specimens were removed from the boxes after 60 days of incubation and broken
in a universal testing machine. The compressive strength of concrete cubes was determined to

be the average of the three results.
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4.7.3 HPLC analysis for determination of organic acids

High-performance liquid chromatography (HPLC) is the most trustworthy method due to its
great sensitivity, straightforward operation, outstanding reproducibility, and capacity to
concurrently detect several organic acids. However, there is a limited study reported in the
literature of finding organic acids in the fungal culture medium so far. In present study, high
performance liquid chromatography was used for the detection of organic acids present in the

fungal medium which may be a probable reason to deteriorate concrete cubes.

P

Fig. 4.10 High Performance Liquid Chromatography (LC-20AT Shimadzu Liquid
Chromatograph).

The HPLC system (LC-20AT Shimadzu Liquid Chromatograph, Kyoto, Japan) (Fig. 4.10)
was equipped with a manual injection mechanism and 20 pL sample loop, a valve unit and a
system controller. The UV detector was set at 210 nm and operated using Shimadzu
LCsolution software. The RP C18 column 4.6 x 150 mm was used for the separation. At
room temperature, an isocratic flow was used. Mobile phase was 20 mM KH,PO, adjusted to
pH 2.5 with H3PO4 and a flow rate of 1 ml/min. The injection volume for the reference
sample solutions was 20 uL. The samples, buffers, and stock solutions of each standard

compound were all made with HPLC grade water (Merck).
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4.7.4 EDXRF analysis for determination of elemental composition
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Fig. 4.11 EDXRF images: a) the pellet as viewed on-screen b) surface of the pellet c)
chromatogram representing peaks of different elements d) micro EDXRF machine (Horiba

Scientific, XGT-7200).

The Energy Dispersive X-ray fluorescence (EDXRF) spectrometry has been effectively used
all over the world to analyse sediment and plant materials since it is multi-elementary, quick,
non-destructive, and sensitive (ppm level). The concrete cubes were broken down into
powder, and 2 g of each powder sample were used to make pellets (1 mm thick and 13 mm in
diameter) by a tabletop pelletizer (pressure 110-130 kg/cm® for 2 min.). The pellets were
measured in triplicates for quantitative elemental analysis in micro EDXRF (Horiba
Scientific, XGT-7200) (Fig. 4.11), which was composed of an oil-cooled Rh anode X-ray

tube (maximum voltage 50 kV, current 1 mA). Filters were used to take measurements for
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400s in vacuum condition for the best element detection, and nExt software was used for
quantitative analysis. A 12.5 mm? Si (Li) semiconductor detector with liquid nitrogen cooling

was used to find the X-rays (resolution 150 eV at 5.9 keV).

4.7.5 FTIR analysis for determination of functional groups

A useful technique for identifying unidentified spectra found in construction materials is
Fourier-transform infrared spectroscopy (FTIR). The effects of temperature, relative
humidity, and pollution on concrete were investigated using reflection IR measurements. In
the present work, fungal contribution to degradation was discovered using IR spectroscopy
(PerkinElmer Spectrum 100) (Fig. 4.12). The literature has been written extensively about
FTIR analysis of building materials (Ramachandran and Beaudoin 2000). Since it would
reveal the essential structural details and organic functional groups contained in the concrete
powder samples, all FTIR spectra were taken in the mid IR range between 4000 and 400 cm”
!, Each data point's transmittance % for these spectra was recorded. The measurements were

made three times for each sample.

Fig. 4.12 Fourier-transform infrared spectroscopy (Perkin Elmer Spectrum 100).

4.7.6 SEM analysis for observation of fungal growth

SEM (ZEISS EVO-MA 10) (Fig. 4.13) is an electron microscope that uses a focused electron
beam to scan a sample’s surface in order to produce images of the sample. The signals
produced by the electrons interactions with the sample’s atoms reveal details about the
surface topography and composition. Its purpose is to investigate the surfaces of solid
specimens. Additionally, it may look at any pollution on the surface and locate crystalline

structures. It produces high resolution, three dimensional photographs.
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Fig. 4.13 Scanning Electron Microscope (ZEISS EVO-MA 10).

SEM examination was carried out by mounting broken small pieces of concrete (10 mm
thickness) on brass stubs using carbon tape and taking micrographs at a magnification of

about x2000.

4.7.7 Stereo zoom microscope for surface observation

A stereo zoom microscope (Discovery, V8) (Fig. 4.14) is an optical device that uses light that
is reflected from an object's surface rather than being transmitted through it to observe a
sample at low magnification. The microscope uses two distinct optical pathways, two
objectives, and two eyepieces to provide the left and right eyes slightly different viewing
angles. This arrangement produces a three-dimensional visualization of the testing sample. In
stereo microscopes, there are primarily two categories of magnification systems. One kind is
fixed magnification, in which a paired set of objective lenses with a predetermined degree of
magnification is used to accomplish primary magnification. The alternative is zoom or
pancratic magnification, both of which have a fixed range of continually variable

magnification.
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Fig. 4.14 Stereo zoom microscope (Discovery, V8).

4.8 Statistical analysis

For each of the specimen sample, experiments were performed in triplicate and standard
deviation has been shown as error bars and values in results and discussion chapter 5. In
order to compare the differences between the mean values of control (non-infected and non-
irradiated) and biodeteriorated (infected) concrete specimens as well as control (irradiated)
and inhibition (infected and irradiated) specimens, the Student's #-test was also carried out for

all experiments.
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CHAPTER -5
RESULTS AND
DISCUSSION




5.1 Selection of most dominant fungus for adverse effect
5.1.1 Identification of micro-fungi isolated from ambient air

The majority of the colonies were found circular and greenish in colour in RBA plate,
followed by round shape big black colonies and a few that were cottony white in colour.
Most of the colonies were detected on PDA in the form of tiny green and cottony black

forms. In this investigation, several distinct fungal genera were isolated and identified from

the sampling sites (Fig. 5.1).

Fig. 5.1 Compound microscope images (100x magnification) of: a) Penicillium sp. from
library; b) Aspergillus sp. from library; ¢) Diasporium sp. from computer room; d) Alternaria
sp. from computer room; e) Alternaria sp. from creche; t) Aspergillus sp. from creche; g)

Aspergillus sp. from cafeteria; h) Penicillium sp. from cafeteria; 1) Aspergillus sp. from salon.
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Aspergillus sp., Penicillium sp., Paecilomyces sp. and Rhizopus sp. were the dominating
genera in library [Fig. 5.2(a)]. Aspergillus sp., Penicillium sp., Paecilomyces sp.,
Cladosporium sp., Curvularia sp., Alternaria sp. and Diasporium sp. were found in computer
room [Fig. 5.2(b)]. This finding can be attributable to the regular exchange of air through
windows and the transport of spores by student’s feet. Two common fungal species i.e.
Aspergillus sp. and Penicillium sp. were also identified from the indoor air of creche,
cafeteria and salon [Fig. 5.2(c), Fig. 5.2(d) and Fig. 5.2(¢)]. Aquino et al., (2013) discovered
fungal contamination in the dust taken from the cafeteria, which is in contrary to the present
observations. Moreover, Alternaria sp. and Curvularia sp. were also found in the air sampled
from creche and salon. Similar to the present study, Martins et al., (2010) observed
filamentous fungal growth in creche. While other slow-growing fungal species including
Alternaria sp., Cladosporium sp., Curvularia sp. and Paecilomyces sp. were detected in RBA

medium, Aspergillus sp. and Penicillium sp. were mostly found in PDA medium.

5.1.1.1 Diversity and density of airborne micro-fungi

In the air sampled from library, Penicillium sp. was the most abundant species (461.89
CFU/m’, or 60.62%), followed by Aspergillus sp. (209.52 CFU/m’, or 27.50%) and Rhizopus
sp. (52.37 CFU/m’, or 6.87%) [Fig. 5.2(a)]. The similar pattern was seen in the air taken from
a salon (Fig. 5.2(e)), where Aspergillus sp. (71.42 CFU/m’ or 44.12%) and Penicillium sp.
(38.09 CFU/m’ or 23.52%) were the two most dominating genera. An earlier study of this
kind was conducted in 257 saloons in the four selected areas of Ibadan, the capital of Oyo
state, Nigeria which revealed that the most prevalent genera was Aspergillus sp. and
Penicillium sp. followed by Fusarium sp. and Mucor sp. (Sarah and Ee 2017). The highest
percentage of culturable airborne fungi in outdoor environment [Fig. 5.2(f)] during monsoon
season was found for Aspergillus sp. (395.23 CFU/m’, or 70.37%) followed by Penicillium
sp. (114.27 CFU/m’, or 25.92%).
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Fig. 5.2 Density (CFU/m®) of microflora in: a) library; b) computer room; c) creche; d)

cafeteria; e) salon; f) outdoor.

The recommended standards of the American Conference of Governmental Industrial
Hygienists (ACGIH), which were 100 CFU/m’, were exceeded in all five sites, including the
library (761 CFU/m?), computer room (571 CFU/m’), creche (328 CFU/m’), restaurant (480
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CFU/m’), and beauty salon (161 CFU/m’) (Fig. 5.3). Due to many factors, including the
presence of FGPS and frequent air exchange with the outside, only the computer room and
library exceeded the World Health Organization (WHOQO) recommended limits (500 CFU/rn3),
but the beauty salon had some of the cleanest air. The beauty salon had the lowest fungal load
(161 CFU/m®), possibly as a result of the authorities' greater attention to maintaining its
cleanliness; otherwise, waste products like used nails, hair, oil, foam and tissues from the
salon could be viewed as a source of fungal growth in the salon's indoor environment

(Murthy et al., 2000).
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Fig. 5.3 Fungal density (CFU/m®) in various indoor locations with ACGIH and WHO

guidelines.

5.1.2 Identification of micro-fungi isolated from damp walls

After microscopic observation, the highest number of colony in this heritage building was
found for Aspergillus sp. followed by Penicillium sp. Also, these strains had been identified
from Agharkar Research Institute, Pune, India. The four fungal strains i.e. Aspergillus niger,
Aspergillus tamarii, Aspergillus flavus and Penicillium oxalicum (Fig. 5.4) were identified
from Tagore’s house. Aspergillus sp. followed by Penicillium sp., Alternaria sp. was the most

encountered in the different studies (Basu et al., 2021; Skora et al., 2015; Sterflinger 2010).
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Another study by Chaudhuri and Bhattacharyya (2019) showed that 6 genera of fungi, mainly

members of the genus Aspergillus, were isolated from museum and library environments.

Fig. 5.4 Compound microscope images (100x magnification) of: a) Aspergillus niger; b)

Aspergillus tamarii; ¢) Aspergillus flavus; d) Penicillium oxalicum.

5.1.3 Selection of most adverse fungi for present study

5.1.3.1 Colour change of fungal medium

Aspergillus Aspergillus Aspergillus Penicillium
niger tamarii Sflavus oxalicum

Fig. 5.5 Experimental set up of test tube (n = 3) study after 30 days incubation period for

preliminary biodeterioration test.
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After 30 days of incubation, heavy fungal growth was observed on all the above test tubes.
Aspergillus tamarii particularly produce yellowish brown pigments. That’s why the color of
the Czapek Dox medium within the test tubes for Aspergillus tamarii changed from yellowish
to yellowish brown compared to other species (Fig. 5.5). The pigmentation is mostly brought
on by melanin and other extracellular polymerization products produced by fungus

(Krumbein et al., 1992).

5.1.3.2 Change in pH

Fig. 5.6 demonstrated the pH variation in correspond to growth of fungi after deterioration
effect. The initial pH of Czapek Dox medium was maintained at 7.3 + 0.20. In the present
investigation change in pH of the medium for Aspergillus flavus was noted as 9.48 = 0.03
followed by Penicillium oxalicum (9.42 £ 0.01), Aspergillus tamarii (9.30 £ 0.03) and
Aspergillus niger (9.25 £ 0.02) respectively (Fig. 5.6). Throughout the incubation period,
calcium was released from the concrete samples that had been inoculated with fungi. As a
result, pH of the fungal growth medium was increased i.e. alkaline. A study by Gu et al.,
(1998) found that the leaching of calcium ions from the concrete causes pH levels to rise in

batch cultures that have been inoculated with Fusarium sp.

H

Penicillium oxalicum 9.42+0.01

Aspergillus tamarii 9.30+0.03

Fig. 5.6 pH variation of fungal growth medium (n = 3) after 30 days biodeterioration study.
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5.1.3.3 Loss of weight

Loss of weight in percentages for the concrete pieces after 30 days of incubation is presented
in Table 5.1. Concrete pieces infected with Aspergillus niger, Aspergillus tamarii,
Aspergillus flavus and Penicillium oxalicum showed weight losses of 1.89 + 0.08%, 2.84 +
0.06%, 2.57 £ 0.08% and 2.45 £ 0.02% respectively and statistically significant (p < 0.05)
compared to the control after 30 days of incubation period (Table 5.1). The secretion of
organic acid by fungi deteriorates concrete materials through the formation of soluble and
insoluble calcium complexes. These complexes were precipitated from the concrete
materials, resulted in increased weight loss, calcium leaching, porosity and permeability
(George et al., 2013; Giannantonio et al., 2009). According to the percentage weight loss it
was observed that Aspergillus tamarii attributed maximum deterioration for concrete. Similar
observation of reduction in weight of concrete after fungal infection has been cited in earlier

studies (Bhattacharyya et al., 2022; Marquez-Penaranda et al., 2016; Gu et al., 1998).

Table 5.1 Weight loss percentage of concrete pieces (n = 3) after 30 days of incubation.

In1F ial F‘?‘al Difference | Loss | Average Stapdgrd
weight weight (gm) (%) loss (%) deviation
0 0
(gm) (gm) (%)
5.71 5.71 0 0
Control 5.82 5.82 0 0 0 0
5.59 5.59 0 0
Asverill 6.64 6.51 0.13 1.95
Spergiiius 6.77 6.64 0.13 1.92 1.89 0.08
meger 5.56 5.46 0.10 1.80
y " 6.46 6.28 0.18 2.78
Stp Crgiius 551 535 0.16 2.90 2.84 0.06
amartt 5.93 5.76 0.17 2.86
Asvereill 6.16 6.00 0.16 2.60
S?f guus 6.45 6.28 0.17 2.63 2.57 0.08
avus 5.66 5.52 0.14 2.47
Penicillim 6.51 6.35 0.16 2.46
o 6.14 5.99 0.15 2.45 2.45 0.02
537 5.04 0.13 2.42
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5.1.3.4 Organic acid analysis

In the current investigation, organic acids that were present in the fungal medium and can

damage concrete pieces were also found using high performance liquid chromatography

(HPLC). The concentrations of standard oxalic, malic and fumaric acids as found is

illustrated in Fig. 5.7, Fig. 5.8 and Fig. 5.9 were 120, 200 and 0.2 pg/ml respectively. At least

three concentrations of standard compounds were diluted and analysed.
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Fig. 5.7 HPLC chromatograph of standard oxalic acid solution (120 pg/ml).
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Fig. 5.8 HPLC chromatograph of standard malic acid solution (200 pg/ml).
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Fig. 5.9 HPLC chromatograph of standard fumaric acid solution (0.2 pg/ml).

The composition of organic acids in the liquid medium of A4. niger, A. tamarii, A. flavus and
P. oxalicum were also analysed. The results demonstrated that after 30 days of incubation the
fungal medium contained oxalic acid, malic acid and fumaric acid respectively (Fig. 5.10,
Fig. 5.11, Fig. 5.12 and Fig. 5.13). The contents of oxalic acid and malic acid with large
differences between the solutions of A. niger, A. tamarii and A. flavus were detected.
Moreover, Aspergillus sp. has greater ability to secrete organic acids and greater adaptation to
acidic conditions compared to P. oxalicum (Li et al., 2016). These acid reacts with Ca(OH),
in concrete and forms insoluble salts (Eq. 1 and Eq. 2) such as calcium oxalate (CaC,0,) and
calcium malate (C4H4CaOs) and soluble salts (Eq. 3) calcium fumarate (C4H,CaOy)
responsible for expansion attack and leaching of calcium. Moreover, the majority of fungi
like Aspergillus, Penicillium and Fusarium excreted acetic, citric, oxalic, malic, lactic,
fumaric, gluconic, propionic, itaconic and succinic acids which resulted in corrosion of the

concrete structures (Liaud et al., 2014).

Ca(OH)z + C2H204 d CaC204 + 2H20 ................... (1)
Ca(OH)Z + C4,H604, 4 C4H4Ca05 + 2H20 ............... (2)
Ca(OH)Z + C4H4.04 d C4H2Ca04 + 2H20 ............... (3)
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Fig. 5.10 HPLC chromatograph of Aspergillus niger infected medium.

Chromatogram

mAU
=
1500 =
1000
‘ 2
500 5
| .
{ =
| ' S
8 | = - = > = = = 2
o P & & &8 2 % 2
T 1PDA Multi 1
R . S B | e | !
0.0 2.5 5.0 75 10.0 12.5 15.0
min

1 PDA Multi 1 /210nm 4nm

Fig. 5.11 HPLC chromatograph of Aspergillus tamarii infected medium.
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Fig. 5.12 HPLC chromatograph of Aspergillus flavus infected medium.
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Fig. 5.13 HPLC chromatograph of Penicillium oxalicum infected medium.

5.1.3.5 SEM observation
5.1.3.5.1 Fungal growth

The control specimens showed no signs of fungi growing on them. After being exposed to A.
niger, A. tamarii, A. flavus, and P. oxalicum, concrete samples were analysed under a
scanning electron microscope to measure the degree of microbial colonisation. In the SEM
pictures (Fig. 5.14), it was observed that spores grow quickly on concrete surfaces. Wiktor et
al., (2009) demonstrated that fungal growth starts to develop after the first week of incubation
on cement specimens confirmed by SEM observations.
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Fig. 5.14 SEM images of: a) Control; b) Aspergillus niger; c) Aspergillus tamarii; d)
Aspergillus flavus; e) Penicillium oxalicum exposed concrete samples after 30 days of

incubation.
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5.1.3.5.2 Crack formation

A few interesting results were obtained with the specimens inoculated with A. niger and A.
tamarii. SEM images (Fig. 5.15) clearly evidenced that fractured crack surfaces of A. niger
and A. tamarii infected concrete samples were also observed by scanning electron
microscope. Amann et al., (1990) studied earlier and found that the impact of microorganisms
on concrete structures can be categorised based on how they affect the surfaces of the
concrete and the matrices that produce cracking and encourage crack growth. Cracks in
concrete are logical because it is permeable in nature and one of the natural vulnerabilities of
concrete. Water and other salts percolating through these cracks initiate corrosion, and reduce
the concrete’s lifespan. In contrast to our present observations, Gaylarde et al., (2003)

exhibited deteriorated surface of a concrete bridge pier due to fungal effect.

EMT=15000V  crn(CU) Signal A=SE1  Date :3 Feb 2020 EHT=1500K0  cran(CU) Signal A= SE1  Date 3 Feb 2020 ﬁ
L WD= 7.0mm Mag= 15.00 KX Time :13:30:39 WD = 7.0 mm Mag= 1000 KX Time :12:48:31

Fig. 5.15 SEM images of crack formation on: a) 4. tamarii; b) A. niger exposed concrete

samples.

5.1.3.5.3 Ettringite formation

SEM images of A. tamarii infected concrete samples depicted the formation of ettringite
needles (Fig. 5.16). Fungi can secrete enzymes which interact with amino acids, that released
by fungi, to generate thin needles of ettringite. Ettringite formation in hardened concrete has
been reported that a potential property to lead for crack development and perhaps the reason
for one of the mechanisms causing fungal influenced deterioration of concrete (Hanehara and

Oyamada 2010).
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Fig. 5.16 Ettringite formation in 4. famarii infected concrete samples.

5.1.3.6 Variation in elemental composition
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Fig. 5.17 Mass fraction of different elements of concrete pieces (n = 3) after 30 days of
incubation. The asterisks above columns indicate the p-value (z-test between the control and

fungal infected sample): - p <0.001.

The percentage of calcium was decreased with time for fungal infected samples. The calcium

percentage of A. niger, A. tamarii, A. flavus and P. oxalicum inoculated concrete were

decreased (p < 0.001) to 48.58 + 0.22%, 48.00 + 0.19%, 49.37 + 0.28% and 51.21 = 0.30%
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respectively as compared to the control specimens (72.32 + 0.42%). Also, it was shown
earlier in the literature that fungi contributed for the leaching of calcium from the concrete
cube (Sanchez-Silva et al., 2008). The primary elements in concrete found were silicon, and
calcium, with phosphorous, magnesium and iron present in small quantity (Fig. 5.17). In
addition, the level of other elements like magnesium and iron were slightly increased (p <
0.001) after 30 days of deterioration study. The calcium leaching rate increased over time,
which resulted in a rise in silicon concentration (Fig. 5.17). The increase of SiO; indicated the
formation of very porous SiO; gels in the outermost degraded zones. Besides these, trace
levels of manganese, zinc, chromium, titanium and nickel were noted initially but these
eventually faded over time or consumed by the fungus as their microbial nutrients for

metabolic activity for their growth.

With the view point of weight loss, fungal growth observation, crack and ettringite formation,
color changes and pH of fungal medium, excretion of organic acids, change in elemental
composition, it may be confirmed that Aspergillus tamarii enhanced maximum deterioration
effect on concrete in different ways. Hence, all subsequent investigations in the present

research were carried out with Aspergillus tamarii only as candidate microorganism.

5.2 Biodeterioration study
5.2.1 Weight loss

Experimental control concrete cubes exhibited weight losses of 0.59 = 0.01%, 0.63 = 0.01%
and 0.85 + 0.02% for M20 grade and 0.26 + 0.11%, 0.39 + 0.01% and 0.53 + 0.12% for M40
grade concrete respectively (Table 5.2 and Table 5.4) after 6 months of incubation because
Czapek Dox medium contains various compounds (chlorides or possibly nitrates) which
accelerate calcium leaching (Wiktor et al., 2009). The weight loss in the M20 and M40
graded concrete cubes were studied after exposed with Aspergillus tamarii in the laboratory
condition. After incubation of 2, 4 and 6 months, 1.61 + 0.06%, 1.78 + 0.14% and 2.22 +
0.04% weight losses have been observed for M20 graded concrete cubes whereas for M40
graded cubes 0.53 £ 0.11%, 0.78 £ 0.01% and 1.20 £ 0.01% weight losses respectively as
shown in Table 5.3 and Table 5.5.
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Table 5.2 Percentage weight loss for M20 grade control concrete cubes (n = 3).

Standard
Time . Weight loss Average loss -
ht (K 9 t
period Weight (Kg) (Kg) /6 loss (%) de\g;:))lon
Initial Final
After 0.336 0.328 0.002 0.59
2 month 0.331 0.329 0.002 0.60 0.59 0.01
© 0.340 0.338 0.002 0.58
After 0.315 0.313 0.002 0.63
4 month 0.325 0.323 0.002 0.62 0.63 0.01
0.310 0.308 0.002 0.65
After 0.352 0.349 0.003 0.85
6 month 0.340 0.338 0.003 0.88 0.85 0.02
© 0.360 0.357 0.003 0.83

Table 5.3 Percentage weight loss for M20 grade 4. ramarii infected concrete cubes (n = 3).

Standard
Time . Weight loss Average loss .
. Weight (K % loss deviation
period ght (Ke) (Kg) ’ (%) (%)
Initial Final
After 0.320 0.315 0.005 1.56
2 month 0.315 0.310 0.005 1.59 1.61 0.06
0.356 0.350 0.006 1.68
After 0.300 0.295 0.005 1.67
4 month 0.346 0.340 0.006 1.73 1.78 0.14
0 0.310 0.304 0.006 1.94
After 0.320 0.313 0.007 2.18
6 month 0.308 0.301 0.007 2.27 2.22 0.04
0.316 0.309 0.007 2.21

Table 5.4 Percentage weight loss for M40 grade control concrete cubes (n = 3).

Standard
Time . Weight loss Average loss -
. Weight (K % loss deviation
period ght (Ke) (Kg) ’ (%) (%)
Initial Final
2.495 2.485 0.010 0.40
After
2 month 2.480 2.475 0.005 0.20 0.26 0.11
2.480 2.475 0.005 0.20
After 2.515 2.505 0.010 0.40
4 month 2.520 2.510 0.010 0.40 0.39 0.01
° 2.535 2.525 0.010 0.39
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2.490 2.475 0.015 0.60
2.485 2.470 0.015 0.60 0.53 0.12
2.520 2.510 0.010 0.39

After
6 month

Table 5.5 Percentage weight loss for M40 grade 4. ramarii infected concrete cubes (n = 3).

Standard
Time . Weight loss Average loss -
. Weight (k % loss deviation
period ght (kg) (kg) ’ (%) (%)
Initial Final
After 2.485 2.470 0.015 0.60
2 month 2.495 2.485 0.010 0.40 0.53 0.11
0 2.535 2.520 0.015 0.59
After 2.525 2.505 0.020 0.79
4 month 2.545 2.525 0.020 0.78 0.78 0.01
2.530 2.510 0.020 0.79
2.505 2.475 0.030 1.19
After
6 month 2.510 2.480 0.030 1.19 1.20 0.01
2.500 2.470 0.030 1.20

All these results tabulated in Table 5.2 through Table 5.5 are plotted in bar diagram which is
shown in Fig. 5.18.
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Fig. 5.18 Weight loss of M20 and M40 grade control and infected concrete cubes (n = 3).
The asterisks above columns indicate the p-value (z-test between the control and infected
sample): - p <0.01, ™, p <0.001.
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It was observed that the weight loss were increased in every time interval for M20 and M40
grade concrete cubes after infected with 4. tamarii (Fig. 5.18). Interestingly the weight loss in
M20 grade concrete cubes was more compared to the M40 grade cube in every interval
because M40 grade concrete is less permeable than M20 grade concrete. The decrease in
permeability helps in improving sulfate and chemical attack resistance, resistance to
corrosion and chloride penetration. A similar observation were noticed earlier by Gu et al.,
(1998) using Fusarium sp. in concrete sample, where after 2 and 4 months, 1.5 and 6%
weight losses were previewed. However no results are cited so far with A. tamarii and
composite effects. In another study by Marquez-Penaranda et al., (2016) an attempt to use
Acidithiobacillus thiooxidans and Halothiobacillus neapolitanus in concrete (M30) samples
showed that 0.5%, 1.8%, 1.8% and 0.1%, 0.3%, 1.3% of weight losses after an incubation
period of 2, 4 and 6 months respectively. The weight loss of concrete cube indicates towards

the deterioration of concrete.

5.2.2 Compressive strength loss

The average peak load at which the concrete cube was broken down, decreases in every time
period for fungal specimens as well as control specimens (Table 5.6 and Table 5.7). This
maximum breaking load divided by the cross-sectional area gives the compressive strength
for concrete cubes. The average of the three values for every two month interval was taken as
the compressive strength of concrete. So, the compressive strength of the low and high
graded control concrete cubes after 2, 4 and 6 months of studied period were 19.20 + 0.14,
18.78 + 0.09, 18.50 = 0.08, 43.90 = 0.08, 43.66 + 0.05 and 43.28 + 0.05 N/mm” respectively
(Table 5.6 and Table 5.7). Also the average strength of A. tamarii infected M20 grade
concrete cubes after 6 months was found to be decreased less (19.74 + 0.11 N/mm? to 14.77 +
0.06 N/mm?) compared to M40 grade concrete cubes (44.00 = 0.30 N/mm? to 33.29 + 0.09
N/mmz).
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Table 5.6 Compressive strength (N/mm?) loss for M20 grade control and infected concrete

cubes (n = 3).

Control concrete cube

Infected concrete cube

. Compressive | Average | Standard Compressive | Average | Standard
Time | Load - Load -
eriod | (KN) strengtgl strengt? dev1at102n (KN) strengt? strengtgl dev1at102n
p (N/mm?) | (N/mm®) | (N/mm”) (N/mm?) | (N/mm~) | (N/mm")
I(zlfttl:rl 495 | 19.80 495 |  19.80
28 davs 49.0 19.60 19.74 0.11 49.0 19.60 19.74 0.11
A5 | 495 19.80 49.5 19.80
curing)
After | 48.1 19.24 443 17.72
two 48.3 19.32 19.20 0.14 44.0 17.60 17.53 0.22
month | 47.6 19.04 43.2 17.28
After | 47.1 18.84 37.9 15.16
four | 46.7 18.68 18.78 0.09 38.6 15.44 15.26 0.15
month | 47.1 18.84 38.0 15.20
After | 46.3 18.52 37.1 14.84
six 46.0 18.40 18.50 0.08 36.8 14.74 14.77 0.06
month | 46.4 18.56 36.8 14.72

Table 5.7 Compressive strength (N/mm?) loss for M40 grade control and infected concrete

cubes (n=3).

Control concrete cube

Infected concrete cube

. Compressive | Average | Standard Compressive | Average | Standard
Time | Load L Load -
eriod | (KN) strengtgl strengtgl Dev1at12n (KN) strengtgl strengtgl dev1at102n
p (N/mm”) | (N/mm”) | (N/mm”) (N/mm”) | (N/mm®) | (N/mm”)
I(r;fttlsrl 453.9 45.39 438.9 43.89
28 days 458.5 45.85 44.00 0.30 443.5 44.35 44.00 0.30
: 407.8 40.78 437.8 43.78
curing)
After | 438.0 43.80 410.1 41.01
two | 439.4 43.94 43.90 0.08 413.5 41.35 41.21 0.18
month | 439.5 43.95 412.8 41.28
After | 437.1 43.71 3513 35.13
four | 436.0 43.60 43.66 0.05 346.5 34.65 34.91 0.24
month | 436.7 43.67 349.6 34.96
After | 433.4 43.34 333.0 33.30
SiX 432.4 43.24 43.28 0.05 333.8 33.38 33.29 0.09
month | 432.5 43.25 331.9 33.19
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Fig. 5.19 Compressive strength (N/mmz) loss of M20 and M40 grade concrete cubes (n = 3)
after exposure to A. tamarii. The asterisks above lines indicate the p-value (7-test between the

control and infected concrete sample): o p <0.001.

Experimental data showed that the inoculation with A. tamarii accelerates the degradation
process which reduced the cubes compressive strength (Fig. 5.19). Similar comparative
findings in respect of compressive strength analysis are found in a different study of sewer
samples, where microbial production of acids reduced compressive strength (Davis et al.,
1998). The present study demonstrates that 4. famarii grew on the cube surface and
penetrates with their hyphae as shown in SEM images (Fig. 5.27). This is likely one of the
main causes of the compressive strength decreasing as incubation time increases (Aldosari et

al., 2019).

Furthermore the percentage strength loss of 2, 4 and 6 months infected concrete samples are
6.34 + 0.12%, 20.66 + 0.26%, 24.34 + 0.16% for M40 grade and 11.20 + 0.04%, 22.70 +
0.10%, 25.17 + 0.12% for M20 grade respectively (Table 5.8). Interestingly, as may be
expected, concrete samples with higher strengths were less susceptible to strength loss as well
as less permeable compared to the lower grade. Marquez-Penaranda et al., (2016) attempted
to use 4. thiooxidans and H. neapolitanus in concrete (M30) samples showed that 3%, 12%,
18% and 4%, 11%, 12% of compressive strength was observed after incubation of 2, 4, 6
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months respectively with respect to control. Hence it is established that fungal infected

concrete are liable for losing the compressive strength in sizeable quantity.

Table 5.8 Percentage strength loss of M20 and M40 graded infected concrete cubes (n =3).

Time period (months) Compressive strength loss (%)
M20 grade M40 grade
2 months 11.20 6.34
4 months 22.70 20.66
6 months 25.17 24.34

5.2.3 Organic acid analysis

Chromatogram

mAU
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Fig. 5.20 HPLC chromatograph of standard lactic acid solution (1000 pg/ml).

The organic acids which present and shown in Fig. 5.22 in the 4. tamarii infected medium
that probably damage the concrete cubes were found using high performance liquid
chromatography. The HPLC chromatograph of standard lactic (1000 pg/ml) and acetic (625
pg/ml) acids were shown in Fig. 5.20 and Fig. 5.21 respectively whereas chromatograph of
standard oxalic (120 pg/ml) and malic (200 pg/ml) acids illustrated in Fig. 5.7 and Fig. 5.8.

At least three concentrations of standard compounds were diluted and analysed.
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Fig. 5.21 HPLC chromatograph of standard acetic acid solution (625 pug/ml).

HPLC analysis for organic acid production after 6 months indicated four significant peaks
identified as oxalic acid, malic acid, lactic acid and acetic acid (Fig. 5.22). Peak identification
was established when sample peak retention times matched those of pure organic acid
standards. Only two organic acid were found in the earlier (after 1 month), while four acid
were found (Fig. 5.22) after 6 months. During the growth process A. tamarii continuously
secretes organic acids to regulate pH of its surroundings, which might contribute in the

promotion of its own growth.
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Fig. 5.22 HPLC chromatograph of 6 months liquid medium of A. tamarii infected concrete

cubes.

It was also observed that oxalic acid dominates the acidity (from the fungus) due to its high
concentration. Similar type of findings was also noticed in liquid culture medium of edible
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fungi and showed that oxalic acid was present in greater quantity followed by malic acid and
citric acid (Yu et al., 2020). Also the contents of oxalic acid and malic acid were also
increased after 6 months of incubation compared to 1 month study. These acids could react
with calcium hydroxide [Ca(OH);] in concrete and forms soluble salts (Eq. 3 and Eq. 4) such
as calcium lactate [Ca3(C¢HsO7),] and calcium acetate [(CH3;COQO),Ca], which results in
calcium leaching and insoluble salts (Eq. 1 and Eq. 2) i.e. calcium oxalate (CaC,04) and
calcium malate (C4H4CaOs) causing the entire concrete structure to expand under pressure.
SEM images of the biodeteriorated concrete samples revealed precipitation of calcium
oxalate crystal, which was associated with and encrusting fungal hyphae [Fig. 5.27(d)].
Mycogenic mineral crystallisation on such a large scale might be considered an expansion
attack on concrete, leading to increased cracking [Fig. 5.27(e)] and a sharp decline in the

concrete mechanical resistance (Fig. 5.19).

Ca(OH) + C3H204 — CaCr0s 4 2Hp0 oo (1)
Ca(OH); + C4Hg04 — C4HaCaOs + 2H0 ... )
3Ca(OH); + 2CsHg07 — Caz(CsHs07)z + 6Hz0...ovev..... 3)
Ca(OH), + 2CH;COO0H — (CH3C00),Ca + 2H,0............... (4)

5.2.4 Variation in elemental composition

EDXRF analysis was conducted to determine the elements that were present in the concrete
cube. Silicon and calcium were the main constituents in concrete, with magnesium,
aluminium, and iron being present to a lesser level (Fig. 5.23 and Fig. 5.24). During the
progress of time, the calcium content found to be decreased (p < 0.001). The percentage of
calcium of M40 grade control concrete was 34.24 + 0.06% and after 6 month fungal infection
it reached 25.36 + 0.05% (Fig. 5.24). Similarly, calcium concentration in M20 grade control
concrete was 69.63 = 0.12% and after 2, 4 and 6 month fungal exposure interval it reached
43.63 £ 0.18%, 31.46 + 0.22% and 15.68 + 0.09% respectively (Fig. 5.23). Moreover, it has
been also noted that fungal activity helps in the calcium leaching process from concrete cubes
(Sanchez-Silva and Rosowsky 2008). Obviously, the rate of calcium leaching was less in
M40 grade cube that can explain on the basis of compressive strength of the concrete cube
and also porosity of the M20 grade concrete cubes for hyphae penetration to the substrate was

more compared to the M40 graded cubes.
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Fig. 5.23 Mass fraction of different elements for control and A4. tamarii infected M20 grade
concrete samples (n = 3). The asterisks above columns indicate the p-value (z-test between

the control and infected concrete sample): ***, p <0.001.
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Fig. 5.24 Mass fraction of different elements for control and A4. tamarii infected M40 grade
concrete samples (n = 3). The asterisks above lines indicate the p-value (#-test between the

control and infected concrete sample): " p <0.05, o p <0.001.

Also, during a six-month study on deterioration, the concentration of other elements like
aluminium, magnesium, silicon, and iron was increased (Fig. 5.23 and Fig. 5.24). As the
calcium leaching rate accelerated over time, silicon content also increased (p < 0.001) to this
effect. It has been presumed that the increased (p < 0.001) concentration of iron and
magnesium in the solution perhaps came from the Czapek Dox medium used which was for
the experiment. The increase of SiO; and Al,Oj; indicated the production of very porous SiO,
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and Al gels in the outermost damaged zones. In addition to these, trace amounts of
chromium, manganese, nickel, titanium and zinc were noted initially but due to leaching
these also faded over time. Similar type of research work were also done by Yakovleva et al.,
(2018) and compared to present study as noted after 28 days of fungal inoculation. The
percentage of calcium decreased followed by increment of silicon, iron, aluminium and

magnesium after the above period.

5.2.5 Variation in functional groups

The FTIR characterisation of 4. tamarii that infected M20 and M40 grade concrete after 3
and 6 months was compared with the findings of the control sample in the present study. Fig.
5.25 and Fig. 5.26 shows FTIR analysis plot for 4. tamarii infected M20 and M40 grade
concrete in the range 4000-400 cm™. The IR spectrum for control concrete showed the
presence of portlandite [Ca(OH);] at 3640 cem’ (O-H stretching vibrations) which was
vanished in A. tamarii infected samples. The transformations of portlandite occur during the
leaching and carbonation of concrete. During the ageing of concrete, carbonation is a natural
process of Portland cement (Wiktor et al., 2009). Calcium carbonate was formed at the time
of carbonation process. A strong symmetric stretching absorption band (C-O) of calcite at
wavenumber 1400, 874 and 611 cm” became medium in A. tamarii infected M40 grade
concrete samples (Fig. 5.26). Also this band was absent in M20 grade concrete after 3 and 6

months fungal inoculation (Fig. 5.25).

—— Control
Fungi infected (3 months)
Fungi infected (6 months)

160 o
140 o
120 H
100 o \i
] i
80 |
] | i

[ [
I/

A o |

oy

% Transmittance

60

40 -

7 ©-H stretching C-O stretching C-0O strstching
20+ C=0 stretching y ; i
.L e a\/—f_k Si-O stretching
0 = —_ L ..,m
: T ¥ T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm i )

Fig. 5.25 Mid-infrared spectra of control and A. tamarii infected M20 grade concrete in the
range 4000-400 cm™.
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The control sample showed an envelope-shaped medium with symmetric band of 3450 cm™
attributable to O-H, which after 3 and 6 months of incubation became weak and very weak
for M40 grade concrete and ultimately totally absent in M20 grade concrete. This O-H band
can be misleading because the sample has absorbed water. Hydrogen bonding might alter the
band shape and position. A weak asymmetric stretching band (Si-O) from C-S-H of the
quartz (crystalline silica) was evident from 980 cm™ to 1000 cm™, that result extremely weak
in high graded concrete and totally disappearing in low graded concrete after 3 and 6 months
biodeterioration study (Fig. 5.25 and Fig. 5.26). The shift in the Si-O band seen in the current
study is comparable with the research work of Ghosh et al., (1980) and Wiktor et al., (2011)

in which Si-O polymerized to orthosilicate units (SiO4") at the time of weathering process.
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Fig. 5.26 Mid-infrared spectra of control and A. tamarii infected M40 grade concrete in the

region 4000-400 cm™.

Water, carbonate, and silicate were the three main bands found from FTIR analysis of
concrete deterioration (Fig. 5.25 and Fig. 5.26). The control sample also had certain other
bands, such as O-C (1200 cm™), CH; (1350 cm™), C=0 (1730 cm™), and C-H (3000 cm™)
which became moderate in 6 months A. tamarii infected M40 grade and absent in the M20
grade concrete sample because these bands were gradually weakened and then broken by the
action of fungus over time. It relies on the concrete's pH, texture, mineral content, and
relative percentage of mineral contents. This was directly related to the variation in concrete
cube weight loss and compressive strength loss. As the bands found to be weakened or
disappeared, the hydration products changed, weakening the matrix and crack formation
occurs [Fig. 5.27(e)]. Salts and water entering by these concrete cracks lead to corrosion
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(Ilinskaya et al., 2018). The weight and compressive strength were thereby reduced
consecutively.

5.2.6 Microscopic observation

5.2.6.1 Scanning electron microscopy

Experimental results on the basis of SEM analysis has been shown in Fig. 5.27.
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Fig. 5.27 SEM images of A4. tamarii infected concrete samples: a) 1 month; b) 3 month; c) 6

month; d) calcium oxalate crystal formation e) crack formation f) ettringite formation.
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The examination of concrete sample using SEM images was taken after 1, 3 and 6 months
interval of the biodeterioration study. After one month of fungal inoculation, the growth of
the fungal biofilm was visible. The surface biofilms on the stones frequently contain fungi, to
use organic substrates like carbon, hydrogen and energy sources (Nuhoglu et al., 2006).
Fungal spore and hyphae had been noticed on the exterior surface of the concrete cube at this
point. When the samples had been inoculated for six months, the surface phenomenon
undergone changed. The spore in numbers was increased followed by growing fungal hyphae
on the surface penetrated into the concrete materials [Fig. 5.27(a) through Fig. 5.27(c)]. The
development of calcium oxalate crystals [Fig. 5.27(d)] and thin needles of ettringite [Fig.
5.27(f)] in samples that had been inoculated for six months further corroborate the effects of

A. tamarii.

In the end, the effect shown structural deterioration (Gadd et al., 2014), expansion cracking as
well as peeling of external layers, color changes and produce stains in the building block
(Rosado et al., 2013). Micro cracks were also seen on the concrete sample used in the present
study (Fig. 5.27(e)), which could represent a pathway for the growth of surface fungus inside
building materials. It causes the damage region to become larger and increases the
permeability of salt, water, and gas in concrete, leads to weakening of the building materials.
This noticeable effect directly related to the concrete cube's compressive strength in the
present investigation. The degradation of the exposed concrete surface caused by
microorganisms, were also reported by Sanchez-Silva and Rosowsky., (2008). Similar to the
present study, it was also seen a reduction in protective cover depth and an increase in
porosity, which in turn had an impact on the occurrence of cracking and the reduction of

concrete cube compressive strength [Fig. 5.19 and Fig. 5.27(e)].

5.2.6.2 Stereo zoom microscopy

The M20 and M40 grade concrete cube's surface characteristics were examined using the
stereo zoom microscope (Bhattacharyya et al., 2022; Suarez et al., 2018). Compared to the
control, the colour of the concrete cube was found to change to yellowish grey (5Y 8/1)
according to a geological rock-color chart (Munsell 2009). The six-month-old contaminated
concrete cubes displayed a phenomenon of disruption and missing concrete granules instead
of a color change (Fig. 5.28). The pigmentation of A. tamarii, which may be metabolic
products like melanin or by-products of other extracellular polymerization, is one of the

prime reasons for color change of the concrete cube (Krumbein 1992). In the present
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investigation, corrosion was extensively studied in many folds and results indicated that the

concrete surface is corroded by organic acids as produced by microorganisms (Cwalina

2014).

Fig. 5.28 Stereo Microscopic images (1% magnification) of: a) control M20 grade; b) A.
tamarii infected M20 grade; ¢) control M40 grade; d) A. tamarii infected M40 grade concrete

cube surface after 6 months of incubation period.
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5.3 Radiation dose selection
5.3.1 Radiosensitivity of A. tamarii

The colonies that formed by A. tamarii were yellow and white cottony with circular
impression and shown in Fig. 5.29. The sensitivity of the isolated fungus to UVC and gamma
irradiation was evaluated with the help of Czapek Dox agar plate. Irradiated with different

doses of ultraviolet and gamma radiation, the colony diameter (n = 3) were measured and

compared to the diameter (n = 3) of the non-irradiated control after 7 days incubation period

and exhibited in Fig. 5.29.

Fig. 5.29 Irradiation effect on A. tamarii with doses of: 5 mins a); 10 mins b); 15 mins c); 20
mins d) UVC ray and 0.5 KGy e); 0.75 KGy f); 1 KGy g) gamma ray compared to the control
h) after 7-days incubation.

A. tamarii was resistant to ultraviolet exposure after 5, 10, and 15 mins, but was inactivated
after 20 mins (Fig. 5.30). The colonies, which had a mean diameter of 2.0 + 0.05 cm, were
initially rendered inactive by the dose of 5 and 10 mins of exposure. Subsequently following
a 1 day of incubation, the resistant cells began to grow once more and the colony continued to
expand, eventually reaching diameters of 2.4 £ 0.01 and 2.3 + 0.02 cm after 7 days, while the
control colonies had 3.2 + 0.03 cm diameters after the same incubation period (Fig. 5.30).
However for 20 mins UVC, the diameter of the colony remained same after different
exposure intervals which were shown in Fig. 5.30. It was noticed that after 45 mins of

exposure to UV light (254 nm) the same was sufficient for rendering inactivation of fungus
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(Ozcelik 2007). UVC light (250 pW/cm?) killed most of the Candida organisms within 5 min
as reported by Ishida et al., (1991).
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Fig. 5.30 Responses of A.tamarii to UVC rays with doses of 5, 10, 15 and 20 mins in

accordance to colony diameter (n = 3) during 7-days incubation.
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Fig. 5.31 Responses of A.tamarii to gamma rays with doses of 0.5, 0.75 and 1 KGy in

accordance to colony diameter (n = 3) during 7-days incubation.
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The diameter of the gamma irradiated (0.5, 0.75 and 1 KGy) fungal colonies after 7 days of
incubation were found to be as 2.6 + 0.03, 2.4 £ 0.05 and 2.0 + 0.02 cm respectively (Fig.
5.31). However, it was shown in the plot that in case of gamma radiation with the doses of
0.5 and 0.75 KGy, the growth of A. tamarii slowed down compared to the control and finally
totally inactive only at a dose equal to or above 1 KGy (Fig. 5.31). The observed
phenomenon may have resulted due to complete loss of the fungus capacity to generate
spores with the increase of doses of gamma radiation. Subsequently the living fungal cell or
spores become inactive due to radiolysis of intercellular water (Maity et al., 2009). Similar
kind of figure was obtained after application of gamma radiation where 1 KGy is the
optimum dose for complete inactivation of A. tamarii. Previously, at doses lower than 2.5
KGy, fungi like Alternaria alternata, Aspergillus flavus, Curvularia geniculate, and

Trichoderma viride were completely inactive (Maity et al., 2011).

Moreover, some other different studies on the impact of gamma radiation on the viability of
fungi on food and plants have been released. When exposed to radiation at a dose of 5 KGy,
A. flavus, A. fumigatus, A. ochraceus, and A. parasiticus on plants were eradicated (Aziz et
al., 1997). Also, it was noted that Trichoderma sp. and Aspergillus sp. were inhibited at levels
of 2 and 3 KGy, respectively, but Curvularia sp. and Alternaria sp. were only inhibited at 2.5
KGy (Maity et al., 2008). The heterogeneity in the isolated strains may account for the
difference in doses needed to inactivate the fungi. Although the 18S rDNA sequencing of the
various fungal strains was similar, their various origins accounted for their diverse responses
to gamma radiation. Moreover, various experimental conditions could yield various
outcomes. Based on the findings of the radiosensitivity of A. famarii in our study, it was
decided to use UVC and gamma radiation to treat the concrete cube (Prak et al., 2023; Reches
2019; Borderie et al., 2012; Sommers 1969).

5.3.2 Radiation on concrete cubes
5.3.2.1 Weight variation

The weighting process for control (non-infected and non-irradiated), biodeterioration
(infected), control (irradiated), inhibition (infected and irradiated) cube samples was carried
out after drying the cube at 110 °C. These weight reductions were calculated 30 days after
exposure, and for control (non-infected and non-irradiated) samples, negligible weight
reduction was noticed. After the surface precipitates were cleared away, 4. tamarii inoculated

i.e. biodeteriorated concrete cubes revealed a weight reduction of 0.56 £ 0.01% (Table 5.9).
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Table 5.9 Weight loss in percentage for control and biodeteriorated concrete cubes (n = 3)

after a month.

Initial Final . Average | Standard
: . Difference | Loss .
weight weight (gm) (%) loss deviation
(gm) (gm) (%0) (%0)
Control (non- 345.0 345.0 0 0
infected and non- | 330.5 330.5 0 0 0 0
irradiated) 334.5 334.5 0 0
Biodeterioration 348.0 346.0 2 0.57
(infected) 355.0 353.0 2 0.56 0.56 0.01
347.5 345.5 2 0.57

Inhibition cube samples showed very marginal reduction of weight after exposed to UV rays
for 5 min. After exposed to ultraviolet radiation for 10, 15 and 20 min, the cube samples
showed 0.22 + 0.09%, 0.62 + 0.01% and 0.99 £+ 0.12% weight reduction respectively [Fig.
5.32(a) and Table 5.10], while inhibition cubes lost 0.11 + 0.09%, 0.34 + 0.01%, 1.42 +
0.11% of their weight after being exposed to gamma radiation for 0.5, 0.75 and 1 KGy [Fig.
5.32(b) and Table 5.11].

Table 5.10 Percentage weight losses for UVC irradiated control and inhibition cube samples

(n = 3) after a month.

Radiation . Initial | Final . Average | Standard
exposure Experimental . . Difference | Loss -
time set-up weight | weight (gm) (%) loss deviation
- 0 0 ()
(min) (gm) | (gm) (%) (%)
331.0 | 331.0 0 0
Control (irradiated) | 329.5 | 329.5 0 0 0 0
5 322.0 | 322.0 0 0
Inhibition (infected gg?g gg?g 8 8 0 0
and irradiated) 33 9' s | 33 9' 5 0 0
320.0 | 320.0 0 0
Control (irradiated) | 337.0 | 337.0 0 0 0 0
10 320.0 | 320.0 0 0
o . 302.0 | 301.5 0.5 0.17
Inhibition (infected | 35 | 599 I 033| 022 | 0.09
and irradiated) | 3075 | 3065 05 | 0.16
323.0 | 322.5 0.5 0.15
15 Control (irradiated) | 311.0 | 310.5 0.5 0.16 0.10 0.09
297.0 | 297.0 0 0

80




. 3305 | 3285 2 0.60
Inl;ﬂ’;;f’rr;ggtf:;;ed 317.0 | 315.0 2 0.63| 0.62 0.04
308.0 | 306.0 2 0.65
350.0 | 349.0 1 0.28
Control (irradiated) | 328.0 | 327.5 0.5 0.15 0.20 0.07
0 3205 | 320.0 0.5 0.16
Inhibition (infected | >200 | 327.0 3 0.91
and irradinted) | 3270 | 3240 3 092 | 099 0.12
3535 | 349.5 4 1.13

Table 5.11 Percentage weight losses for gamma irradiated control and inhibition cube

samples (n = 3) after a month.

Radiation . Initial | Final . Average | Standard
Experimental . . Difference | Loss -
dose set-up weight | weight (gm) (%) loss deviation
(KGy) (gm) | (gm) (%) (%)
349.5 | 349.5 0 0
Control (irradiated) | 345.0 | 345.0 0 0 0 0
0.5 351.0 | 351.0 0 0
’ o 292.0 | 292.0 0 0
In};f;;f;;g:f:ged 3050 | 3045 | 05 |0.16| 011 | 0.09
301.5 | 301.0 0.5 0.17
331.0 | 331.0 0 0
Control (irradiated) | 326.0 | 326.0 0 0 0 0
0.75 307.5 | 307.5 0 0
Inhibition (infected | 2000 | 279-0 ! 0.36
and irradiated) 289.0 | 288.0 1 0.35 0.34 0.03
320.0 | 319.0 1 0.31
325.5 | 325.0 0.5 0.15
Control (irradiated) | 302.5 | 302.0 0.5 0.16 0.21 0.10
| 307.0 | 306.0 1 0.33
o 324.0 | 319.0 5 1.54
I“};f(;t;fr‘;g;‘f:ged 280.0 | 276.0 4 142 142 | o1
305.0 | 301.0 4 1.31

It is interesting to note that variations of concrete weight were also observed for irradiated

control cube samples that were run in sterile Czapek Dox medium i.e. negligible after 5 and
10 min UV ray, 0.10 £ 0.09% and 0.20 + 0.07% after 15 and 20 min UV ray, negligible after
0.5 and 0.75 KGy gamma ray and 0.21 = 0.10% after | KGy gamma exposure (Fig. 5.32). In

addition, it was also observed that weight losses of inhibition cubes that had been infected

and exposed to radiation were higher (p < 0.05, p <0.01 and p < 0.001) than those of control

samples (irradiated). The loss of weight for the inhibition samples was found less with

respect to a gamma dose of 0.5 KGy compared to 0.75 and 1 KGy respectively as shown in

Fig. 5.32(b).
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Fig. 5.32 Weight reduction in percentage for: a) ultraviolet; b) gamma radiated cube samples
(n = 3) after a month. The asterisks above lines present the p-value (#-test between the control

sample and inhibition sample): *, p < 0.05; , p<0.01; , p<0.001.

The loss of weight for inhibited samples was caused by fungus as well as irradiation, whereas
for control samples weight loss occurred only due to radiation. Also fungal population
depletion was noticed after the infected cube was exposed to gamma radiation at doses of 0.5,
0.75, and 1 KGy, but A. tamarii was completely inhibited above or equal to 1 KGy (Fig.
5.31). However, based on weight losses, radiation damage for a concrete was clearly
observed after infected cube was exposed to radiation (inhibition) at a dosage of 1 KGy [Fig.
5.32(b)] in contrast to samples that had biodeteriorated (Table 5.9). Cement materials lose
weight throughout the irradiation process, which is likely due to the loss of chemically bound
or non-evaporable water, physically bound or evaporable water and unbound water.
Additionally, present research showed that concrete cubes lost greater weight at higher
temperatures or radiation doses (Table 5.9, Table 5.10 and Fig. 5.11). The loss of weight of
concrete cube was an indication that it was becoming dehydrated as a result of the increase in
radiation doses. Sanchez et al., (2018) and Kontani et al., (2014) claimed that increased
weight loss that detected with the escalation of radiation doses due to the concrete samples'
dehydration, which is in contrary to the findings of the present investigation. As a result, the
pore pressure inside the concrete enhanced, causing the explosive spalling of concrete as
reported by Zhang and Ye (2012). Field et al., (2015) explained in their research that large

doses of gamma radiation might cause the atomic structure of some aggregates in concrete to
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change from crystalline property to deform amorphous, causing a drop in weight and increase

in volume.

5.3.2.2 Compressive strength variation

The compressive strength of the concrete cubes was measured in triplicate for every sample,
after 30 days of exposure. According to Table 5.12, the average compressive strength for
control (non-infected and non-irradiated) and fungal-infected (biodeterioration) 30-day-old

cubes were 19.74 + 0.46 and 18.88 + 0.43 N/mm? respectively and tabulated below in Table
5.12.

Table 5.12 Variation of compressive strength (N/mm?) for control and biodeteriorated cube

samples (n = 3) after a month.

Experimental Load Compressive Average Stapdgrd
st (KN) strength strength deviation
P (N/mm?) (N/mm?) (N/mm?)
Control (non- 49.5 19.80
infected and non- 48.1 19.24 19.74 0.46
irradiated) 50.4 20.16
. L 47.5 19.00
Biodeterioration 46.0 18.40 18.88 0.43
(infected) 48.1 19.24

® Control (non-infected and non-irradiated)
B Biodeterioration (infected)

*

N
%]
I

[ |

19.74+0.46 18.88+0.43

N
o
1

=
o
1

%]
1

Average Strength (N/mm?)
[N
(2]

o
I

Experimental Set-up

Fig. 5.33 Compressive strength (N/mm?) variation for control and biodeteriorated cube
samples (n = 3) after a month. The asterisks above columns present the p-value (#-test

between the control sample and biodeteriorated sample): ", p <0.05.
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These findings demonstrated that compared to the control (non-infected and non-irradiated),
A. tamarii infection accelerated the process of deterioration, lowering (p < 0.05) the
compressive strength of the concrete cubes (Fig. 5.33). After microscopic investigation, it
was found that fungus was present and grown in the cracks of the damaged concrete
structures (Fig. 5.27), but it is still unclear how far the fungi had penetrated the inside of the
concrete structures. Aspergillus has a cell wall consisting of chitin and complex
carbohydrates that is strong and flexible, allowing the apex part of the fungus to infiltrate
concrete structures (Tong 2018; Money 2004). So the primary process causing fungal
influenced deterioration (FID) of concrete is fungal hyphae extension inside the concrete
materials. Organic acid as produced by fungi is one of the main causes of concrete structure

corrosion and reduction of the compressive strength of concrete (Davis et al., 1998).

Radiation doses and concrete cube compressive strength are inversely related. Loss of
strength would be greater if the dose is increased, and vice versa. According to Craeye et al.,

(2015), compressive strength reduced as radiation exposure increased.

Table 5.13 Variation of compressive strength (N/mm?) for UVC irradiated control and

inhibition cube samples (n = 3) after a month.

Radiation Experimental Load Compressive | Average Standard
exposure pse tu (KN) strength strength deviation
time (min) p (N/mm?) (N/mm?%) | (N/mm?)
543 21.72
Control (irradiated) 52.9 21.16 21.52 0.31
5 54.2 21.68
Inhibition (infected | 307 oo 2020 034
and irradiated) ' ' ’ ’
50.0 20.00
54.7 21.88
Control (irradiated) 53.9 21.56 21.49 0.42
10 52.6 21.04
Inhibition (infected 332 izgg 19.26 026
and irradiated) 48' 6 19' 44 ' '
51.5 20.60
Control (irradiated) 49.9 19.96 20.40 0.38
15 51.6 20.64
Inhibition (infected | >3 o 846 034
and irradiated) 4 5' 9 1 8' 46 ' '
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48.5 19.40

Control (irradiated) 50.2 20.08 19.72 0.34
20 49.2 19.68
45.4 18.16

Inhibition (infected

and irradiated) 44.1 17.64 17.84 0.28

44.3 17.72

Table 5.14 Strength variation (N/mm?) for gamma irradiated control and inhibition cube

samples (n = 3) after a month.

Radiation Experimental Load Compressive | Average Standard
dose P . (KN) Strength Strength deviation
(KGy) p (N/mm?) (N/mm?) | (N/mm?)
51.8 20.72
Control (irradiated) 52.9 21.16 20.77 0.36
0.5 51.1 20.44
Inhibition (infected | 503 o 1003 020
and irradiated) 49' 3 19' 7 ' '
51.3 20.52
Control (irradiated) 49.7 19.88 20.34 0.39
51.5 20.60
o Inhibition (infected 46.0 18.40
and irradiated) igg }g% 18.75 0.36
49.7 19.88
Control (irradiated) 48.7 19.48 19.48 0.28
1 47.7 19.08
Inhibition (infected 352 138(6) 17.10 038
and irradiated) 43' ] 17' 57 ' '

The lowest (p < 0.001) compressive strength 17.84 + 0.28 N/mm” was found in UVC-
irradiated infected (inhibition) concrete cubes after 20 min of exposure [Fig. 5.34(a) and
Table 5.13]., followed by samples exposed for 5, 10, and 15 min (20.20 &+ 0.34, 19.26 + 0.26
and 18.46 + 0.34 N/mm?). The compressive strength of infected cubes after undergoing 5 and
10 min of ultraviolet ray (inhibition) showed higher strength [Fig. 5.34(a) and Table 5.13] in
comparison to A.tamarii infected (biodeteriorated) cubes (Fig. 5.33 and Table 5.12). The
most dangerous waveband, UVC, probably destroys both A. tamarii conidia and spores. As a

result, the population and spread of fungus on concrete cubes would be reduced.
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Fig. 5.34 Compressive strength (N/mm?) variation for: a) ultraviolet; b) gamma irradiated
cube samples (n = 3) after a month. The asterisks above columns present the p-value (z-test

between the control sample and inhibition sample): = p <0.01; ", p <0.001.

Similarly gamma irradiation with a dose of 0.5 KGy reducing (p < 0.01) compressive
strength from 20.77 + 0.36 N/mm” (control) to 19.93 + 0.20 N/mm® (inhibition), whereas
19.48 + 0.28 N/mm? (control) to 17.10 + 0.38 N/mm? (inhibition) strength loss (p < 0.001)
had been also observed after irradiating the cube with 1 KGy dose of gamma radiation [Fig.
5.34(b) and Table 5.14]. Craeye et al., (2015) found that samples aged for a longer period of

time prior to irradiation at high dose rates (1.36 KGy/h) showed a larger decrease in
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compressive strength. In case of lower dosage rates no impact is traced. According to a study
by Sommers (1969), concrete compressive strength descended as gamma radiation exposure
has been increased. Depending on the degree of dryness, the strength of the concrete may
decrease or rise. Loss of compressive strength is also correlated with water hydration in the
cement plus pore water radiolysis or pore water evaporation under radiation heat. The
cement's hydration level and strength were decreased during irradiation due to a loss of
oxygen and hydrogen radiolytic species (Soo and Milian 2001). Vodak et al., (2005)
described this mechanism as a series of chemical reactions on the concrete, starting with
water radiolysis and ending with the creation of calcite crystal (CaCOj3). As a result, the
tobermorite gel is destroyed after the pore size is reduced. By lowering their crystallisation
pressure, calcium silicate hydrates (CSH) minerals weaken concrete cubes compressive

strength.

5.3.2.3 Variation in elemental composition

*%k%
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Fig. 5.35 Mass fraction (%) of major elements for control and biodeteriorated samples (n = 3)
after a month. The asterisks above columns present the p-value (#-test between control and

biodeteriorated concrete sample): -, p < 0.001.

To determine the percentage of trace elements contained in control (non-infected and non-
irradiated), biodeterioration (infected), control (irradiated) and inhibition (infected and
irradiated) concrete samples, an EDXRF investigation was carried out. Calcium and silica
were the two elements whose composition variability was most apparent (Fig. 5.35 and Fig.
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5.36). Before irradiation, the calcium percentage in the infected concrete (49.88 + 0.65%)
was lower (p < 0.001) than control sample (72.32 + 0.21%) because A. tamarii assisted in the
leaching of calcium ions from the concrete cube (Fig. 5.35). Additionally, this phenomenon
has been discussed in some other studies as reported in the literature (Sanchez-Silva and
Rosowsky 2008; Gu et al., 1998). Simultaneously, as the amount of calcium leaching was

reduced, the percentage of silica was found to be decreased.

Infected concrete as exposed to UV radiation (inhibition) for 5, 10, 15, and 20 minutes had
mass percentages of calcium of 75.75 + 0.16%, 69.12 £ 0.22%, 48.54 + 0.17%, and 36.54 +
0.27%, respectively [Fig. 5.36(a)]. Samples exposed to UVC radiation for 15 and 20 mins
(inhibition) showed greater calcium losses than samples exposed to 5 and 10 mins UVC
radiation. However, compared to the control (irradiated) samples, the mass % of calcium was
around the same for the 5 and 10 min irradiated infected (inhibition) samples and statistically
significant [Fig. 5.36(a)]. Another finding from the EDXRF analysis was that the calcium
concentration of infected cubes following exposure to 5 and 10 minutes of UVC radiation
(inhibition) exhibited greater calcium content compared to only infected i.e. biodeteriorated
cubes [Fig. 5.35 and Fig. 5.36(a)]. The results of the present investigation thus revealed that
the exposure to ultraviolet light for 5 and 10 mins had been beneficial for reducing calcium
leaching from concrete and preventing fungal biodeterioration of concrete. Comparing
irradiated control samples to non-infected and non-irradiated control samples, a slight
percentage of calcium loss was also seen (Fig. 5.35 and Fig. 5.36). Also, as radiation doses
increased, the mass (%) of calcium in control (irradiated) samples dropped (Fig. 5.36). All
samples included a mass proportion of magnesium, however the mass variances were barely
noticeable. Also found in trace amounts at first were chromium, manganese, zinc, and nickel,

but they gradually diminished after the 30-day incubation period.
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Fig. 5.36 Mass fraction (%) of major elements for: a) UVC; b) gamma irradiated control and
inhibition samples (n = 3) after a month. The asterisks above columns present the p-value (z-

test between the control and inhibition concrete sample): -, p<0.01; ***, p <0.001.

For analysis of experimental result, an effort was also endeavoured for using the micro
EDXREF technique to analyse the proportion of trace elements in gamma-irradiated (control
and inhibition) concrete samples. In a bar graph [Fig. 5.36(b)], the mass (%) and elemental
composition of various concrete elements are shown. When compared to calcium percentage
(70.95 + 0.30%) of concrete samples after exposed to 0.5 KGy of radiation (inhibition), the
percentages of calcium (56.53 + 0.19% and 57.29 + 0.15%) were decreased after the
application of 0.75 and 1 KGy gamma doses [Fig. 5.36(b)]. In fact the production of the very

insoluble phase Ca0,.8H,0, which results in the eradication of ettringite and portlandite, is




mainly due to the dropping of calcium percentage in concrete exposed to large doses of
gamma radiation (Bouniol and Aspart 1998). Additionally, it was observed that the changes
in the dissolution rate caused rotations and distortions of carbonate groups with regard to the
locations of calcium atoms, which led to a change in calcite density (Pignatelli et al., 2016).
With the increase in radiation doses, the mass (%) of additional trace elements like silica,
iron, and aluminium also increased (Fig. 5.36). This observation indicates that larger

radiation doses (0.75 and 1 KGy) could worsen more the concrete cube than lower ones.

5.3.2.4 Changes in functional groups

Fig. 5.37 and Fig. 5.38 show the results of FTIR analysis performed on control (non-infected
and non-irradiated), biodeterioration (infected), control (irradiated) and inhibition (infected
and irradiated) concrete samples after 30 days of exposure. All concrete samples' infrared
spectra at 3640 cm™ revealed portlandite's hydroxyl vibrations. Portlandite [Ca(OH),] was
transformed during the carbonation and leaching process. Calcium carbonate (CaCO3) was
formed during the natural carbonation of concrete (Wiktor et al., 2009). Concrete samples
(control and inhibition) which were exposed to ultraviolet ray for 5 mins peaked at 1400, 874
and 705 cm’’ respectively and displayed a prominent symmetrical stretching band (C-O) of
calcium carbonate. After being exposed to ultraviolet radiation for 10, 15, and 20 mins
respectively, the C-O absorption band became medium and weak (Fig. 5.37). In IR spectra
obtained from irradiated concrete samples earlier, Nagabhushana et al. (2008) also observed
such band behaviour, which showed a shift towards lower wavenumbers and a decrease in the
intensity of the calcite (1350, 874, and 712 cm™) stretching modes. The deformation and
fracture of the carbonate groups found in calcite, as well as greater radiation dosages and
fungus, have all been linked to this alteration in IR spectra. All of the concrete samples
showed an envelope-shaped strong and broad symmetrical band (O-H) of water at 3450 cm™.
The decrease in intensity of the broad band at 3400 cm™ (Fig. 5.37 and Fig. 5.38) in
biodeterioration and inhibition (except lower radiation dose) samples as compared to both
control (non-infected and non-irradiated as well as only irradiated) demonstrated the clear

indication of the decrease in H,O content.

Very weak stretching band (C=C) remained unaltered in every sample that was tested. After
receiving a high dose of radiation, another asymmetrically stretching strong band (980 cm™)
from the C-S-H of the crystalline silica mineral quartz (Si-O) became medium that was both

for control (irradiated) and inhibition concrete samples (Fig. 5.37 and Fig. 5.38).

90



—— Control (non-infected and non-irradiated) ‘ —— Biodeterioration (infected)
Control (irradiated with 5 mins UVC ray) — Inhibition (infected and irradiated with 5 mins UVC ray)
100 4 Control (irradiated with 10 mins UVC ray) 100 4 Inhibition (infected and irradiated with 10 mins UVC ray)
Control (irradiated with 15 mins UVC ray) —— Inhibition (infected and irradiated with 15 mins UVC ray)
Control (irradiated with 20 mins UVC ray) Inhibition (infected and irradiated with 20 mins UVC ray)
904 ] 90
\ A
“ C-O stretching
80 | 804
. \"‘ //»\/‘H‘\
= ! A \ 1

704

04 ’7"

7

/ I\
C=C stretching / /
|

\ c=c/
stretchmg /

50 P C 0 stre(chmg /

60

60 \‘

% Transmittance
{
f
-4
% Transmittance
|
a4
/
\
\ 9
=

50 4
/ C=0 stretching /

! /

404 V/ C=0 stretching / 40 k
O-H stretching O-H stretching \/ A \
30 304 O-H stretching / il
/;/v//‘
C-Osstretching  Si-O stretching C-Ostretching  gi.0 stretchmg
20 1 T 1 T T 1 U 20 1 ’ T N 1 T U
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1 500 1 000 500
(a) Wavenumber (cm ") (b) Wavenumber (cm ')

Fig. 5.37 FTIR transmittance spectrum of: a) control concrete (non-irradiated and UVC
irradiated); b) biodeterioration concrete and inhibition concrete (UVC irradiated) samples

after a month.

Si-O is typically a covalent chemical bond. Consequently, gamma radiation could degrade
materials made of silica (Pomaro 2016; Battaglin et al., 1992; Mazzoldi et al., 1991). These
findings support the present phenomena that, when calcite (CaCOs3) is exposed to greater

doses of radiation, quartz also experiences some damage and becomes disordered.
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Fig. 5.38 FTIR transmittance spectrum of: a) control concrete (non-infected and gamma
irradiated); b) biodeterioration concrete and inhibition concrete (gamma irradiated) samples

after a month.
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In the mid-IR region of the studied concrete samples, the major bands observed include
carbonate, silicate, and water. After 30 days of incubation, these bands in the fungus-affected
(biodeteriorated) concrete became medium and thereafter weakened compared to the non-
infected and non-irradiated concrete sample (Fig. 5.37 and Fig. 5.38). These bands were
found weaker after 180 days of exposure and were eventually be broken by fungus. This is
dependent on a number of variables, including mineral content, texture and pH. The bands
also weakened as a result of radiation damage when control and inhibition samples were
exposed to 0.75 and 1 KGy doses of gamma radiation (Fig. 5.38). As a result, the cement's
hydration products changed, weakening the concrete's matrix and lowering compressive
strength. However, the band was stronger after 0.5 KGy dose of gamma irradiation in the
irradiated (control and inhibition) concrete sample than the infected (biodeteriorated)
concrete sample (Fig. 5.38). In contrast to exposure with 4. tamarii i.e. biodeteriorated
sample, concrete degraded more (except lower radiation dose) as a result of exposure to both

higher dosage irradiation and A4. tamarii.

5.4 Inhibition of biodeterioration with selected radiation dose
5.4.1 Characterisation of concrete cubes
5.4.1.1 Weight variation

The variation of weight percentage for non-irradiated (control and infected), UVC (625
pw/cm” x 5 min) and gamma (0.5 KGy) irradiated (control and infected) concrete cubes was
measured after 6 months incubation period. The weight loss percentage in UVC irradiated
infected concrete cubes (0.28 + 0.09%) was observed to be the lowest, followed by gamma
irradiated infected (0.72 £+ 0.08%) and non-irradiated infected (2.22 + 0.04%) cubes (Table
5.15 and Fig. 5.39). The percentage of weight loss was consistent with other investigations
that came to the same conclusion about the weight loss caused by the fungal biodeterioration
of concrete (Bhattacharyya et al., 2022; Sanchez-Silva and Rosowsky 2008; Gu et al., 1998).
Additionally, when the concrete cube was kept in fungal medium, it shows almost negligible

weight loss (0.85 £ 0.02%) over time as shown in tabular form (Table 5.15).
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Table 5.15 Weight loss (%) of non-irradiated and irradiated concrete cubes (n =1) after 6

months.
Experimental IniF ial Fmal Difference | Loss Average Stapdgrd
set-up weight | weight (gm) (%) loss deviation
(gm) | (gm) (%) (%)
0.352 | 0.349 0.003 0.85
Control 0.340 | 0.338 0.003 0.88 0.85 0.02
Non- 0.360 | 0.357 0.003 0.83
irradiated 0.320 | 0.313 0.007 2.18
Infected 0.308 | 0.301 0.007 2.27 2.22 0.04
0.316 | 0.309 0.007 2.21
325.5 325.0 0.5 0.15
Control 321.5 321.0 0.5 0.15 0.10 0.08
uvC 307.5 307.5 0 0
irradiated 302.0 | 301.0 1 0.33
Infected 299.5 | 299.0 0.5 0.17 0.28 0.09
304.0 | 303.0 1 0.33
335.0 | 3345 0.5 0.15
Control 310.5 310.0 0.5 0.16 0.15 0.01
Gamma 309.5 309.0 0.5 0.16
irradiated 304.0 | 302.0 2 0.66
Infected 2955 | 2935 2 0.68 0.72 0.08
310.0 | 307.5 2.5 0.81
* %k %
[ —
M Control concrete
2.5 -
e M Infected concrete
2 -
X
*&-; ik * sk %
o —
=
= 1 0.72+0.08
=
0.5 - 0.28+0.09
0.15+0.01
0 -
Non-irradiated UVC irradiated Gamma irradiated

Fig. 5.39 Weight loss of non-irradiated, ultraviolet and gamma irradiated concrete cubes (n =
3) after 6 months. The asterisks above columns present the p-value (#-test between the control

and infected concrete sample): : p <0.05; o p <0.001.
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Also some weight losses that observed for UVC (0.28 + 0.09%) and gamma (0.72 £ 0.08%)
irradiated cubes (Table 5.15 and Fig. 5.39) because from radiosensitivity study complete
depletion of 4. tamarii was not observed with chosen radiation dose (Fig. 5.30 and Fig. 5.31)
without affecting weight properties of concrete due to radiation damage (Fig. 5.32). After
irradiation, the colony of 4. tamarii was still found to persist and being deteriorated the
concrete cubes. However, complete inhibition of fungal population and losses weight of
concrete cubes were observed even when samples were irradiated with higher doses of
radiation. Therefore, it was first priority to inhibit fungal effect without disturbing the

concrete properties for conservation of historic building.

5.4.1.2 Compressive strength variation

Table 5.16 Compressive strength (N/mm?) of non-irradiated and irradiated concrete cubes (n

= 3) after 6 months.

Experimental Load Compressive | Average Stapdgrd
set-up (KN) strengt? strengtgl dev1at1c;n
(N/mm”~) (N/mm”) (N/mm”~)
46.3 18.52
Control 46.0 18.40 18.50 0.08
Non- 46.4 18.56
irradiated 37.1 14.84
Infected 36.8 14.74 14.77 0.06
36.8 14.72
69.2 27.68
Control 70.1 28.04 27.84 0.18
UvC 69.5 27.80
irradiated 66.2 26.48
Infected 67.1 26.84 26.58 0.23
66.0 26.40
64.6 25.84
Control 64.1 25.64 25.72 0.11
Gamma 64.2 25.68
irradiated 58.8 23.52
Infected 58.5 23.40 23.38 0.14
58.1 23.24
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Fig. 5.40 Compressive strength loss (N/mm?) of non-irradiated, ultraviolet and gamma
irradiated concrete cubes (n = 3) after 6 months. The asterisks above columns present the p-

value (t-test between the control and infected concrete sample): ~, p < 0.001.

The compressive strength for non-irradiated (control and infected), UVC and gamma
irradiated (control and infected) cube samples was measured after 6 months (Table 5.16 and
Fig. 5.40). The compressive strength of non-irradiated control and infected cubes were 18.50
+0.08 and 14.77 + 0.06 N/mm” respectively. For non-irradiated control samples, Czapek Dox
medium will cause deterioration on its own because it contains magnesium sulfate which will
accelerate the compressive strength loss of the concrete cube. Moreover, our present
investigation agreed with the results of some other researcher’s reports on concrete cube as
referred below, which revealed that due to fungal infection compressive strength of concrete
have been decreased with time (Bhattacharyya et al., 2022; Yakovleva et al., 2018; Marquez-
Penaranda et al., 2016). For the irradiated control samples, where Czapek Dox medium was
added initially after irradiated and fungal activity was found absent, the increment of
compressive strength (27.84 £ 0.18 and 25.72 £ 0.11 N/mm?) were observed compared to the
non-irradiated control samples (18.50 + 0.08 N/mm?). Significant increase in compressive
strength was also observed for UVC (26.58 £+ 0.23 N/mm?) and gamma (23.38 + 0.14 N/mm?)
radiated infected concrete cubes compared to the non-irradiated infected samples (14.77 +
0.06 N/mm?) after 180 days of incubation (Fig. 5.40). In contrast to the findings of Rezaei-
Ochbelagh et al., (2010) our experimental findings demonstrate that compressive strength of

radiated concrete cube has been improved due to gamma effect. Before irradiation, the cubes
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were dipped in Czapek Dox medium within the plastic containers and their micro pores filled
with water. As a result, water molecules that interact with gamma rays were broken down
into H and OH. The hydrogen (H) flows to the concrete’s surface and the OH participate on
alkali-silica reaction. Micro pores can be eliminated in this manner. As a result, radiating

concrete will improve its strength (Rezaei-Ochbelagh et al., 2010; Mobasher et al., 2015).

5.4.1.3 Variation in elemental composition

The primary elements whose composition diversity was clearly visible were silicon, calcium,
magnesium, aluminium, and iron (Fig. 5.41 and Fig. 5.42). The calcium content of the non-
irradiated infected cubes was found to be decreased (p < 0.001) compared to non-irradiated
control ones because A. tamarii helps to leach calcium from concrete cube as discussed
earlier. Czapek medium will degrade non-irradiated control concrete samples on its own
because it includes potassium chloride and sodium nitrates, which speed up calcium leaching.
But the mass percentage of calcium was found to be increased in UVC and gamma irradiated
(infected) concrete whereas the mass percentage of silicon was decreased as compared to the
non-irradiated (infected) sample. Hence the chosen ultraviolet and gamma radiation dose
were effective to decrease the leaching rate of calcium from the concrete cube. Consequently,
the decrease in silicon concentration leads to an increase in calcium concentration. The

chemical composition of all elements of concrete cubes must always add up to 100%.
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® UVC irradiated (Control) m UVC irradiated (Infected)
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Fig. 5.41 Mass fraction of silicon and calcium of non-irradiated and irradiated concrete
samples (n = 3) after 6 months. The asterisks above columns present the p-value (#-test

between the control and infected concrete sample): ™, p <0.001.
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Fig. 5.42 Mass fraction of magnesium, aluminium and iron of non-irradiated and irradiated
concrete samples (n = 3) after 6 months. The asterisks above columns present the p-value (z-

test between the control and infected concrete sample): ~, p < 0.001.

It has been observed that infected sample also after irradiation, the percentages of
magnesium, aluminium and iron were decreased compared to the non-irradiated (infected)
ones (Fig. 5.42). Analysis of 30 years old gamma irradiated concrete sample from a recent
study by Potts et al., (2021) revealed that the mass fraction of silicon, magnesium, aluminium
and iron are also decreasing. Other elements including sulphur, titanium, potassium,
chromium, and manganese were found in all of the specimens, but their compositions

changed far less than those of the other elements.

5.4.1.4 Variation in functional groups

The mid-IR region (4000—500 cm™) spectrum of control and infected concrete after 180 days
incubation period shown in Fig. 5.43 was perfect for interpreting specimens' basic structures
and locating well-defined absorption bands of functional groups. Wide stretched bands
centred around 3650 cm™ represents the hydroxyl groups (OH) of the portlandite [Ca(OH),].
This band was subsequently broken and faded completely after 6 months in A. tamarii
infected (non-irradiated) samples. After irradiation, this stretching band in the infected

sample became strong or remains unchanged (Fig. 5.43).
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Fig. 5.43 Mid-infrared spectra of: a) control; b) infected concrete samples after 6 months.

The sharp and strong C-O stretches in all the control IR spectrum at 1400, 874 and 611 cm™
indicate the presence of calcite (CaCOs;). Similar strong peaks can be observed in the IR
spectra of the UVC and gamma irradiated infected cubes after 6 months. Additionally this
band can be seen to gradually flatten after six months in 4. tamarii infected (non-irradiated)
sample [Fig. 5.43(b)]. The carbon double bond region 1800 cm™ — 1500 cm™ displayed the
existence of C=0 stretching in every samples except infected concrete (non-irradiated) set-
up. At 980 cm™ to 1000 cm™, a weak asymmetric stretching band (Si-O) of the crystalline
silica material quartz was observed in irradiated (control and infected) specimens, but it
completely disappeared after the fungal deterioration (infected and non-irradiated) (Fig.
5.43). It shows that the chosen dose of UVC and gamma radiation helps the depletion of

fungal population, thereby improves the chemical properties of concrete.

5.4.1.5 Stereo zoom microscopic observation

The stereomicroscopic images showed that after irradiation 4. tamarii infected concrete cube
surface remains same as compared to the irradiated control samples. Also no cavities were
formed in UVC and gamma radiated infected cube surface (Fig. 5.44 and Fig. 5.45) compared
to the only A. tamarii infected samples (Fig. 5.28). But the color of irradiated as well as
infected cube surface becomes yellowish because after irradiation fungus (not completely
inhibited) may also have some ability to produce their metabolic products melanin which was

the main reason for the pigmentation of the cube surface.
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Fig. 5.44 Stereo microscopic images (1% magnification) of UVC irradiated: a) control; b) A.

tamarii infected concrete cube surface after 6 months.

Fig. 5.45 Stereo microscopic images (1x magnification) of gamma irradiated: a) control; b)

A. tamarii infected concrete cube surface after 6 months.

The effectiveness of selected doses of UVC and gamma radiation against the biodeterioration
of concrete by Aspergillus tamarii was determined to be positive based on variations in
weight, strength, elemental composition, stereo microscopic image, and characteristics of

functional bands from FTIR study.

5.4.2 In situ model for conservation of heritage building

Based on the findings of this study, an in situ model for conservation effect of heritage

buildings made of concrete is recommended (Fig. 5.46). According to this model, five UVC
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lights will be installed (4 side wall lights and 1 upper wall light) with an intensity of 625
pw/cm” and a peak wavelength of 254 nm at a distance of 15 cm from the walls. Another
option will to place radioactive material that releases gamma rays in a properly constructed
collimator inside the room. The duration of the UV exposure shall be 5 mins, whereas 0.5
KGy dose of gamma radiation needed to prevent the growth of mould on concrete walls at
least twice a year. The concrete walls will be better and fungal-free as a consequence, which

save time and money and being non-destructive.

I Fungal Biodeterioration of Concrete Walls

Heritage Building
Y o

IJ:I—E:
'2
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2. Inhibition of fungal 30 Days
biodeterioration _ Lo ﬁ%
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e £ light: 4 side wall and 1 top faced UVC
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Fig. 5.46 In situ model for preventing fungal biodeterioration of historic building.

UVC radiation appears to be a much more effective, safe, and affordable way to get rid of
fungi from surfaces and indoor spaces than gamma radiation. These are specialised lights
with fungicidal qualities that can be mounted on surfaces or mounted on stands. The
luminaires can be used with humans inside when the flow mode is on. The flow mode's

strong airflow and reliable UVC light shielding are its defining features.
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6.1 Conclusions

An assessment of the airborne fungi in the indoor environment was experimentally
investigated in the present study. This experiment was conducted in five different indoor
environment using Two-Stage Andersen air sampler during the monsoon season. The results
of air sampling revealed that the highest percentage of culturable airborne fungi was
Aspergillus sp. followed by Penicillium sp., Rhizopus sp., Cladosporium sp., Curvularia sp.,
Paecilomyces sp. and Alternaria sp. Fungi were then isolated from three distinct locations of
the fungal infected surface (4 cm” area) of the wall of Tagore’s house by rubbing a sterilized
cotton swab. The sampling results revealed that the highest number of colony in this heritage
building was found for Aspergillus sp. followed by Penicillium sp. Similar observations were
noticed earlier by several research groups and reported that the highest percentage of spores
were found for Aspergillus sp. followed by Penicillium sp. in different indoor environment
(Staszowska 2023; Chegini et al., 2020; Naji et al., 2014; Yassin et al., 2010; Mui et al.,
2007). Thereafter concrete pieces were inoculated with these fungi. The weight loss (%) and
calcium release of concrete piece, color change, fungal growth and organic acid analysis of
the fungal medium after 30 days of observation indicated that Aspergillus tamarii imparted
maximum loss as compared to Aspergillus niger, Aspergillus flavus and Penicillium
oxalicum. The Scanning Electron Microscope (SEM) images displayed fungal colonization,
ettringite and crack formation on 4. tamarii infected concrete surface which also supports the
present phenomenon. Hence, all subsequent investigations in the present research were done

with A. tamarii only.

The second part of this study the Aspergillus tamari was applied to infect concrete cubes
(M20 and M40) for 60, 120 and 180 days. This study focused on detection of organic acids in
infected liquid medium, observation of fungal growth, changes in weight, compressive
strength, elemental compositions, functional groups, and surface properties of concrete cubes.
The organic acids present in the A. tamarii infected medium can damage concrete cubes were
due to oxalic acid, malic acid, lactic acid and acetic acid. The results of the experiment
showed that the Scm x Sem x Sem (M20) and 10cm x 10cm x 10cm (M40) cube samples
infected by the spore suspension of Aspergillus tamarii after 180 days of incubation showed
the largest effect of biodeterioration with smaller weight loss (2.22 + 0.04% & 1.20 £ 0.01%)
and lower final strength (about 25.17 £ 0.12% & 24.34 + 0.16% of their initial strength).
Successful results achieved in elemental composition analysis, after six months reduction of

mass fraction of calcium for M20 and M40 graded concrete were 15.68 + 0.09% & 25.36 +
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0.05% and also observed the absence of several absorption bands in each region when it can
be compared to control specimens. The fungal development and expansion of fungal hyphae
into the interior of concrete cubes, which are responsible for crack formation, were clearly
visible in the stereo zoom and SEM microscope photos. The evidential examination
suggested that isolated fungi Aspergillus tamarii was present in Tagore’s house could
enhance the deterioration phenomena of concrete wall in different ways and also impose
changes in their physical, mechanical, and chemical properties that leads to decrease in the
lifespan of concrete structure. Additionally, our present study agreed with the results of other
researcher’s reports (Jiang et al., 2022; Yakovleva et al., 2018; Marquez-Penaranda et al.,

2016; Wiktor et al., 2009; Sanchez-Silva et al., 2008; Gaylarde et al., 2003; Gu et al., 1998).

Radiosensitivity test was performed with several doses of UVC (5, 10, 15 and 20 mins) and
gamma (0.5, 0.75 and 1 KGy) radiation to select the most of the potent dose for complete
inhibition of A.tamarii. The results revealed that A. tamarii was resistant after 5 min UVC
and 0.5 KGy gamma exposure but 20 min UVC and 1 KGy gamma radiation were needed for
complete depletion of fungal population. Simultaneously, both kind of radiation such as UVC
(5, 10, 15 and 20 mins) and gamma (0.5, 0.75 and 1 KGy) as applied on the A.famarii
infected concrete cubes for 30 days. Based on weight losses, strength losses, changes in
elemental composition and functional groups, radiation damage in concrete was clearly
evidenced after infected cube was exposed to different type of radiation with the increment of
doses in contrast to samples that had only infected with A. tamarii. Hence the further study
revealed that 5 mins UVC and 0.5 KGy gamma radiation dose showed negligible loss of
physical, mechanical and chemical properties of concrete after 30 days of incubation.
Considering observations from short term inhibition study, it was chosen a 5 min UVC
exposure and 0.5 KGy doses of gamma radiation for subsequent study. It was a priority to
inhibit some fungal effect without disturbing the concrete properties in the case of
conservation of historic building. Additionally, ultraviolet ray has been more effective to

prevent fungal biodeterioration of concrete than gamma radiation.

Inhibition study was showed the efficacy of the selected doses (5 mins for UVC and 0.5 KGy

for gamma) of radiation. This study also concentrated on weight, compressive strength,

elemental compositions, functional groups, and surface properties of concrete cubes. The

results revealed that UVC and gamma radiation inhibits the growth of fungus and as a

consequence concrete cubes has been found to be very negligible weight losses (0.28 =+

0.09% and 0.72 + 0.08%) compared to the only infected samples (2.22 + 0.04%) after 180
103



days of incubation. Furthermore, a significant increase in compressive strength was observed
for infected concrete cubes exposed to UVC (26.58 + 0.23 N/mm?) and gamma (23.38 + 0.14
N/mmz) radiation as compared to only infected samples (14.77 £ 0.06 N/mrnz). Strong
symmetrical stretching bands of inhibition (infected and irradiated) concrete were observed
by FTIR and EDXRF analysis as shown found to be greater calcium content in inhibited
cubes (66.43 + 0.06% and 54.11 + 0.07%) than the only infected ones (15.68 £+ 0.09%). In
contrast to biodeteriorated (infected) samples, no holes or cavities has been developed on the
infected cube surface after exposure to UVC and gamma radiation. The present experimental
investigations suggest that chosen dose of radiation which improves physical, mechanical,

chemical and aesthetic properties of infected concrete after 180 days.

This thesis presents for the first time the combined studies i.e. (i) isolation and identification
of some potent airborne micro-fungi from different indoor environment (ii) evaluation of
biodeterioration of M20 and M40 grade concrete using fungus (4. tamarii) as biodegrading
agent with some exposure interval (iii) standardization of some non-destructive method i.e.
application of ultraviolet and gamma radiation for inhibition of fungal biodeterioration. Prior
to this work, no integrated comprehensive investigation has been conducted in detail to
identify the fungi, loss determination and prevention by some important physical radiological
phenomenon to eradicate the problem. The present research is addressed for the reduction of

such gap and fulfils the desired objectives of this thesis.

6.2 Future scope of work

The following activities can be performed in near future for further investigations on

inhibition of fungal biodeterioration of concrete.

e Other microorganisms like bacteria or algae can also be used to test the deterioration
in concrete.

e Inhibition of fungal biodeterioration of concrete can be done in large scale using the
methods like chemical treatment i.e. application of liquid biocides and paints,
biological treatments with compound of natural origin etc.

e In order to more clearly explain the efficiency of radiation, it is also advised that
biodeterioration as well as inhibition with radiation of fungal biodeterioration of
concrete can be expanded for extended periods of time.

e The scope of future research work can be widened using the technique in situ on
actual colonized concrete-based buildings.
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