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Abstract 

Anthropogenic and natural risks can cause severe damage to cultural heritage sites and structures. The 

project STORM deals with these hazards on-site, where it is especially important to analyze the early 

detection of biological colonization on wall paintings, frescos and stuccoes. This deterioration is an 

undesirable change caused by microorganisms which may contain chlorophyll, an aspect to carefully 

observe with specified systems. Four systems from three case studies, based on the induced 

fluorescence technique of spectroscopy, are discussed and compared on three aspects: technical 

qualities, framework, and practical use and outcome. The results and comparison show that the SFS 

sensor, used at the STORM project, is in general more effective, compact and cost-reducing for the 

early detection of biological colonization than the LIF sensor, the Biofinder and the chlorophyll 

fluorescence technique with PAM. All systems have a high future potential, but more research needs to 

be done for the further improvement and development of detecting early biological colonization in 

engineering and cultural heritage. In addition, specific modifications, necessary changes and different 

purposes for all the systems are therefore discussed in this dissertation. A future use could be to use 

them in detecting biological colonization on surfaces in civil engineering, like concrete, stone and metal. 

This is applied to structures like buildings, dams, silos, cooling towers, bridges, tanks, pipelines and 

sewers. 

Keywords: cultural heritage, risk hazards, STORM, Tróia, biological colonization, induced fluorescence 

technique 

 

1 Introduction 

The preservation of cultural heritage is 

important to keep history alive, as these structures 

speak for the people that used to live in the past.  

Many risks and hazards are involved in the 

deterioration of artefacts at cultural heritage sites 

all over the world. The STORM Consortium is a 

project, created and funded by the Sendai 

framework for Disaster Risk Reduction 2015-2030 

and Horizon 2020 [1], that analyzes these risks, 

where the results will be tested in five different 

countries [1]. The main location of importance 

situates itself at the Roman Ruins of Tróia, 

Portugal. The main goal is to explain, compare 

and give improvements for four systems from 

three case studies, based on induced 

fluorescence spectroscopy, used for the early 

detection of biological colonization in cultural 

heritage. These systems are laser-induced 

fluorescence (LIF), spectral fluorescence 

signature (SFS), the Biofinder and chlorophyll 

fluorescence – in combination with Pulsed 

Amplitude Modulation (PAM). It is critical to note 

that these are non-destructive techniques (NDTs). 
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2 STORM and Tróia 

The STORM project will be carried out by a 

team of 20 institutions from seven countries with 

complementary skills, to provide functional and 

effective solutions to support all the actors 

involved in cultural heritage sites [1]. Inesc 

Inovação - Instituto de Novas Tecnologias (INOV) 

contributes by developing and testing two portable 

sensors (LIF and SFS), capable of detecting early 

biological contamination on frescos inside the 

Roman Ruins of Tróia. The goal of STORM is to 

propose NDTs for the prediction and prevention of 

anthropogenic and natural threats that could 

damage cultural heritage sites [2].  

Nowadays, Tróia is mostly undergoing tourism 

development by the private company of Tróia 

Resort, sustaining new set-ups and activities. The 

goal is to enhance the space in an environmental 

and urban way [3]. 

 

The Roman Ruins – a Natura 2000 site [4] – are 

located on the east edge of the peninsula of Tróia. 

They have survived over 2000 years and the 

remains date back from the first century B.C. to 

the fifth century A.C. [3] [4]. It is one of the most 

important cultural heritage sites in Portugal and it 

was one of the largest fish-salting facilities or 

storehouses from the Roman Empire [3]. 27 

workshops have been identified, as 

compartments with vats around a courtyard for 

preparing salted fish [5]. Furthermore, there is a 

preserved Early Christian Basilica located at the 

ruins, with frescos from the fourth or early fifth 

century A.C. [5] [6]. 

STORM chose this place as a use case for 

monitoring (RRT-02). RRT-02 correlates with the 

north-east painted wall of the Basilica. The 

biohazard that has the most influence here, is the 

biological colonization caused by 

microorganisms. The induced fluorescence 

technique is used to detect this hazard early, so 

treatments can be performed on time [6]. 

 

 

Figure 1: Frescos at the Basilica in Tróia [6] 

 

3 Hazards 

First of all, J. L. Pedersoli Jr., C. Antomarchi, 

and S. Michalski (2016) define a risk as “the 

chance of something happening that will have a 

negative impact on our objectives” [7]. They give 

ten agents of deterioration and loss for cultural 

heritage, which can be subdivided in 

anthropogenic hazards, i.e. caused by humans, 

and natural hazards: physical forces, criminals, 

fire, water, pests, pollutants, light and UV, 

incorrect temperature, incorrent relative humidity 

and dissociation [7].  

STORM Consortium gives a list of the main 

anthropogenic hazards at the Roman Ruins of 

Tróia: dam/levee failures, looting and illegal 

activities, vandalism and tourism-related threats 

[5]. The biggest natural hazards are: tides, sea-

level rises, coastal erosion, wind-driven saline 

spray, earthquakes, tsunamis, solar radiation, 

humidity cycle changes/relative humidity shocks 

and biological colonization (including pest, 

microorganisms and vegetation infestation) [5], 

where the focus lies on the last hazard.  

STORM rates the seriousness of possible 

consequences caused by biological colonization 

on a 1 to 5 scale (increasing in level of 

seriousness) [5].  
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They rated the deterioration of wall paintings at 

Tróia with a ‘4’. It is thus a serious threat, and in 

general for cultural heritage sites [5]. 

In addition, the term ‘biodeterioration’ is defined 

by K. Sterflinger and G. Piñar (2013) as “any 

undesirable change in a material brought about 

the vital activities of organisms” [8]. Non-

chlorophyll-containing microorganisms like 

bacteria and fungi, and chlorophyll-containing 

microorganisms like algae, mosses and lichens 

cause these problems, due to aesthetical, 

physical or chemical damages [8] [9]. These 

single or multiple microorganisms form biofilms: 

communities attached to a surface, like stone, 

concrete, steel, glass, wood, paint coatings and 

slurries [8]. 

The development of a biofilm is dependent on the 

material of the surface – nature and chemical 

composition – and on the environmental 

conditions – temperature, humidity, light 

exposure, alkaline pH values, the (in)organic 

presence of nutrients, etcetera [8] [9]. 

 

Physical damages on the surface are mostly there 

by the penetration of microorganisms inside the 

material, diminishing its compactness [9]. An 

example is the bio-pitting of black fungi inside 

building stone. Fungi is thus corrosive and it 

makes pits up to two centimeter diameter inside 

the stone. Fungi damage the biomass of the 

material, enriches the nutrients on it, so the biofilm 

can create higher concentrations [8] [9] [10] [11] 

[12]. Concluding, fungi, and even bacteria, can 

cause a chemical and mechanical 

degradation/attack on marble, limestone, granite, 

paintings and ceramics [8]. Another example is 

that cyanobacteria, algae and lichens produce 

green-black stains. Their advantage is that that 

they do not need much light. They are the most 

important microorganisms that damage wall 

paintings [8]. Furthermore, archaea contain 

carotenoid pigments inside their cell membranes 

and leave typical rosy stains on surfaces [8]. 

These are mostly aesthetical damages, that can 

also come from other chlorophyll-containing 

microorganisms like cyanobacteria, algae and 

lichens [9]. Green stains are present on the wall in 

the Basilica (RRT-02), causing bleaching and 

maybe disaggregation on the surface, caused by 

an increase in humidity and condensation in the 

winter months [6]. 

 

The consecutive solutions for the reduction of 

biological contamination are climate control, 

frequent cleaning and phenomenological 

monitoring [8]. Solutions for cleaning are the use 

of biocides, fumigation with gases, gamma 

radiation or heat, micro-climates and the 

modification of light [8] [13] [14] [15]. 

 

4 Systems to early detect biological 

colonization 

It is clear that the observed methods are best non-

destructive, so cultural heritage will not be 

damaged.  

 

Table 1: Diverse applications of NDTs [16] 

METHOD APPLICATION 

1 Measuring the roughness/relief and weathering of 

stone 

2 Analyzing and measuring of the salt content in a 

material 

3 Measuring the water absorption of the material 

4 Investigating the inner structure of the material 

5 Identifying and analyzing substances at the surface 

6 Analyzing the strength and mechanical properties of 

the material 

7 Measuring moisture in building materials 

8 Measuring the colour of a material 

 

Method number 5 from Table 1 is important, since 

biofilms are present at the surface of another 

material.  
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H. Svahn (2006) states that spectral analytical 

methods “analyzes properties in the surface by 

the use of electromagnetic radiation, that is 

absorbed or emitted by the material” [16] [17]. 

These are the most important ones and are further 

discussed, after in-situ imaging and colourimetry 

methods, and some specific methods for material 

condition diagnosis. 

 

4.1 In-situ imaging and colourimetry 

In situ imaging and colourimetry methods are for 

example fibre optics microscopy, video 

endoscopy and the spectrophotometer. They are 

efficient, simple, low cost and already available on 

the market, giving information about damage in 

cultural heritage [18]. 

 

4.2 Specific methods for material 

condition diagnosis 

These methods (method 3 from Table 1) are not 

directly involved in the early detection of 

microorganisms, but they can be helpful in the 

characterisation of materials and environmental 

factors that can influence biofilms, and in 

analyzing the condition of the sample (damaged 

patterns) [18]. For example, the Karsten tube 

measures water absorption under pressure [16], a 

portable moisture meter detects the surface 

moisture level [19], the conductivity meter detects 

electrical current in a material [18] and IRT can 

map temperature, inconsistencies in structures 

and water presence in walls [16] [18]. Other 

common and similar techniques here are the 

contact sponge test, the permeability box method 

and the micro drop measurement [16]. 

 

4.3 Spectroscopic sensors 

G. S. Bumbrah and R. M. Sharma (2016) define 

spectroscopy as “the study of interaction of 

electromagnetic radiation with matter (…) based 

on emission, absorption, fluorescence or 

scattering” of the molecules of the sample [20]. 

The sample is illuminated by monochromatic light, 

and the molecules can then absorb and/or scatter 

the incident light. The collision and scattering 

between the photons and molecules of the sample 

can be elastic (Rayleigh – reflectance 

spectroscopy) or inelastic (Raman spectroscopy, 

fluorescence) [18] [20]. In the Raman spectrum, 

Stokes lines appear when the frequency of the 

incident radiation is higher, anti-Stokes lines are 

created in the opposite way [18] [20].  

In cultural heritage, the reflectance and Raman 

spectroscopy can identify dyes and pigments on 

surfaces. Raman spectroscopy can further detect 

minerals, corrosion products, fibres, etcetera. 

Both methods are used in analyzing surface 

modifications (abnormalities), like detecting and 

assessing biological colonisation [18]. 

Induced fluorescence spectroscopy looks like 

Raman spectroscopy, but the spectrum comes 

from spontaneous emissions, based on 

absorption instead of scattering. The molecule 

absorbs light and gets excited to a higher energy 

state for a few nanoseconds or microseconds, 

which is not so for Raman spectroscopy. After 

that, the atoms or molecules return to the ground 

state, producing the emission of photons (creating 

fluorescence), and therefore reducing their 

energy [18] [21] [22]. The emission wavelengths 

are detected to make a spectroscopic analysis of 

the sample, enabling to identify characteristic 

pigments and proteins [18]. The induced 

fluorescence method is thus used for biological 

contamination monitoring [2] [18] [22]. 

Other (optical) NDTs in method 5, Table 1: 

Rutherford backscattering spectrometry, surface 

plasmon resonance spectroscopy, fluorescent 

lifetime imaging and spectroscopy, etcetera [16] 

[18].  
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5 Methodology 

5.1 LIF 

In general, LIF spectroscopy is based on the 

excitation of molecules of a sample (with a single 

excitation wavelength 𝜆𝑒𝑥)  by strong 

monochromatic laser light and detecting the 

induced fluorescence emission spectrum by a 

low-noise CCD spectrometer [2].  

Because of high radiation fluxes that are maybe 

dangerous for the fragile frescos, the goal of LIF 

at Tróia is to assess how much external weather 

conditions favour biological colonization. The goal 

that follows is to early detect chlorophyll-

containing biofilms, like algae, moss and lichens 

on two samples of the Basilica [23].  

 

5.2 SFS 

LIF is based on laser-induced fluorescence, while 

SFS is based on lamp-induced fluorescence. The 

wide spectrum of the lamp radiation permits to 

scan the excitation radiation wavelength using a 

computer-controlled monochromator. This will 

introduce a new variable parameter, turning the 

2D spectra graphs of LIF into 3D surfaces, in 

which the detected spectral density of the 

fluorescence emission is a function of both the 

excitation and emission wavelengths [6] [21] [23]. 

The goal for the SFS measurements is to detect 

both in vivo chlorophyll-containing biofilms (VIS/IR 

range) and non-chlorophyll-containing biofilms 

(UV range) at the Basilica wall paintings in Tróia 

[23].  Seven points were chosen at various 

locations inside the Basilica. 

 

5.3 Biofinder 

This hand-held fluorimeter uses LED-induced 

fluorescence. The prototype consists of a LED 

light excitation source and a CCD for photon 

detection of the fluorescence emission [15]. The 

papers of J. Delgado Rodrigues et al. (2004) and 

Charola et al. (2007; 2011) present the 

experimental results taken with prototypes of the 

Biofinder in several situations, where biological 

colonisation was studied and different biocidal 

treatments were carried out. The goal of the 

project was to realise a good working prototype, 

capable of detecting photosynthetic 

microorganisms on in situ surfaces, especially 

considering those involved in the degradation of 

building materials [13]. 

 

5.4 Chlorophyll fluorescence 

The general use of the chlorophyll fluorescence 

technique with PAM is mostly based on 

measuring the maximum yield of chlorophyll 

fluorescence (QYmax), based on the Kautsky-

effect [24] [25]. It is used to measure the efficiency 

of the pigment-protein PSII photochemistry inside 

the sample [25]. The yield can be extracted by 

exposing the sample to the light of a fixed 

wavelength and measuring the re-emitted light at 

longer wavelengths [26]. The difference between 

F0 (minimum yield) and Fm (maximum yield) is the 

variable fluorescence: Fv. Fv/Fm (QYmax) (value 

between 0 and 1) is used to “assess the state of 

the photosynthetic apparatus and reflects 

potential efficiency of the primary photochemical 

reactions in PSII in biological species” [24]. 

In the case from I. Osticioli et. al (2013), the 

chlorophyll fluorescence imaging is performed 

with the Handy FluorCam FC 1000-H [37]. QYmax 

is measured in the first case, at different dark-

adapted times in different periods of the year, to 

identify in-situ lichens on stone monuments [24]. 

 

6 Results 

6.1 LIF and SFS 

Two samples (one contaminated spot and one 

clean surface) of crumbled stones and plaster 

were collected at the Basilica [18]. The spectra 

are set out in Figure 2.  
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The sensor was able to detect a chlorophyll-

containing biofilm in the centre spot, as it detects 

one-dimensional spectra, with a single excitation 

wavelength of 532 nm [6]. The fluorescence 

intensity is measured, but the correlated results of 

the weather conditions will be reported in WP 9, 

which falls at the end of the project, after this work 

[18].  

 

 

Figure 2: LIF spectra by the excitation of a clean plaster 
surface (red) and an area affected by lichens (blue) [6] 

 

SFS makes use of a xenon lamp. The 

measurements are carried out in VIS and UV. The 

excitation and emission wavelengths are shown 

on the Y- and X-axis in the figures, as the intensity 

[a.u] is set out in a scale of colours.   

Points 1 and 2 were cleaned in 2016 and there 

was no visible contamination anymore, so 

cleaning helped to suppress colonization [6].  

The signature of the blue-green stains at point 3 

is different from the chlorophyll-containing points 

5, 7 and the signature of a green leaf. A. B. Utkin 

describes that the stains must come from some 

dye – background fluorescence at the lower-left 

corner of Figure 3 [6]. The data showed a small 

increase of the chlorophyll and protein 

fluorescence intensity in point 4, with comparison 

to points 1 and 2 [6].  

Point 6, next to point 5 outside its visible biological 

contamination, looks like it is a clean surface, and 

the SFS-VIS data give very little contamination by 

chlorophyll organisms [6].  

 

All the other points, except point 6, do not show a 

noticeable contamination by non-chlorophyll-

containing bacteria or fungi (proteins) (SFS-UV 

data). However, the signatures registered at point 

6 in the UV mode demonstrate a noticeable 

contamination of the wall by some transparent 

non-chlorophyll biofilm, as it is not visible to the 

naked eye [6].  

 

  

Figure 3: SFS-VIS in the blue-green stains of point 3 (no 
chlorophyll) [6] 

 

Figure 4: SFS-VIS from a green leaf (chlorophyll) [6] 

 

6.2 Biofinder 

The Biofinder could monitor the effectiveness of 

biocides on monuments in Portugal. The results 

gave a differentiation between live (fluorescence 

signal increase) and dead lichens (no increase), 

after wetting and previously treated with a biocidal 

product. The non-contaminated white stone has a 

wet/dry-ratio of almost one, which demonstrates 

that the biocide treatment process could be 

considered effective [13]. 
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Figure 5: Wet/dry ratio between samples at the Monastery of 
Jeronimos [13] 

 

The Biofinder was also tested in the Gardens of 

the National Palace of Queluz. Two biocides were 

selected on different microorganisms: Preventol 

R80 (1.5-3%) and ZnCl2 (1.5-3%), before and 

after wetting. A higher concentration of biocides 

reduces the wet/dry-ratio drastically. A single 

application of Preventol 1,5% was already 

sufficient after nine months, except for the white 

lichens [14]. 

 

6.3 Chlorophyll fluorescence 

QYmax is measured at different dark-adapted times 

(induced by covering the lichen surface with a wet 

cellulose poultice) inside the laboratory, to identify 

in-situ lichens on stone monuments [24]. It was 

previously found that a value of 0.832 ± 0.004 for 

Fv/Fm is for healthy leaves, while lower values 

correlate with stress and disease [17] [25]. 

Lichens reach a quiescent state when they are 

kept in a hot and dry environment, but they may 

become active when they are wetted [13] [14] [15] 

[24]. The average value of QYmax was 0.64 – a 

clear sign of biological microorganisms on the 

sample [24]. Figure 6 shows that QYmax rises with 

dark-adapted time (wetting the lichen) and the 

values are even higher after a few days, because 

the lichens are not in a quiescent state anymore 

(awakening of the microorganisms activity). After 

several months without sunlight and water, the 

lichens reached a quiescent state again. There is 

no rise in QYmax after 20 minutes of dark-adapted 

time. The technique can thus detect small 

amounts of fluorescence from microorganisms, 

that are leaving their quiescent state [24]. 

 

 

 

Figure 6: “QYmax vs. dark-adapted time”-graph [24] 

 

7 Comparison 

The four techniques from the case studies are 

compared in Table 2 on their technical qualities, 

framework, and practical use and outcome.  

 

As seen from Table 2, all the parameters are in 

the advantage of the newly developed SFS 

sensor by INOV and LDI Innovation, except that 

other systems are better with their area of 

detection and sensitivity. The most important 

innovation is the fact that the sensor can also 

detect non-chlorophyll-containing organisms, like 

bacteria and fungi. This is not detectable with the 

other systems. The general conclusion is that 

more research is needed for the development of 

more compact, cheaper and precise systems. 

Since there are not enough visitors at the Roman 

Ruins of Tróia, these systems are not of the 

importance that they can exploit their full potential. 

With a bigger capital and more experienced 

people working on these systems, the latter can 

be involved in larger projects of cultural heritage 

in Europe, where more visitors are the norm and 

the importance of cultural artefacts is higher.
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Table 2: Comparison between LIF, SFS, the Biofinder and the chlorophyll fluorescence PAM technique for several parameters 

                 SYSTEMS 

 

PARAMETERS             

LIF SFS BIOFINDER CHLOROPHYLL 

FLUORESCENCE 

PAM 

VERSATILITY/TYPES OF 

MICROORGANISMS 

Chlorophyll: algae, 

lichens and moss 

Chlorophyll and non-

chlorophyll: algae, 

lichens, moss, bacteria 

and fungi 

Chlorophyll: 

chlorophyceae algae 

and cyanobacteria 

Chlorophyll: algae, 

lichens and moss 

SENSITIVITY/SELECTIVITY Highest Less than LIF Saturated Minimal amount of 

fluorescence 

ROBUSTNESS/WEIGHT Not compact/55 kg Compact/6.6 kg No info Compact/9.5 kg 

FIELD OR 

LABORATORY/PERSONNEL 

Both/Two persons Both/Two persons Both/No info Both/Two persons 

SOFTWARE/DISPLAY Software – 2D 

spectra 

Software – 2D/3D 

spectra 

No info/Graphs after 

measurements 

Software – 2D data 

ACQUISITION COSTS €3000 €3000 No info €12 990 

BATTERY/ENERGY-NEED 24 V 14.8 V No info 90-260 V 

AREA DETECTION Around 1 cm² Around 1 cm² No info 13 cm² 

8 Improvements/diverse purposes 

8.1 LIF 

A possible technical improvement for LIF could be 

to use a tunable laser with an optical parametric 

oscillator (OPO), or an intensified CCD (ICDD) 

spectrometer. Lowering the weight can be done to 

use a more compact and reliable diode laser or 

LED. High-power diode lasers are better in 

compactness, energy efficiency, lifetime (typically 

from 4000 up to 10 000 hours) and have lower 

running costs [27]. LIF can be used to measure 

the density of species, temperature, species 

concentration, velocity and pressure.  

LIF was used for the estimation of the impact of 

fire and drought stress on cork oak and maritime 

pine, and as a remote sensing technique for the 

in-situ detection of chlorophyll spectra of intertidal 

microphytobenthos in mud and sand sediments 

[17] [28].  

 

8.2 SFS 

The SFS sensor can be used with a more 

expensive photodetector, to extend the detection 

range for the VIS spectra. SFS also benefits (like 

LIF) in the detection of oil pollution, which can 

create serious environmental problems [21]. 

 

8.3 Biofinder 

The development of more sensitive and intense 

CCD cameras and better LEDs have been carried 

out in the last years, which is good for the future 

potential of systems like the Biofinder and the 

chlorophyll fluorescence with PAM [29]. 

 

8.4 Chlorophyll fluorescence 

Recently it has been possible to power an entire 

system using solar panels because there are 

power supply issues with single systems [26].  

Algal colonisation was detected on anthropogenic 

surfaces, like building facades, roof tiles and 

stone using chlorophyll as the biomarker [30] [31]. 

Also M. Tretiach, S. Bertuzzi and O. Savadori 

(2010) discussed the efficacy of three biocides on 

lichens – different ecology, on natural limestone of 

Italian stone artefacts – in the field and in the lab, 

with PAM equipment. It was carried out on dark-

adapted thalli [29]. Other applications are the 

visualisation of different degrees of resolutions in 

images (high-resolution microscope), and the 

combining of chlorophyll fluorescence with other 

techniques like infra-red gas exchange or 

thermography [26]. 
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9 Conclusions 

9.1 Main contributions 

The main goal of this dissertation was to explain 

and compare four NDTs, based on the induced 

fluorescence technique, of spectroscopy that are 

used for the early detection of biological 

colonization in cultural heritage sites: LIF, SFS, 

the Biofinder and chlorophyll fluorescence 

(together with PAM). They were compared to 

each other on three aspects: technical qualities, 

framework and practical use and outcomes. 

The general conclusion is that the potential of the 

systems is high, but it is clear that more research 

needs to be done for the further improvement and 

development of these different techniques in the 

use of early detection of biological colonization in 

cultural heritage. This goes in the development of 

more compact, cheaper and precise systems. 

 

9.2 Future use in civil engineering 

The most important aspect in case of civil 

engineering is that species like algae, bacteria 

and fungi can cause construction damage on 

buildings (inside or outside) and surfaces like 

concrete, metal, wood, steel, and stone, due to 

biological colonization, and these systems can 

help to detect it. Also, the visual contamination of 

elements like walls, ceilings, floors, silos, cooling 

towers, dams, bridges, tanks and pipelines is not 

desirable. This biodeterioration is also known as 

microbiologically induced deterioration (MID) [11]. 

Especially the corrosion of iron, steel, concrete 

and stone is a problem for cultural heritage or a 

problem in buildings, ships, sewage systems, 

etcetera [12].  

In the beginning, concrete is usually immune for 

corrosion because of its high pH, but after erosive 

contacts with water and other materials, the 

surface gets rougher. Together with humidity and 

nutrients, this is a good environment for bacteria, 

fungi, algae and lichens to grow. They can 

penetrate inside the concrete matrix through 

microcracks or capillaries. The latter can lead to 

corrosion of the reinforcement inside the concrete 

[10] [11] [12]. So, the detection of non-chlorophyll-

containing microorganisms like bacteria and 

fungi, could be of good use in civil engineering. 

After detection, the protection of the concrete 

against MID can be made, with biocides, using 

protective coatings or electrochemical 

interference (anodic/cathodic protection) [11] [12]. 

It is also possible, for example, to use Microbially 

induced CaCO3 precipitation or self-healing 

concrete. Carbonatogenic bacteria are attached 

to the matrix, reinforce the material and can repair 

small cracks [12]. 
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