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Abstract: Reinforced concrete crack repair and maintenance costs are around 84% to 125% higher than
construction costs, which emphasises the need to increase the infrastructure service life. Prolongation
of the designed service life of concrete structures can have significant economic and ecological benefits
by minimising the maintenance actions and related increase of carbon and energy expenditure,
making it more sustainable. Different mechanisms such as diffusion, permeation and capillary
action are responsible for the transport of fluids inside the concrete, which can impact on the
structure service life. This paper presents data on microbially induced repair and self-healing
solutions for cementitious materials available in the contemporary literature and compares results of
compressive strength test and capillary water absorption test, which are relevant to their sealing and
mechanical characteristics. The results of the repair and self-healing solutions (relative to unassisted
recovery processes) were “normalized.” Externally applied bacteria-based solutions can improve the
compressive strength of cementitious materials from 13% to 27%. The internal solution based solely
on bacterial suspension had 19% improvement efficacy. Results also show that “hybrid” solutions,
based on both bio-based and non-bio-based components, whether externally or internally applied,
have the potential for best repair results, synergistically combining their benefits.

Keywords: self-healing; MICP; concrete repair; external healing; service life; crack repair; compres-
sive strength recovery improvement; capillary water absorption reduction

1. Introduction

Concrete structures and buildings compose the vast majority of constructions currently
in service. Although concrete presents arguably the most versatile material for building, it
is also very prone to degradation, especially to cracking due to weathering, thermal stresses,
drying shrinkage, plastic shrinkage, internal forces due to loading and incompatibility
of the material within the matrix [1]. Formed cracks not only deteriorate the structural
integrity of concrete but also allow water and chemicals to penetrate to embedded steel
reinforcement, which further negatively impact the structure. Even though concrete has
relatively low production energy consumption per tonne, the total annual production of
almost 10 billion tonnes makes it the material with the largest annual production energy
consumption in the world (around 11 billion GJ, Figure 1) [2]. This high amount of
production energy carries inevitably a high burden of carbon emissions totalling about
2.8 billion tonnes per year or 8% of the global total [3].

Additionally, it is estimated that concrete crack repair and maintenance costs are
around 84% to 125% higher than construction costs, per m? [4]. It can therefore be seen
that the prolongation of designed service life of concrete structures can have significant
economic and ecological benefits by minimising the maintenance actions and related
increase of carbon and energy expenditure.
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Figure 1. Annual production energy (in GJ/year) of selected building materials (data source: [2]).

In order to assess the sustainability of a structure, apart from the obvious environmen-
tal and economic impacts due to construction, the costs of maintenance during its service
life need to be included as well [5]. Evidently, the cracks affect the long-term durability
of the concrete, which makes the crack control a fundamental matter in the design phase
and service life of a concrete structure. Durability, and therefore sustainability, would be
increased if inherently present cracks in concrete could be (self-)healed, as the material
would have longer service life [6]. As cracks provide additional pathways for water and
waterborne ions to penetrate the material, mass exchange and transfer play a vital role in
deterioration processes. Different mechanisms such as diffusion, permeation and capillary
action are responsible for the transport of fluids inside concrete [7]. Without going into
details about the fractal properties of cracks, the geometrical shape of crack can be defined
as two rough fractured surfaces and the space limited by them, filled by one or more fluid
phases, most commonly air and water.

Crack width presents the primary parameter for assessment and limiting the impact
of cracking on concrete durability according to most design standards. The critical value
of conventional crack width limit appears to be around 200 um for severe and 300 um for
moderate exposure [8]. In other words, stricter limits should be enforced in case of severe
environments, while more lenient limits are tolerated for moderate exposure. It should
be noted, however, that the American codes tend to give precedence to a general good
practice approach with steel stress control [9], rather than impose numerical crack width
limit values, as European/British [8,10], Chinese and Japanese standards do. Additionally,
crack control for durability, apart from loading cracks, must include thermal, plastic and
autogenous shrinkage cracks, which affect the bulk material and have a profound impact
on long-term durability [11]. One should also bear in mind that the real geometry of cracks
is far more complex, with several other parameters that define the crack apart from the
mere width: crack tortuosity, crack roughness, and crack depth (length perpendicular to
the surface).

According to the Tuuti’s model [12], the service life of a reinforced concrete structure
has two main stages: the initiation and the propagation stages (Figure 2). The initiation
stage is defined as time required for the naturally present passive layer, which protects the
reinforcement bar (rebar), to be removed (usually by chloride action—chloride ions are
transported through cracks in the concrete cover and come directly in contact with steel).
Propagation period starts after the initiation period, and it is defined as the time period
during which the rebar is corroding. Its cross section reduces due to chemical reactions
of iron oxidation, which leads to formation of products on the surface of the bars. This
produces tensile stresses, which lead to further cracking, spalling and collapse.
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Figure 2. Schematic display of possible effects of cracks on the service life of reinforced concrete
structures using Tuuti’s service life model [13].

There are still some open questions about the influence of cracks on the durability of
concrete, especially on the corrosion of the reinforcing steel bars. Some of them are: how
much do cracks in concrete shorten the initiation time of corrosion processes; how much do
cracks affect the propagation stage of corrosion (i.e., enhance the corrosion rate), Figure 2;
and finally, how much can the presence of cracks shorten the service life of a structure [14]?

1.1. Terminology of (Self-)Healing and Repair in the Context of Available Options for Service Life
Increase

In order to better understand the available options for increasing the service life
and durability of concrete building and structures, a good start would be to define the
various terms used in this field. The same terms in literature are used to describe different
mechanisms, and consequential miscommunication can hinder their study and comparison.
For this purpose, the most important terms to define are self-healing, self-sealing, repairing,
self-tightening, and some other terms more closely defining the processes that are occurring.

Self-healing, according to Zhang et al. (2020), refers essentially to processes in the
material (concrete) that automatically repair small cracks, “without any external diagnosis
or human intervention” [2]. This definition would therefore render all externally added
healing agents as non-self-healing, although they may base their activity on similar or the
same mechanisms as self-healing (e.g., inducing calcium-carbonate precipitation in cracks).
This is similar to the stance presented in the review article by De Belie et al. (2018), where
the crack-treating techniques are categorised as “passive” and “active”. The latter consist
of adding the healing agents in the construction stage, their being the only ones considered
to be self-healing [15]. The choice of terms “active” and “passive” is particularly interesting
and might seem even counterintuitive, since these authors labelled the manually applied
solutions as “passive” (although deliberate action is necessary in order to repair the cracks),
and on the other hand the “active” solution acts on its own (which might be considered
passive) when certain conditions are met. It can be argued, however, that the logic behind
naming these techniques as active in this case represents the intent of the engineers to
actively (and even pre-emptively) repair the cracks as soon as they are formed, rather than to
passively “wait” for them to appear before proceeding with the repair. Other authors allow
“material . .. little external help to regain its desirable mechanical properties” [16] in their
definition of self-healing, but do not define the exact extent of this help.

Ultimately, it could be argued that self-healing in the strictest sense encompasses only
autogenous self-healing processes, which rely on conventional components of the cementi-
tious matrix. However, the majority of researchers consider that adding various tailored
admixtures to cement matrix formulations in order to induce self-healing processes satisfies
the definition of self-healing [15]. RILEM (the International Union of Laboratories and
Experts in Construction Materials, Systems and Structures) has proposed clearer definitions
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of self-healing that, according to this technical body, include “any process by the material
itself involving the recovery and hence improvement of a performance after an earlier ac-
tion that had reduced the performance of the material.” The well-known terms autogenous
self-healing and autonomous self-healing are also defined: autogenous (autogenic) includes
processes based on components that would be present in the material in any case (own
generic materials), and autonomous (autonomic) relies on components specifically added
to the material that would otherwise not be present (engineered additions). “Stimulated”
autogenous healing is another term used by some authors, where certain commonly used
admixtures such as fly-ash or blast furnace slag have been shown to induce self-healing
processes [15]. Whether this classifies as autonomous or autogenous self-healing could be
subject of debate, depending mainly on the intention of the engineers designing the mix—if
the main purpose of these additions was to create self-healing material, then they would
fall out of RILEM’s autogenous self-healing definition (since they would not have been
normally present in the mix otherwise). This raises a question of up-to-dateness of this
RILEM definition in the future, as with time the concrete and cement mortar technology
will inevitably evolve to routinely include novel additions that will eventually become
generic material themselves, and therefore potentially “move” self-healing solutions from
autonomous to autogenic class.

Self-sealing, compared to self-healing, has been defined as encompassing processes
that lead to leaking cracks being sealed without recovering strength of the material [17].
This creates a certain ambiguity in the field of self-healing materials because self-sealing
improves the performance of the material after its earlier reduction, and therefore satisfies
the RILEM definition of self-healing. It is useful, though, to differentiate between these two
terms as this gives more clear and immediate information about the type of performance
improved (mechanical and/or permeation). Hearn (1998) gave an overview of the self-
sealing effect (SSE) and noted that this term had been used to describe continued hydration
and autogenous healing processes as well. In summary, this author concludes that the
main difference between these three phenomena is the conditions under which they occur:
SSE occurs in dry conditions after extensive microcracking, continuous hydration needs
moist environment and non-hydrated components in the material, and autogenous healing
takes place predominantly in cracks with water flow and exposure to atmosphere [18]. It
can be seen that different authors emphasise different aspects of the phenomena when they
define them—in the first instance, from the beginning of the paragraph the emphasis was
put on the performance description (sealing crack without recovering strength), and in the
latter on the mechanism and conditions under which it occurs. The term self-tightening
is described as one of the self-healing mechanisms that rely on particles from crack faces
or fluid that flows through the crack to block it. It should be noted that it has on occasion
been used interchangeably with the term self-sealing [19].

1.2. Different Approaches to (Self-)Healing and Repair with Focus on Bacteria-Based Solutions

Self-healing solutions include a wide spectrum of engineered or tailored additions.
Crystalline admixtures (CAs) belong to a special class of permeability reducing admixtures
capable of acting under hydrostatic pressure [15]. Commonly used crystalline admixtures
promote calcium-silicate crystallisation by reacting with CaO-S5iO,, which can have a
positive impact on crack closure. Ion chelator-based crystalline admixture facilitates the
Ca?* diffusion from the cement matrix to the crack, where the Ca?* reacts with 81032' and
CO3% forming products that fill the crack [20]. Granulated blast furnace slag (GBFS) has
been extensively used as an admixture due to its pozzolanic activity, which prompted
researchers to study the influence of CA on GBFS mortar. This proved to have better
self-healing abilities than plain cement mortar with CA [21]. Encapsulation is the method
of choice for some researchers as this solution has a more targeted approach to damaged
(cracked) areas. The basic principle is that the capsules are the carriers of a healing agent
that breaks upon the formation of the crack inside the matrix, releasing the agent and thus
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healing the crack. This approach was employed by Sidiq et al. (2020), who used silica-based
microcapsules [4] developed specifically for this purpose.

A novel class of material that is gaining popularity among researchers in the field
of repair and self-healing of concrete and cementitious materials is bacteria-based repair
agents, which, according to some authors, represent the frontier in the field of material
science [2]. Bacterial concrete has also shown the potential to become an effective response
to growing sustainability requests [22]. The basic principle of these repair techniques
(Figure 3) is to utilise the ability of some bacterial species to induce precipitation of calcium-
carbonate inside the cementitious matrix. In this way, cracks in concrete can be filled
with calcium-carbonate, which, as a consequence, improves water impermeability and
mechanical characteristics of concrete.

Figure 3. Application of bacteria-based repair agent onto an artificially generated crack on cement
mortar beam (authors’ image).

The bacteria used for application in a concrete environment need to be alkalophilic
or alkalitolerant and, ideally, spore-forming, in order to survive unfavourable conditions
that may occur during the service life of the structure. The healing processes based on
bacterial activity have been variously described as bio-stimulation, bio-augmentation [23],
bio-activation [24], bio-induction, and (bio-)remediation [25]. Bio-stimulation is in fact
the process of adjustment of environmental conditions such as nutrients, substrate, wa-
ter, etc., to enhance favourable metabolic processes of naturally present microflora. Bio-
augmentation, on the other hand, relies on introduction of previously absent bacteria
on the material to be treated, usually employing specialised strains with selected best-
suited characteristics [26], although locally isolated strains have also been studied in this
regard [23,27,28]. (Bio-)activation is a somewhat ambiguous term used to describe both
the bio-augmentation approach [24] and the bio-stimulation one [29,30], and it would be
beneficial to consider standardising this term for future reference to avoid possible misun-
derstandings. Bio-induction has been used synonymously with the term microbiologically
induced calcium-carbonate precipitation (MICP), coined by Stocks-Fischer et al. (1999) [31],
employing various types of bacteria that can be classified by their metabolism into three
main groups: ureolytic, denitrifying and aerobic heterotrophic. Although in the literature
the letter C in the MICP abbreviation has also been used to denote “calcite” instead of
“calcium-carbonate” (CaCOs) [32-34], the latter term should be preferred as the carbonate
precipitate is not always necessarily in calcite form but can also take vaterite [35,36] or
aragonite [37] forms of CaCO3. Side products of metabolism of the aforementioned bacteria
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are carbonate (CO527) ions, which afterwards react with available calcium (Ca?*) ions from
the cementitious matrix to form CaCOj3 precipitation, if parameters of the environment are
adequate. Ureolytic bacteria produce the enzyme urease to catalyse the hydrolysis of urea
(CO(NHy;),) to ammonia (NH4*) and carbonate ions, which are the end products of the
energy-generating chemical reactions used for their life processes (Equations (1) and (2)).

CO(NHy), +2H,0 i oNp - 4 o2, (1)
CO%™ +Ca®" — CaCOs. )

The most commonly used ureolytic bacteria for MICP are Sporosarcina pasteurii,
Sporosarcina ureae, Bacillus megaterium and Bacillus sphaericus [15,38]. As these bacteria
are aerobic, i.e., they require oxygen for their metabolic processes, they are believed to be
more suitable for surface crack treatment, where oxygen is abundant. For deeper cracks
where oxygen might be scarce it would be wise to use denitrifying bacteria, which in anoxic
conditions use nitrate ions (NO3 ™) in their metabolic processes (Equations (3) and (4)):

2NO; +5HCOO™ — Nj 4+ 3HCO; + H,O +2C03~ )

CO%™ +Ca?t — CaCO;. (4)

Aerobic heterotrophic bacteria can consume calcium salts of organic acids and produce
carbonate ions, which then form calcium-carbonate, according to Equations (2) and (4).

Finally, the bacterial cells themselves can act as nucleation sites, since the negatively
charged bacterial cell walls attract positively charged calcium ions and these consequently
induce a chemical reaction with carbonate ions to produce calcium-carbonate (Figure 4).

Figure 4. Schematic representation of bacterial cell as nucleation sites for microbially induced
calcium-carbonate precipitation (MICP) [39].

Currently, the majority of research has been done on internal self-healing solutions
[1,2,15,40,41], which presume adding the self-healing agents to the mix before the service
life of the structure has even begun (building phase), also known as the “active” techniques.
As mortar and concrete present a less than ideal substrate for bacterial cells because of high
pH values and vigorous mixing processes, various additional components are added to
support them and help them survive harsh conditions. Strategies for protection of bacteria
are based on microencapsulation, impregnation in various carriers, and encapsulation in
hydrogels [15]. Some authors such as Gupta et al. (2018) even employed a multifunctional
approach studying biochar as a potential carrier for bacteria, and also a superabsorbent
polymer to ensure the bacteria are well supplied with moisture, and polypropylene micro-
fibres to enhance fracture toughness of the bulk material [42].

Although the “active” approach has many benefits that express themselves in the
future service life of constructions, it cannot address the problems that the currently used
structures (without such self-healing materials) face as regards their deterioration. There
have been several extensive review papers written on internal self-healing approaches, but
only a few papers have considered externally applied bacteria-based agents or materials
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for concrete repair [33,43—46], which emphasises the fact that the research in this field
is still in its early stages. Another option for utilising MICP is to treat already formed
cracks with a bio-agent containing suitable bacteria and nutrients. This was exactly the
case in research conducted by van der Bergh et al. (2020) [46] and Jongvivatsakul et al.
(2019) [43]. The basic principle is to drop the bacteria-based bio-agent onto/into cracks
already present in the substrate material. The bio-agent enters the cracks after which the
bacteria contained in the bio-agent solution induce calcium-carbonate precipitation using
calcium and carbonate ions from their surroundings (cementitious matrix). Additionally,
other components such as sand [47] might be part of the repair agent, giving the substrate
better mechanical characteristics due to bacteria-mediated consolidation processes.

It is important to define the types of technique used in these cases as they represent
novel ways for crack treatment. First of all—is it self-healing at all? According to RILEM,
any technique requiring the material to be added or replaced externally cannot be consid-
ered self-healing, but rather be called repair. Since the bio-agent is added in this way from
the outside on already developed cracks, strictly speaking, the aforementioned authors
did not engage in self-healing by RILEM’s interpretation. However, the processes that
took place inside the cracks and the material were based on inducing the naturally present
components of the cementitious matrix to react and seal and/or heal the cracks. This
is very different from, e.g., polymeric sealant or penetrant solutions that use their own
volume of (polymeric) material to block the pores and cracks. In case of a bio-agent based
on bacteria and nutrients, the agent per se does not act as sealant, but induces the bulk
material (concrete or cementitious matrix) to seal/heal itself. It can be, therefore, argued that
this novel repair technique employs self-healing /self-sealing processes, and that RILEM
at the time they were drawing up the definitions of self-healing had not yet encountered
this specific technique. Thus, it is proposed that these novel techniques be named external
healing, in order to describe them as externally applied (as opposed to internally) and as
healing (as they employ similar or the same mechanisms as self-healing materials, but they
do not fall into RILEM’s self-healing definition).

Surface repair of structures based on self-healing of concrete materials presents a
promising technique for maintenance of buildings in service and can potentially be a cost-
effective way of prolonging their service life. Most commonly used application techniques
for external repair are immersion, spraying, dropping and brushing [48]. Immersion
technique is usually only applicable to laboratory testing, since it is normally not practical
to immerse large structures or structural elements in repair agents. Nevertheless, this
technique can be a good starting point for the development of self-healing repair agents,
which can then be optimised for another more adequate in situ application technique, such
as brushing, spraying or dropping.

The approaches to repair can be classified according to standard EN 1504 as impreg-
nation, sealing and coatings [49]. Materials used for these procedures can be classified as
inorganic and organic (which include bio-based) materials. Inorganic materials used for
repair are usually based on cement grout with specific admixture components that improve
the workability and other characteristics of the material, so they better fit the purpose. One
of the especially important parameters is the ability of the material to be injected in very
narrow spaces and cracks. This is achieved by using components with extra fine particles
such as fly ash, metakaolin, microsilica and granulated blast furnace slag [50]. The main
drawback of these kinds of materials, though, is their inability to fill in microcracks (smaller
than 500 pm) [51], but their better compatibility with inorganic substrate means that they
are generally more durable than polymeric materials used for repair.

Organic products (excluding bio-based) used for concrete repair and protection are
polymeric materials based on polyurethanes [52], epoxy resins [53], acrylics [54], acry-
lamides [55], silanes, siloxanes [56] and other polymers. Generally speaking, these materi-
als possess very good sealing characteristics, but their durability is not optimal because
of their incompatibility with the inorganic substrate, which leads to subpar adhesion at
sealant-substrate interface and subsequent detachment. Furthermore, polymeric materials
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being organic-based can be prone to microbiological attack. Also, there is concern about
them not being environmentally friendly.

2. Comparison of Efficacy of Selected Healing Solutions

The evaluation techniques for crack repairs in concrete and cement mortar rely on
visual and chemical-mineralogical analyses, sealing capabilities tests and mechanical
properties tests. There is a wide variety of available methods and techniques, which can
be divided into four main categories: crack closure investigation, recovery of durability
properties, recovery of mechanical properties, and, finally, healing product analysis [57].
The spectrum of available techniques and methods is indeed wide, but only a relatively
small number of them are widely and routinely used. These are the methods commonly
used in the construction materials industry, with certain modifications that allow the
investigators to get more specific information on their particular product or application
method. The most commonly used techniques are scanning electron microscopy and
light microscopy for viewing and measuring of the cracks, capillary absorption test, water
permeability tests, 3-point bending test, compressive strength test and tensile strength test.

In order to compare the results of our newly designed bio-based repair agent for
cracks in cement mortar [46], a literature study of other repair agents was conducted and
several other solutions (that were tested using the same or similar methodology) were
chosen for a comparative overview. Although there are differences in methodology of the
repair agent application and measurements in the available literature, this comparison
should be taken as a generalised overview of repair efficacy of certain solutions. In this
sense, it is proposed that the efficacy of the repair agent be viewed relative to unassisted
recovery processes. In other words, the objective is to find out how much the used repair
agent increases the performance of a chosen substrate, compared to leaving the substrate in
the same conditions but without actively performing any repair on it. The testing methods
chosen in this study of comparison were compressive strength testing and capillary water
absorption. These methods were chosen as they intuitively indicated different aspects of
material healing, i.e., the recovery of mechanical properties (determined by the compressive
strength testing) and sealing characteristics (determined by the capillary water absorption).

2.1. Compressive Strength Recovery Improvement

De Nardi et al. (2017) described a methodology for evaluation of self-healing through
measurement of strength gain, defined as the difference of compressive strengths obtained
by testing pre-cracked samples at the start of the experiment and after the curing (healing)
period [58]. This is a solid way to determine the efficacy of healing, though it is limited to
the same experimental conditions.

Compressive strength recovery improvement (CSRI) is an attempt to compare the
results of data obtained by different authors using various methodologies of experiments. It
basically shows the efficacy of the employed agent and application method in comparison
to unassisted recovery processes naturally occurring in the material (relative increase of
recovery), as shown in Equation (5):

CSVs.a.t - CSVbauh 1000/0

CSRI =
Cva.und

©)

where

CSRI is compressive strength recovery improvement (%);

CSVs.at is compressive strength value of the sample after treatment (with external agent)
or after curing (being previously pre-cracked, in the case of internal agents);

CSVp_a.uh is compressive strength value of plain mix (blank) after the period of unassisted
healing—in case of external agents these are the non-treated samples, and in the case of
internal agents these are the plain mix (blank) samples;

CSVp.und is the reference compressive strength value, i.e., the compressive strength value
of non-treated undamaged plain mix (blank) sample.
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Figure 5 shows a comparison between some results of self-healing and crack repairing
solutions in regard to their compressive strength recovery ability, found in contemporary
literature (the majority of papers were published in 2019 or 2020, Table 1). The authors
of this study chose to present the comparison of both internal (“active”) and external
(“passive”) types of repair solutions, as well as bio-based (bacterial) vs. non-bio-based
(non-bacterial) solutions vs. “hybrid” (employing bio- and non-bio-based components),
since similar healing processes are thought to be responsible for strength gain in all cases.
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- B. subtilis

- Crystalline admixture + GBFS

- lon chelator admixture

- B. sphaericus

- S. pasteurii + sand

- B. sphaericus + biochar + SAP
+ PP fibre

DN EWN -

Figure 5. Improvement of compressive strength recovery of certain self-healing and crack repair solutions relative to
unassisted recovery processes: 1—[4] (blank is the mix with less admixture); 2—[46]; 3—[59]; 4—[21]; 5—[20]; 6—[43];

7—[47]; 8—[42].

Table 1. Overview of the healing solutions used for the comparison study.

No. mn Authors Type'of Solution Based on Curing Time Pre-Loading Force
Figure 5 Solution (of max.)
1 Sidiq et al. (2020) [4] Internal Sodium silica 28 days 70%
microcapsules
2 Van der Bergh et al. (2020) [46] External Sporosarcina pasteurii 28 days To failure
3 Khushnood et al. (2020) [59] Internal Bacillus subtilis 28 days 85%
Penetron Admix®
. crystalline admixture + .
4 Li et al. (2020) [21] Internal granulated blast furnace 28 days To failure
slag
5 Wang et al. (2020) [20] Internal fon chelato.r crystalline 21 days 60%
admixture
6 Jongvivatsakul et al. (2019) [43] External Bacillus sphaericus 20 days N/a
7 Abo-El-Enein et al. (2012) [47] External Sp orosarcsz:ﬁ gasteurlz * 28 days N/a
Bacillus sphaericus +
biochar + o
8 Gupta et al. (2018) [42] Internal superabsorbent polymer 21 days 50%
+ polypropylene fibres

It can be seen that externally applied bacteria-based solutions improved the compres-
sive strength of cementitious materials from 13 to 27%, not counting the solution that also
incorporated non-bio-based components (sand), which improved the strength up to 32%.
This was an important finding as it showed that bacterial solutions can in fact not only seal,
but also heal material, i.e., recover its mechanical properties instead of only mitigating the
propagation of water. The observed strength improvement could be explained by the chem-
ical bonding between the calcium-carbonate from bacteria metabolism and consolidation
promoted by the sand particles acting as a filler of the cracks. Concomitantly, sand might
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have a positive influence as a subtract for biofilms growing, enabling a better behaviour at
a macro-scale.

Different internal non-bio-based solutions (added at the mixing phase) had the poten-
tial to improve the compression strength properties between 12 and 21%, while the internal
solution based solely on bacterial suspension had 19% improvement efficacy. However, the
best results were obtained by combining the non-bio-based and bio-based components at
the mixing phase—37%, albeit these agents are more complex and difficult for eventual
real-life manufacture and application. Interestingly, both internal and external solutions
based on combined non-bio-based and bio-based components (solutions 7 and 8, Figure 4
and Table 1) showed the best results regarding the healing potential. This showed that the
combined “synergistic” approach could be a promising path in further research efforts.

2.2. Comparison of Required Volume of Repair Solutions

Additionally, the bio-agent used in our preliminary study of external healing solu-
tion [46] was analysed.

The compressive strength results (Figure 6) showed that there was a strength increase
of 7.5 MPa (750 tonnes more per m?) if the mortar cracks were repaired with 200 puL of
external healing solution per 4 cm of crack length (4 cm is one of the dimensions of the
standard 4 cm X 4 cm x 16 cm EN 196-1 test mortar beams used in the study). Assuming
that a significant crack width of at least 0.3 mm is a cause for concern, this means that in
order to heal a crack that is 1 m long, 0.04 m deep, and 0.0003 m wide—5 mL of bioproduct
is required. The results also showed that the strength increase with bio-agent was around
20% and the scattering was lower for the bio-based mortars.

mortar 1 mortar 2 mortar 3

[V <))
o o

N
o

Compressive Strenght (MPa)
N w
o o

=
o

Mortar

M Bio mix M Plain mix

Figure 6. Compressive strength of untreated cement mortar beams (plain mix) and those treated
with bio-agent repair solution (bio-mix) by van der Bergh et al. (2020).

Therefore, it would be interesting to compare the agent consumption between different
external repair techniques in order to further assess their efficacy. Using the data published
by Jongvivatsakul et al. [43] (here named as ] solution) and extrapolating it to a crack of
equal size (1 x 0.04 x 0.0003 m3), the calculated required solution volume for repair is
203.12 mL. It should be noted that this volume was applied every day over the course
of 20 days, so the total repair solution volume needed was 4062.5 mL, which is over 800
times more than the 5 mL of bio-solution required in the preliminary study by van der
Bergh et al. [46] (here named as VDB solution). It could be further argued that the efficacy
of the latter solution is about 400 times larger (given that the improvement amounts of
compressive strengths, Figure 4, are 27% and 13%, respectively), although this would
be somewhat oversimplified. Also, if we normalise the improvement rate (to, e.g., 10%,
arbitrarily chosen for comparison purposes) of all solutions, we can get an estimation of
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how much of the J solution is needed for the same expected improvement (Equations (6)
and (7)):

10% improvement: x ml of ] solution = 27% improvement: 4062.5 mL of J solution, (6)

x = 1504.6 mL of ] solution. (7)

Abo-El-Enein et al. investigated repair potential of a combined approach—sand and
bacterial solution (AEE solution). By applying the same calculation method as above, it was
estimated that approximately 4006 mL of repair solution is needed fora 1 m x 0.04 m x
0.0003 m crack, and after adjusting for compression strength improvement (32% compared
to 13%, Figure 4) this gives that relative efficacy is around 300 times lower than the VDB
solution. After normalisation to 10% improvement (Equations (8) and (9)), we get:

10% improvement: x ml of AEE solution = 32% improvement: 4006 mL of AEE solution,

®)
x = 1504.6 mL of ] solution. 9)

Finally, using the same calculation method, we got 3.8 mL of VDB solution needed
for 10% improvement of compressive strength. The normalised comparison is graphically
shown in Figure 7.

10,000
£ 1213.9 L1486
C
S 1000
-
=)
[e]
wv
—
5 100
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[«]
—
-
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Q
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= 3.8
(o]
] -
y |
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Figure 7. Comparison of required volumes of different external repair solutions for the same expected
improvement in compression strength (10%).

It was evident that the consumption rates of these solutions are different by at least
two orders of magnitude, if not more, which indicated the need for different logistical
approaches in eventual real-life application (transport, handling and manipulation costs).
It should be noted however that this was only an attempt to put the various solutions
available in the literature in the same perspective, and this comparison did not take
into consideration various other parameters such as the cost of material, the costs of
processing, different application and incubation conditions, different substrates, etc., as
these exceeded the scope of this paper. Also, it was assumed that the function between the
repair solution volume and the consequential improvement is linear, which needs to be
confirmed experimentally.

2.3. Capillary Water Absorption Reduction

Sorptivity or capillary suction measurements present a valuable evaluation technique
that can give information about the water sealing performance of applied repair solution
or self-healing admixtures in building material. There are several techniques developed
and standardised for the purpose of determination of capillary action [60-62], but the final
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result is always expressed in mass of water uptake per wetted area per square root of time,
and usually the units used are g/mm?/min!/2. The form of the plotted graph can be used
to give a quick general evaluation of possible application of the investigated material, as it
shows the performance of the material in unsaturated and saturated conditions.

We introduce a new term—capillary water absorption reduction, defined per Equation
(10) as:
(Wp —Ws)

Wh

where W, is capillary water absorption of treated samples and W, is capillary water
absorption of untreated (blank) samples, which allows us to compare the efficacy of
different repair solutions.

The difference in performance and possible application of different repair solutions is
evident from the water absorption reduction graphs (Figure 8).

VDB solution, which employed a bacterial suspension based on Sporosarcina pasteurii,
had good initial water absorption reduction performance, but after 3 h it showed a down-
ward trend that eventually resulted in negative performance when the medium became
saturated.

WaR = -100% (10)

40%

w
o
X

20%

Water absorption reduction

10% \
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0% =~
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Figure 8. Cont.



Sustainability 2021, 13, 4287

13 0f 17

Water absorption reduction
¢ &

0.0625 0.125 0.25 0.5 1 2 4 8 16 32 64 128
-10%

-20%
time (h)
e CEMIII+Sh —DN

()

Figure 8. Comparison of water absorption reductions after treatment with selected repair or self-
healing solutions: (a) “Intermittently wetted” solutions: VDB solution [46], M4 [63]; (b) “Constantly
wetted” solutions: C1E5 [64], M2 [63], J solution [43]; (c¢) “Universal” solutions: CEMIII+Sh [65];
DN [66]. Colour code: green—bio-based; blue—inorganic based; solid line—internal solution;
dashed line—external solution.

M2 and M4 are samples that had self-healing admixtures based on novel PVA-coated
pellets of different expansive agents added at the mixing phase (10% weight replacement
of sand). M2 samples had pellets consisting of 50% MgO and 50% bentonite, and M4
pellets consisting of 50% MgO and 50% silica fume. M2 showed a positive trend in water
absorption reduction throughout the test, while M4 had better initial reduction, which
diminished abruptly after 45 min and remained stable at 30% until the end of testing (4 h).

C1E5 mortar sample had 1% calcium-lactate (of the weight of cement) and 10° of
S. pasteurii cells/mL added to the water in the mixing phase. It was evident that the
chosen mix was not optimal for improvement of water sealing performance, as it had
negative reduction in capillary absorption of —233% in the first 15 min of testing [64],
which eventually barely went above 0%. This served as an example how (self-)healing
performance must not be evaluated solely based on sealing properties, but instead several
testing methods must be applied. Namely, the same mortar mix had very good mechanical
properties (compression strength was 21% higher than control).

J solution had lower performance at the start of the exposure to water, which had
a positive trend to about 3 h of exposure, after which it adopted a downward trend.
Unfortunately, the authors limited their experiment to only 5 h, so the long-term capillary
action is unknown.

Mohammed et al. [65] obtained very promising results after employing an iron-
respiring bacterium Shewanella oneidensis in their concrete mix (CEMIII+Sh), which showed
a steady reduction of water absorption throughout the experiment with best results (40%)
between 0.5 and 3.5 h of exposure to capillary absorption. The reduction then settled at
about 25% without adverse effect observed on the compression strength.

An interesting example is a bio-mortar developed by Ersan et al. [66] containing
expanded clay particles and Diaphorobacter nitroreducens bacteria, which exhibited almost
constant water absorption reduction of 50% for the whole duration of the experiment.

In terms of eventual real-life application, the proposed solutions can be roughly
divided in three general types: “intermittently wetted” solutions, “constantly wetted”
solutions and “universal” solutions. “Intermittently wetted” solutions are those whose
absorption characteristics suggest that they would have maximal efficacy in zones occasion-
ally exposed to water, e.g., occasional rain, tidal splash and similar. These agents modify
the material in such way that the largest reduction of capillary absorption (compared to
non-treated material) happens in the beginning stages of the exposure to water, with less
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efficacy at later stages when the medium becomes saturated. Examples of “intermittently
wetted” solutions discussed in this paper are VDB solution and M4 (Figure 7). “Constantly
wetted” solutions, on the other hand, show better relative efficacy in later stages of testing,
i.e., when they are completely saturated with water. This type of agent is more suitable
for areas permanently exposed to water, e.g., submerged zones or areas with frequent rain.
C1E5, M2, and ] solutions are some examples of “constantly wetted” solutions (Figure 7).
Finally, we have “universal” solutions, whose water absorption reduction is more or less
constant during the whole testing period and which could potentially be used for both type
of exposure (intermittent and constant). Examples would be DN and CEMIII+Sh (Figure 7).
For final conclusions about the possible applications of selected healing solutions, other
parameters should be included, such as the substrate type, curing conditions and duration,
expected crack widths, etc., and this comparison should only serve as a general indicator
of potential application.

3. Conclusions

This paper presents an attempt to compare data on repair and self-healing solutions
for cementitious materials available in the contemporary literature, according to the criteria
used in the research conducted by the authors. Given the multi-disciplinary nature of
the research field, there are multiple issues, with the results usually being incomparable
to one another due to different methodologies of experimental set-up, crack generation,
mortar/concrete mixes, curing and testing protocols, etc. Given all these variables, the only
way to compare results from different authors was to choose testing methods that were
used by the majority of authors and to ‘normalise’ the results of the repair or self-healing
solutions (relative to unassisted recovery processes). In order to evaluate the effects of
remediation agents, both mechanical and sealing properties should be taken into account.
Therefore, the data obtained by the two most widely used testing methods for these
characteristics were presented: compressive strength test and capillary water absorption.
Additionally, the consumption rates of different repair solutions were also compared in
order to give an insight in their efficacy. It was shown that the rates of consumption
needed for the same relative improvements of mechanical strength varied by several
orders of magnitude between various solutions, which should be taken into consideration
for their eventual application in real life. Capillary water absorption reduction can be an
indicator of possible application choices as well, given that different solutions have different
capillary action characteristics, which make them more suitable for zones with different
wetting patterns (intermittent or constant). Without a standardised protocol for evaluation
of efficacy between different solutions and application methods, compressive strength
recovery improvement could give an insight in this regard, as it presents an attempt to
compare various solutions based on their function as an enhancer of material performance
compared to unassisted recovery processes (e.g., autogenic self-healing). Results show
that “hybrid” solutions, based on both bio-based and non-bio-based components, whether
externally or internally applied, have the potential for the best repair results, synergistically
combining their benefits. These techniques, therefore, present a promising path for further
research in the field of sustainable infrastructure and building environment in general.
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