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Abstract

The use of calcium carbonate for closing cracks in concrete by the action of biomineralizing bacteria has been
investigated. However, these bacteria are fragile and susceptible to the reaction medium, and they must be protected
by encapsulation, until the moment they must carry out the biomineralization process. This research covered the study
and optimization of the production of sodium alginate capsules for subsequent encapsulation of biomineralizing
bacteria. The research also investigated the effect of these capsules (added in different percentages) in concrete
masses using a CP Il — E Portland cement (ABNT NBR Standard), formulated from the Andreassen equation. The
samples were characterized in their fresh and hardened state. The swelling tests indicated that the sodium alginate
capsules provided good conditions to receive the bacteria, to keep them alive and to be mixed in the concrete,
presenting enough mechanical strength. Among the investigated conditions, the composition formulated using the
Andreassen coefficient equal to q=0.37 and with the addition of 1.5% of sodium alginate capsules was the one that
presented the most promising results; and after 28 days of curing, the mechanical strength to compression was 45.4
MPa, with the value within ABNT NBR 11578, since it establishes a minimum of 32 MPa.

Keywords: Calcium carbonate; Sodium alginate; Concrete; Biomineralization; Mechanical strength.

Resumo

A producdo de carbonato de célcio para o fechamento de fissuras em concretos por meio da acdo de bactérias
biomineralizadoras vem sendo investigada; todavia, essas bactérias sdo frageis e suscetiveis ao meio reacional,
devendo-se entdo protegé-las através de encapsulamento, de modo que possam realizar o processo de
biomineralizacdo quando solicitadas. Esta pesquisa abrangeu o estudo e otimizacdo da producdo de capsulas de
alginato de sodio para posterior encapsulamento de bactérias biomineralizadoras. A pesquisa investigou ainda o efeito
dessas capsulas (adicionadas em diferentes porcentagens) em massas de concretos utilizando cimento Portland do tipo
CP Il — E (norma ABNT NBR) e formuladas a partir da equagdo de Andreassen, caracterizando o0s corpos obtidos
através de ensaios no seu estado fresco e endurecido. Os testes de intumescimento indicaram que as capsulas de
alginato de sddio propiciaram um ambiente adequado para receber as bactérias e nutri-las até o seu uso, além de uma
resisténcia mecénica adequada para sua inser¢do (e mistura) no concreto. Dentre as condi¢des investigadas, aquela
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onde foi utilizado o coeficiente de Andreassen igual a g=0,37 e com adicdo de 1,5% de capsulas de alginato de sodio
foi a que apresentou os resultados mais promissores da pesquisa; sendo que apds 28 dias de cura, a resisténcia
mecanica a compressao encontrada foi de 45,4 MPa, estando com o valor dentro da ABNT NBR 11578, uma vez que
a mesma estabelece uma resisténcia minima de 32 MPa.

Palavras-chave: Carbonato de célcio; Alginato de sédio; Concreto; Biomineralizacdo; Resisténcia mecanica.

Resumen

Se ha investigado la produccion de carbonato de calcio para el cierre de fisuras en el hormigén mediante la accion de
bacterias biomineralizantes; sin embargo, estas bacterias son fragiles y susceptibles al medio de reaccion, por lo que
deben ser protegidas mediante encapsulacion, para que puedan realizar el proceso de biomineralizacion cuando se le
solicite. Esta investigacion abarc6 el estudio y optimizacién de la produccion de capsulas de alginato de sodio para su
posterior encapsulacion de bacterias biomineralizantes. La investigacion también investigo el efecto de estas capsulas
(agregadas en diferentes porcentajes) en masas de concreto utilizando cemento Portland tipo CP Il — E (norma ABNT
NBR) y formuladas a partir de la ecuacion de Andreassen, caracterizando las pastas obtenidas mediante ensayos en
estado fresco y endurecido. Los ensayos de hinchamiento indicaron que las céapsulas de alginato de sodio
proporcionaron un ambiente adecuado para recibir las bacterias y nutrirlas hasta su uso, ademas de una adecuada
resistencia mecanica para su insercion (y mezclado) en el concreto. Entre las condiciones investigadas, aquella donde
se utilizé el coeficiente de Andreassen igual a q=0,37 y con la adicion de 1,5% de cépsulas de alginato de sodio fue la
que presentd los resultados més promisorios de la investigacion; y después de 28 dias de curado, la resistencia
mecénica a la compresion encontrada fue de 45,4MPa, con el valor dentro de la ABNT NBR 11578, ya que establece
una resistencia minima de 32MPa.

Palabras clave: Carbonato de calcio; Alginato de sodio; Hormigén; Biomineralizacion; Resistencia mecénica.

1. Introduction

The use of concrete is common in civil construction; world production exceeds 40 billion tons per year (Global
Cement and Concrete Association, 2019). The high mechanical resistance after drying of these materials is attributed to a well-
founded formulation in the principles that involve the packing of the particles, guaranteeing a better characteristic to finished
product. In addition, the granulometric distribution must be controlled so that particles larger than those already belonging to
the mixture are not introduced, which could lead to the appearance of new voids, increasing the final porosity (Oliveira et al.,
2000; Fusco, 2008).

Properties such as durability, fire resistance, high compressive strength, and others, are directly related to the quality
of particle packaging (Meyer, 2009), as the type and content of special additives used, such as superplasticizers (Neville, 2016;
Mehta & Monteiro, 2008). Thus, many factors affect this packing, such as morphology, density, type of dispersion and models
and techniques to pack the particles (Oliveira et al., 2000). With so many factors, the existence of several models, both
practical and theoretical, are beginning to be studied and used to determine the best particle distribution during the concrete
formulation process. Among them, Andreassen's model stands out in the ceramist sector (Oliveira et al., 2000).

The continuous distribution of particles is the starting point for creating the Andreassen model. According to this
model, to create an ideal packing, the particles must in turn fit together in the best possible way to occupy the maximum
available spaces by sizes, as indicated in equation 1 (Oliveira et al., 2000). Within the Andreassen model, the best possible

packing, theoretically, is the one that uses g=0.37 (Oliveira et al., 2000).

CPFT = {Di]q x100 (Eq.1)

Here, CPFT is the percentage of accumulated particles smaller than Dp, where Dp is the particle diameter value, DL is
the largest particle diameter value, and q is the distribution coefficient.
Concrete Concrete is often used in situations where its mechanical properties are very demanding as bridges,

buildings. Although it is resistant to mechanic compressive, the tensile strength ends up being low throughout its useful life,
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with the formation of cracks that will initiate a process of internal pathology, mainly generating the oxidation of its steel
reinforcement, causing a deterioration and a decrease in its durability (Seifan et al., 2016; Wu, et al., 2019). Due to this type of
pathology, many studies have been focused on the recovery and self-healing of concrete, since the so-called as conventional
methods for repairing structures are laborious, slow and costly (Wang et al., 2018). These inconveniences contributed to the
development of new means for repairing concrete; among them, the study of the addition of some species of bacteria in spores
within the concrete formulation (Seifan et al., 2016).

A spore is a dormant and mechanically resistant structure, produced by bacteria so that they can live in an
environment under extreme conditions, such as desiccation, high temperature, among others (Seifan et al., 2016). The addition
of bacteria Lysinibacillus sphaericus can carry out biomineralization, which consists of the synthesis of inorganic minerals by
living organisms. The process occurs when bacterial capsules encounter an external environment or even by changing the pH
of the concrete, through a fissure that occurred at the site, causing these bacteria, through microbial activity, to begin to form
minerals (Seifan et al., 2016). From the reaction of external elements such as oxygen, humidity caused by water, CO, different
types of requested efforts, or even climate changes associated with the metabolic activities of the organism, the precipitation of
calcium carbonate is observed. Calcium from this process is considered one of the best fillers because it is compatible with
concretesupporting the closure the crack when requested. Thus, when the cracks are filled, the bacteria enter their hibernation
state again (Tebo, et al., 2015; Seifan et al., 2016; Zhu et al., 2021).

When working with bacteria in a very reactive environment, where there is a high alkaline content and a strong
chemical reaction in the early ages of the concrete, the survival rate of the biomineralizing bacteria becomes small. Based on
the need to protect these bacteria in such an inhospitable environment, studies have been carried out on encapsulation, creating
a protective barrier in which the bacteria remain in a state of hibernation until the capsule ruptures, causing them to react with
the external environment (Jonkers, 2007; Khalic & Ehsan, 2016; Tittelboom, et al., 2011; Wang, et al., 2012; Wang et al.,
2012, 2014a, 2014b, 2015). Thus, although there are works evaluating the protection of bacteria by capsules prepared with
different types of materials (including those made of alginate), limited information is available regarding the mechanical
resistance of these capsules in the mixture and influence on the production of concrete (Jonkers, 2007).

Alginates form gels with relative ease, showing good mechanical properties. Research related to sodium alginate
reveals that, due to its biocompatibility and relatively low cost, this compound becomes viable for applications in different
areas, ranging from the medical field to civil construction. The treatment of brown seaweed with an aqueous alkaline solution
(NaOH) is one of the ways to extract alginate for its production. This extraction takes place due to the addition of sodium
chloride to the filtrate, to carry out acid precipitation, or else calcium chloride by the calcium precipitation method (Farias &
Norefia, 2019; Lee & Mooney, 2012; Trenson, 2017).

In this research, spheres (capsules) of sodium alginate were obtained through spherification, a technigue that consists
of molding a liquid through reverse gelation, dripping a dispersion containing alginate into a solution of calcium ions to form
spheres (Farias & Norefia, 2019) that will be used a posteriori in the containment and protection of bacteria of the
Lysinibacillus sphaericus type. In this work, the effect of the presence of these capsules in concrete masses formulated from
the Andreassen equation was also evaluated, seeking the optimization of the physical, mechanical, and rheological properties,

such as slump, density, water absorption and mechanical resistance.

2. Methodology

For the production of sodium alginate capsules (spheres), the following reagents were used: Sodium alginate

(Dinamica), with a purity of 90% and Calcium chloride (Vetec, PA), with a purity of 99.99%; for the production of concrete
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specimens, the following were used: gravel powder (less than 1.7 mm) as fine aggregate, from the region of Pocgos de
Caldas/MG; gravel 1 (between 4.8 mm and 1.7 mm); commercial cement type CP II-E 32 from the manufacturer Votorantim
of the Itad line, in accordance with the requirements of the ABNT NBR 16697 standard (ABNT, 2018); water made available
by the supply network of the city of Pocos de Caldas-MG following the NBR/159000-09 standard, which considers it suitable
for use in kneading and as an additive the third generation superplasticizer, with the trade name Glenium 51® from the
manufacturer BASF S.A., classified in relation to the chemical base as polycarboxylic ether, with variable density from 1.067
to 1.107 g/cm3. This superplasticizer was used as a deflocculant during the preparation of the concrete mass.

This research was divided into two steps, which will be referred to as Step 1 and Step 2 in this article. In Step 1, the
sodium alginate capsules were obtained and characterized; Step 2 consisted in the production and evaluation of the properties
of concrete produced from the variation of the Andreassen packing coefficient (q) at 0.37 and 0.30 and the content of alginate

capsules added to the formulation.

Step 1

At this stage of the research, sodium alginate capsules were produced for use in concrete, evaluating their swelling
characteristics, a process in which the amount of water absorbed by the capsule is defined.

The concentration of sodium alginate in aqueous solution was set at 2% (w/v) after a previous study (Cruz, 2023) to
adapt the viscosity to the dripping process. 0.0001 m? of distilled water was added to a beaker, kept under constant agitation
(60 rpm) by means of a magnetic stirrer. Then, the sodium alginate was gradually added, so that there was no formation of
lumps. Stirring was maintained for about 1 h until complete solubilization. An analogous process was carried out separately to
obtain an aqueous solution of calcium chloride (5% (w/v), using 0.0005 m? of distilled water in a beaker and adding 25 g of
calcium chloride until complete solubilization (constant agitation at 60 rpm) and homogenization (about 10 minutes) at room
temperature.

By using a peristaltic pump at a flow rate adjusted between 30 and 40 drops per minute, the alginate solution was
dropped into the CaCl, solution, in a shaker with agitation at 60 rpm, at room temperature. Then, with the aid of a paper towel,
the newly prepared spheres were dried and placed in a specific container covered with TNT (non-woven fabric). The material
was then dried in an oven with air circulation and a temperature of 30°C for 48 h. Figure 1a illustrates the alginate spheres just
dropped in the calcium chloride solution, they have a more swollen appearance due to the high water content present in Figure
1b, we have the spheres (with a diameter of 5 mm approximately) after the drying process, with a more yellowish color, as well

as a less gelatinous and more rigid appearance.
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Figure 1 — Sodium alginate capsules (a) recently produced and (b) after drying.

Source: Authors (2023).

Three different tests (methodologies) were performed to evaluate the swelling of the sodium alginate. In the first
methodology (called the simple test) 0.2 g of dry spheres of sodium alginate were added to a beaker with 30 g of distilled
water. Then, the beaker was covered with a PVC plastic film so that there was a barrier to prevent water evaporation. The
spheres were immersed in distilled water for 24 hours. After this period, a paper filter was saturated with distilled water,
filtering the sample, so that the water drained into a container with a known weight. The test was performed in triplicate and

the swelling capacity (swelling) of sodium alginate (I) was calculated from equation (2):

I(%) = = . 100% (Eq.2)

My el

Where:
my, is the weight of water added to the beaker
my is the weight of water obtained after filtration
m,, is the weight of the alginate spheres added to the beaker

The second (tea-bag method) and third tests (filtration method) were performed according to Snoeck et al., (2018),
who describe two distinct methodologies for characterizing capsules in cementitious-based materials, generating a greater
understanding of how the capsules react when mixed with the concrete formulation in its fresh state.

Step 2

For the conformation of the test specimens, all the component materials of the formulation were previously dried in an
oven with air circulation and renewal, model SL-102 - Solab, for a period of 24 h at 60 °C for subsequent granulometric
separation. At the end of drying, the aggregates (coarse: gravel 1 and fine: gravel powder) were passed through the sieves
(keeping the granulometry for fine aggregates between 0.15 mm and 9.5 mm and for coarse aggregates of 9.5 mm to 25 mm)
until reaching the appropriate granulometry, where a suspended mechanical granulometric sieve by Solotest was used. After
the granulometric separation, the materials were weighed according to the 4 concrete formulations to be investigated in the
research, varying the Andreassen packing coefficient at g=0.30 and q=0.37 and the alginate contents of sodium in 1 and 1.5%

by weight in relation to the weight of cement.
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Consistency was evaluated by slump test (ABNT NBR NM 67 (1998) standard) for the investigated compositions.
The masses used in this test were used later in the conformation of the test specimens.

Forty-eight specimens were produced, 24 of which were formulated using q=0.30. Of these, 12 bodies had the
addition of 1% by weight of sodium alginate and the remaining 12, 1.5 % by weight. The production of the 24 remaining
specimens was formulated with q=0.37, divided into two percentages of addition of capsules as well (being 1.0 % and 1.5 %).
The choice of g values and sodium alginate content was based on previous studies by the research group.

The molding and curing of the concretes were carried out in accordance with the ABNT NBR 5738 (ABNT 1934)
standard. For the molding process of the specimens that were tested in compression, a cylindrical mold measuring 100 x 200
(mm) was used, greased with vegetable oil to facilitate unmolding. The filling was done in two layers, each layer being
compacted with 12 strokes. The last layer was molded with excess concrete, so that, when compacted, it completes the entire
volume of the mold, posteriorly eliminating all excess concrete. After 24 hours of molding, curing began, with the specimens
being demolded and immersed in a tank with water saturated with calcium hydroxide, aiming the continuous hydration of the
cement, in order to avoid premature loss of water at a temperature around 21°C, thus preventing the appearance of future
cracks (Figure 2).

Figure 2 — Concrete specimens immersed in saturated water for cement hydration.
B e

Source: Authors (2023).

After 28 days, according to the ABNT NBR 9778 standard (ABNT, 2005), the water absorption, the void index and
the dry and real specific mass of the specimens were determined. The results obtained were analyzed considering the different
g values and investigated sodium alginate contents. Compressive strength measurements were carried out in accordance with
ABNT NBR 5739 (ABNT, 2018) standards, which establishes the method of preparation and compression testing for
cylindrical concrete specimens and ABNT NBR 5738 (ABNT, 2015), which determines the ages at which the bodies were
tested.

For the mechanical compression tests, there is a need for a rectification process, according to the ABNT NBR 5738
standard (ABNT, 2015), which was carried out in a cutting machine with a Bel Air pneumatic actuator, with a maximum
pressure of 1.03 MPa, at a speed of 400 rpm, with cooling of the cutting disk and the blade with water. After the grinding
process, the specimens were subjected to a compression test using a digital electro-hydraulic concrete press, brand A.M.C,
model 10014, maximum capacity of 980.6 kN and manual control of application speed of load, with an accuracy of 0.098 kN.
The tests were carried out at the company Polimix Concreto Ltd., located in the city of Pocos de Caldas/MG and the specimens

were ruptured after 7, 14 and 28 days after molding.
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3. Results and Discussion
Step 1
Tables 1 to 3 indicate the results obtained for the swelling test using, respectively, the methods called simple test, tea

bag test and filtration test according to Snoeck et al., (2018).

Table 1 — Swelling measurements obtained by the simple test.
Samples 1,2 and 3 1 (%)
Average 203.3+£1.3

Source: Authors (2023).

Table 2 — Swelling percentage (1%) obtained by tea-bag method as a function of time (min).

Time (min) 1 5 10 30 60 180 1440
Average () 424+025 428+025 453+006 558+0.03 584+0.03 6.32+0.03 6.56 + 0.04
I (%) 423.57 428.05 453.01 558.28 583.88 631.71 656.44

Source: Authors (2023).

Table 3 — Swelling percentage (1%) obtained by filtration as a function of time (min).

Time (min) 1 5 10 30 60 180 1440
Average (ml) 0.36+0.10 0.39+0.14 0.48 £0.12 3.05+0.17 3.32+1.09 5.44 £0.12 11.53 £2.50
1 (%) 36.03 39.27 48.23 305.43 331.67 544.43 1153.03

Source: Authors (2023).

When carrying out the swelling analysis by the tea-bag method, a constant is observed after 180 minutes, where the
exponential curve reaches its threshold for a growth line. (Figure 3) The same occurs when observing the swelling test of the
filtration method, this constant appears after 180 minutes (Figure 3); so, the difference is due to the high change in swelling
when it is inside a tea bag, since the shape of the bag offers a certain resistance in relation to its growth. Due to the physical
barrier that exists in the tea-bag method, the capsules grow less when compared to the filtration method, in which the capsule is

loose inside the liquid.
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Figure 3 — Swelling test of the tea-bag and filtration method.
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Source: Authors (2023).

Studies prove (Reis, 2019) that when the capsule reaches a very high swelling, its material dissolves more easily, not
being interesting for use in cementitious media due to the mixture of coarse and fine aggregates that can break the capsule
more easily, as well as the alkaline mixture can influence its interior. When subjected to swelling tests, some materials (such as
alginate or chitosan gels) have a lower apparent resistance, demonstrating a fragility at 10 minutes, since it is from this time
that it begins to dissolve, while the Sodium alginate supports a greater degree of swelling without dissolving in the triplicate
test (Reis, 2019).

Step 2
Table 4 shows the results of the slump test for the investigated compositions varying q (Andreassen packing

coefficient) at 0.30 and 0.37 and the sodium alginate content at 1 and 1.5 % in relation to the weight of cement.

Table 4 — Slump values of the investigated compositions according to NBR NM 67 standard.

Composition Slump value (cm)
g=0.30; sodium alginate:1.0 % 240
0=0.30; sodium alginate:1.5 % 23.7
g=0.37; sodium alginate:1.0 % 20.0
g=0.37; sodium alginate:1.5 % 21.0

Source: Authors (2023).

All the investigated formulations obtained slump values between 18 and 25 cm, reaching a fluid consistency,
according to the NBR NM 67 standard (ABNT, 1998), indicating that fluidity, the investigated formulations are suitable for
molding. Furthermore, it is observed that the presence of sodium alginate does not interfere with the good consistency results
obtained.

Figures 4(a) and 4(b) show, respectively, the average values of water absorption and voids index for the different

formulations investigated.
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Figure 4 — (a) Water absorption (%) and (b) average voids index (%) obtained for the investigated samples, varying the
sodium alginate content and the g value of the Andreassen equation.

a) b)

Absorption
I

Andreassen’s Coefficient Andreassen’s Coefficient

Source: Authors (2023).

It is observed that the formulation using the Andreassen coefficient equal to 0.37 provided a higher water absorption
and that samples containing higher additions of sodium alginate capsule showed lower absorption rates for both coefficients.
The results also show that the samples presented good conformation, since the deviation of the measures obtained is slim,
indicative of good homogeneity. The greater use of coarse aggregates for the Andreassen formulation with q=0.37 may have
generated a greater number of voids (spaces) not filled in the mass by packing), resulting in higher levels of water absorption
in relation to the formulation where g =0.30. The presence of sodium alginate capsules may contribute to the partial filling of
small voids left in both formulations, causing a decrease in absorption values. These results are corroborated by the behavior
observed in the void ratio.

Figures 5(a) and 5(b) show the results of the average specific mass of the dry samples and the real specific mass,
respectively, for the investigated formulations. A slight influence of the added sodium alginate content was observed for
compositions with q=0.30 or g=0.37; the presence of a higher content of sodium alginate seems to cause a increase in specific
mass values, which agrees with the previously discussed results. The influence between the compositions is due to the
variation in the g value; that is, the granulometric distribution used in the investigated formulations. The formulation with
0=0.30 has a greater number of fines compared to q=0.37, which affected the degree of final packing, providing higher levels
of specific mass (or density) both dry - which considers the presence of permeable and impermeable pores — as well as the
actual specific mass, where, by the equation used, permeable pores are excluded. It should also be noted the good
reproducibility of the results, indicating that the samples are homogeneous, resulting in low values of deviation in the

measurements obtained.

Figure 5 - (a) Specific mass of dried samples and (b) real average specific mass for the investigated samples, varying the

sodium alginate content and the g value of the dry Andreassen equation for the investigated formulations.
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Source: Authors (2023).
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Figure 6 indicates the results obtained from the compression tests carried out for the different compositions. All
specimens reached minimum values close to 35 MPa, or higher. A progressive increase in mechanical strength was also

observed by the age of the concrete, which is due to the hydration and curing process of the concrete.

Figure 6 — Mechanical compression resistance of investigated compositions (MPa).
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Source: Authors (2023).

The influence of the sodium alginate content is also proven for all investigated samples, varying q as well as the age
of the concrete. For all compositions, an improvement in the mechanical properties of concrete with a presence of sodium
alginate was observed, a fact previously discussed in the previous paragraph. This result was expected, since samples with
lower void ratios, lower levels of water absorption and higher values of dry and real specific mass tend to have higher
mechanical strength since critical defects tend to be minimized.

When comparing the results obtained for the formulations with different packing coefficients the mechanical
properties of the compositions with q=0.30 were lower than those where q=0.37 was used, regardless of the sodium alginate
content added. Although the compositions with q=0.30 present a greater degree of packing due to the greater presence of fine
particles, which results in a specific mass increase and lower voids index, it’s noted that the greater presence of coarse
aggregates (which occurs in the formulations where gq=0.37) allow greater anchoring between particles during the hydration
process. In addition, the greater presence of coarse aggregates tends to increase resistance to catastrophic crack propagation,

since cracks need to bypass these coarse aggregates, causing an increase in compressive strength.

4. Conclusion

The methodology adopted for obtaining sodium alginate capsules proved to be adequate for the insertion process in
the test specimens. The control of processing parameters as concentration of the alginate solution, dripping speed of constant
slow rate and agitation of 60 rpm during dripping at room temperature was feasible for the production of spheres of 5 mm on a
larger scale.

The greater presence of sodium alginate capsules positively affected the physical and mechanical properties of the
concretes and with regard to the variation in the packing coefficient (and what this variation implies in the formulation), it was

observed that, despite g=0.30 providing a lower void ratio and higher specific mass for both capsules addition, lower anchoring
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of raw materials and a lower amount of coarse aggregates seem to be factors of greater influence regarding the mechanical
strength. Thus, the use of an Andreassen coefficient equal to 0.37 along with the addition of 1.5% alginate capsules provided

the best results when the rheological, physical and mechanical properties were evaluated together.
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