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Chemical analysis of various ureolytic bacterial activity and its effects on the strength of concrete
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Abstract: Concrete structures are susceptible to cracking, creep and possess low tensile characteristics under extreme environment. Application of ureolytic bacteria presents an easier, cheap and environment friendly approach for improving the strength of concrete. In this study, five bacteria were accessed for their concrete healing activities in Pozzolanic material. All bacteria with the exception of Proteus inconstans showed good calcite precipitation due to urease activity. This carbonate precipitates were utilized in filling up cracks and voids present in the final material. Bacillus coagulans showed maximum improvement in concrete properties with 53.10 MPa, 3.80 MPa and 6.66 MPa of compressive, split tensile and flexural strengths after 28 days of curing. Maintenance over a longer curing period resulted in improved densification in the concrete matrix. Scanning electron microscopy (SEM), Energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) further confirmed the presence of increased calcite crystals in bacterial samples as compared to conventional concrete.
Index Terms: Self-Healing Concrete; Bacillus coagulans; Ureolytic bacterial activity; Calcite precipitation.
I. INTRODUCTION

  Concrete is the most widely used material in the construction industry used because of its prolonged durability, cost-effective maintenance, and ease of degradability [1]. Typical concrete is made up of cement, fine and coarse aggregates (sand, gravel) along with water in specific proportions suited to our needs [2]. Cement is categorized into many subsections based on its compositions. The most well-known types used in construction include - i) Ordinary Portland Cement (OPC) is composed of calcium, silicon, aluminum and sulfur oxides in addition to gypsum [3], ii) Pozzolana Portland Cement (PPC) contains fly ash in addition to normal cementing components [4]. PPC supplemented concrete is environment friendly and well suited for construction of higher load bearing structures as they have lower heat of hydration, less porosity, better reactivity with aggregates, good surface finish and improved calcium-silicate-hydrate (C-S-H) formation [5 and 6].
  There are certain disadvantages associated with concrete structures which include cracking, creep, shrinkage, brittleness, low ductility, high temperature, external stress and weak tensile characteristics [7 and 8]. Internal, as well as external cracks, are formed due to increased dehydration under extreme conditions [9]. These cracks can be efficiently healed through a cost effective approach using Microbial Induced Calcite Precipitation (MICP), which is a form of autonomous concrete healing [10].
II. SELF-HEALING CONCRETE

As the name indicates, Self-Healing Concrete (SHC) is concrete which will heal the cracks. In this process, bacteria added to the concrete mix remains viable and produces urease which converts urea present in the surrounding environment to ammonia and carbonic acid. These two intermediates react and liberate bicarbonate, ammonium and hydroxide ions. The hydroxide ions increase the pH of the solution and result in the formation of carbonate ions. The presence of ammonium further increases the pH and results in calcite precipitation in the presence of calcium [11].

Recent reports on bacterial concrete have revealed newer strategies in improving the efficacy of self-healing concrete. Till date, there are extensive reports on microbial healing concrete healing on OPC concrete as in Bacillus sphaericus [12], Sporosarcina pasteurii [13], Bacillus subtilis [14], Bacillus massiliensis, Arthrobacter crystallopoietes, Lysinibacillus fusiformis [15], Bacillus pseudofirmus [16] and Bacillus alkalinitrilicus [17]. 

Bacteria belonging to Bacilli genera are generally gram-positive, rod-shaped, facultative anaerobic microbes with endospores which is responsible for their prolonged viability under harsh environment [18]. Bacteria selected in this study possess the same characteristics and grow mostly in the optimum temperatures range in between 20 to 40 °C with the exception of Geobacillus stearothermophilus which can grow at very high temperatures. 

Till date, there are very limited reports available on bacteria induced healing in PPC concrete. Therefore, in the present study, five bacteria namely Bacillus coagulans, Bacillus tequilensis, Bacillus circulans, Geo-bacillus stearothermophilus and Proteus inconstans were evaluated for their ureolytic activity on PPC. Overall improvement in concrete was confirmed by compression, split tensile and flexural strength testing in addition to SEM, EDS and XRD analytical studies.
III. 
MATERIALS AND METHODS
A. Culturing of bacteria
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  Five bacterial strains namely Bacillus coagulans, Bacillus tequilensis, Bacillus circulans Geobacillus stearothermophilus and Proteus inconstans were procured from Microbial type culture collection (MTCC, Chandigarh, India). 12.5 g of nutrient broth was dissolved in 500 mL of distilled water taken in a conical flask. This setup was sterilized in an autoclave at 121 °C, 15 psi for 15 minutes. After appropriate cooling for 30 minutes, a small amount of freeze dried culture was inoculated in the liquid broth and incubated at 37 °C under constant shaking at 180 rpm. The cultures were periodically subcultured and stored in the form of Petri plates and glycerol stocks at -70 °C for future use. 
B. Casting of concrete specimens
Pozzolana Portland Cement (PPC) of ACC brand containing 15-30% fly ash cement is used in our study. Cement has a specific gravity of 2.74. All the preliminary tests were conducted according to Indian standard (IS) 4031 and were found to satisfy IS 1489. The locally available coarse aggregate of 20 mm size was selected. It has a fineness modulus of 7.3 according to IS 383.Local river sand is used. It is having a fineness modulus of 4 according to IS 383. Portable water is used in the concrete mix. 
According to the designed mix proportion, a ratio of 1: 1.87: 2.281 was obtained. The grade of concrete used in the design is M30. The water-cement ratio is 0.45. The specific gravity of the bacteria was found to be 1.1 and the concentration of the bacteria is 20 mL per liter of water. The target mean strength is taken as 38.25 N/mm2. The conventional concrete sample and bacterial concrete were prepared according to table I below.
Table I: Quantities of concrete constituents
	Component
	Quantity (kg/m3)

	
	Conventional concrete
	Bacterial concrete

	Cement
	437.77
	437.77

	Fine   aggregate
	755.058
	755.058 

	Coarse aggregate
	941.661
	941.661

	Water
	197
	941.661

	Bacteria
	_
	18.18


Slump test was performed to assess the workability and consistency of the concrete mix. The standard slump cone, tamping rod of 16mm and 60 cm length, measuring jar and scale were used to perform this test. This test procedure is mentioned in IS 1199-1959 and the mix was workable. Slump test was performed for each batch of moulds before casting. 

  An appropriate amount of cement, sand, coarse aggregate and water are taken and mixed well using a pan mixer (having a capacity of 21 L). Cube moulds of dimensions 150 mm × 150 mm × 150 mm, beam moulds of 500 mm × 100 mm × 100 mm and cylindrical moulds of 150 mm × 300 mm are used for casting of concrete. Concrete moulds should be clean and lubricant is applied to it to avoid the honeycombing effect. Both conventional and bacterial concrete are casted in 6 cubes, 4 beams, and 4 cylinder moulds. These are then allowed to dry or harden for 24 hrs. The moulds are removed and the specimens are kept in the curing tank for 7 and 28 days.
             (a)                                (b)                                 (c)

Fig. I: Hardened property test, (a) compressive, (b) split tensile and (c) flexural strength on concrete specimens after curing.
C. Testing of concrete specimens
36 cubes (6 conventional and 30 bacterial) of dimensions 150 mm x150 mm x 150 mm are tested as per IS 516. Tests were conducted in the Compression Testing Machine (CTM) after 7 and 28 days of curing. The machine has a maximum load bearing capacity of 3000 kN. Experiments were conducted in triplicates and the average of the three samples was used for interpretation (Fig. I(a)).

The tensile strength of concrete is obtained as per IS 5816.  Cylinders of diameter 150 mm and length 300 mm are kept for 7 days and 28 days of curing. A manual load is applied to the specimen until the sample cracks (Fig. I(b)). The crack must compulsorily be formed towards the diameter of the cylinder.

                 Split tensile strength 
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where, 

‘P’ is the external load applied on the specimen (in kN),

‘D’ is the diameter of the specimen (in cm),

‘L’ length of the specimen on which load is applied (in cm).
Beams of size 100 mm x 100 mm x 500 mm were cast according to IS 516. After curing, for testing the beam is first marked at 5 cm from each of the ends and the rest is equally divided into three parts of 13.33 cm each. Then the specimen is placed on the roller supports and the load is gradually applied through the Universal Testing Machine (UTM), till cracks are formed (Fig. I(c)).
                    Flexural strength 
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where, ‘P’ is the external load applied (in kN),

‘D’ is the diameter of the specimen (in cm),

‘L’ length of the specimen on which load is applied (in cm),

 ‘b’ is the width of the   specimen (in cm).
D. SEM and EDS analysis 
Bacterial calcite precipitation in different concrete samples was analysed using SEM SE EVO 18 with Oxford EDS (X-act). The instrument had a maximum magnification range up to 1,00,000x. All the samples (after 28 days of curing) were cut into 25 mm thickness using an angle grinder and immersed in isopropyl alcohol to stop the process of hydration. Then these were air dried in an oven at 100 °C for 24 hours. The dried samples were gold-palladium coated using a 6” sputtering unit model- 6 SPT (Hind high vacuum, Bangalore, India) and subjected to 20 kV of acceleration voltage under low nitrogen pressure. 
A corresponding EDS spectrum was used for chemical characterization of precipitated calcite, which estimated the weight and atomic percentage of the elements present in the sample.

XRD studies of concrete were carried out using RigakuMiniflex 600 operating at a power of 600 W, electric voltage of 40 kV and current of 15 mA with nickel filters. The diffraction angle (2θ) was set in between 5° and 80°. The specimens were crushed into powder form using a pestle and subjected to analysis. This test is used for measuring crystallinity of the sample based on the peaks obtained in the diffraction pattern.

SEM, EDS, and XRD analysis were carried out in the Central Instrumentation Facility (MIT, Manipal, India).
IV. RESULTS AND DISCUSSIONS
Hardened property tests were performed for conventional as well as bacterial concrete specimens and tabulated (Table II & Table III). 

Table II: Hardened properties test results for 7 days of curing 
	Samples
	7 day Strength (MPa)

	
	Compression
	Split tension
	Flexural

	Conventional concrete
	27.56
	2.77
	4.27

	Bacillus coagulans
	31.38
	3.31
	6.06

	Bacillus tequilensis
	30.90
	2.88
	5.79

	Bacillus circulans
	26.76
	2.80
	5.15

	Geobacillus stearothermophilus
	22.67
	2.81
	4.95

	Proteus inconstans
	25.20
	2.42
	3.68


Table III: Hardened properties test results for 28 days of curing
	Samples
	28 day Strength (MPa)

	
	Compression
	Split tension
	Flexural

	Conventional concrete
	39.01
	2.94
	5.06

	Bacillus coagulans
	53.10
	3.80
	6.66

	Bacillus tequilensis
	43.20
	3.53
	6.15

	Bacillus circulans
	38.02
	3.24
	5.95

	Geobacillus stearothermophilus
	41.26
	3.02
	5.53

	Proteus inconstans
	35.35
	2.62
	4.27


The standard deviation for the three set of specimens tested in each case did not exceed 2.36 MPa for compressive strength, 0.31 MPa for split tension and 0.25 MPa for flexural strength. The compressive strength of concrete increased with higher curing period. The samples after 28 days of curing showed higher load bearing capacities when compared to 7 days. This may be due to lower porosity and improved calcium silicate hydrate (CSH) formation [19, 20 and 21]. 

The addition of bacteria to the PPC concrete improved its overall characteristics as they yielded higher compressive strength as compared to conventional concrete. B. coagulans showed a maximum strength of 53.10 MPa after 28 days of curing which is higher as compared to previous work [22 and 23] and similar to [24] where a maximum strength of 53 MPa was recorded. Bacilli genera are widely used in improving the strength of concrete as bacterial spores remain viable in the environment and are resistant to a wide range of pH fluctuations, extreme chemical environment [25]. In addition to sporulation, bacteria produce urease which creates a favorable alkaline pH for increase calcite precipitation as compared to conventional concrete. This eliminates the cracks and fissures present in the concrete surface [26]. 

The application of PPC can also improve the tensile properties of the overall concrete as compared to the OPC as the former contains fly ash which reduces the interlinking voids [27]. B. coagulans recorded the highest split tensile and flexural strengths of 3.80 and 6.66 MPa respectively as seen in Tables II. The flexural strength of concrete was higher as compared to published results [28] where Bacillus mucilaginous L3 and Bacillus sp. were utilized in healing concrete. P. inconstans showed lower tensile characteristics as compared to conventional concrete. 

SEM image for bacterial calcite precipitation is shown in (Fig. II).
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Fig. II: SEM image analysis, (a) conventional concrete, (b) B. coagulans concrete after 28 days of curing

A sizeable number of voids are present in the conventional concrete even after 28 days of curing which indicates the possible presence of air bubbles and voids due to insufficient C-S-H formation as seen in [29]. In contrast to conventional concrete, a newly formed white layer is visible in case of a bacterial sample which confirms efficient calcite precipitation. The calcite crystals as discussed in [30] were mostly rhomboidal in shape with a diameter up to 4.102 µm and were stacked next to each other as per their observations.
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Fig. III: EDS analysis conventional concrete after 28 days of curing
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Fig. IV: EDS analysis B. coagulans concrete after 28 days of curing
EDS spectral analysis (Fig. III and Fig. IV) showed increased calcite precipitation in case of bacterial concrete.  In this case, the weight of deposited calcium was 34.01 % as compared to 12.03 % of conventional concrete (Table IV). The proportion of oxygen and carbon in the bacterial sample was less than conventional concrete as the number of micro-cracks and fissures were eliminated by efficient nucleation. These results were similar to concrete healing catalyzed by B. megaterium [31] and B. halodurans [32]. 

Table IV: EDS analysis quantitative analysis of conventional concrete and B. coagulans concrete after 28 days of curing
	Element
	Conventional Concrete
	B. coagulans concrete

	
	Weight %
	Atomic %
	Weight %
	Atomic %

	C K
	13.24
	20.05
	7.57
	      12.80

	O K
	53.10
	60.38
	50.55
	64.20

	Al K
	4.03
	2.72
	2.12
	1.60

	Si K
	17.61
	11.40
	5.75
	4.16

	Ca K
	12.03
	5.46
	34.01
	17.24

	Total
	100
	100
	100
	100


XRD analysis of conventional and bacterial concrete further confirmed calcite precipitation due to ureolytic activity in the latter (Fig. V).
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Fig. V: XRD analysis of conventional concrete B. coagulans concrete after 28 days of curing
Bacterial concrete produced higher intensity peaks of the order 1e04 for calcium carbonate as compared to conventional concrete for a 2θ value of 22º (Fig. V). The excess calcite production in bacterial sample results in a denser concrete matrix similar to results suggested in the literature [33]. This might cause a shift in (d= lattice spacing) thereby allowing the X-rays to be diffracted at a different angle than the pattern obtained for normal concrete.
V. CONCLUSION
All the selected bacteria with the exception of P. inconstans displayed effective ureolytic activity and showed better hardened properties as compared to conventional concrete. B. coagulans aided in the maximum improvement of concrete as they recorded the highest compressive, split tensile strength and flexural strengths of 53.10 MPa, 3.80 MPa and 6.66 MPa after 28 days of curing respectively. SEM, EDS and XRD analysis confirmed higher calcite precipitation in bacterial concrete samples. There are certain parameters associated with the process of bacterial concrete healing such as the presence of calcium, pH of the surrounding environment, nucleation sites and viability of bacteria. Till date, researchers have devised methods to increase bacterial survival in concrete, introduce carbon silicates, reduce cracks and replace cement components with additives. However, it is important to work on crystallization sites as well as maintaining ideal conditions (for e.g. alkaline pH) for improving self-healing in concrete.
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