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Durability improvement assessment in different high
strength bacterial structural concrete grades against
different types of acids

RAMIN ANDALIB'*, M ZAIMI ABD MAJID!, A KEYVANFAR!,
AMIRREZA TALAIEKHOZAN?, MOHD WARID HUSSIN!,

A SHAFAGHAT!, ROSLI MOHD ZIN!, CHEW TIN LEEZ?,
MOHAMMAD ALI FULAZZAKY? and

HASRUL HAIDAR ISMAIL!

!Civil Engineering, Construction Research Alliance, Universiti Teknologi Malaysia
(UTM), Skudai, Johor Bahru 81310, Malaysia

2Chemical Engineering —Bioprocess, Universiti Teknologi Malaysia (UTM),
Skudai, Johor Bahru 81310, Malaysia

3nstitute of Environmental and Water Resource Management, Universiti Teknologi
Malaysia (UTM), Skudai, Johor Bahru 81310, Malaysia

e-mail: raminandalib@yahoo.com

MS received 24 November 2013; revised 19 April 2014; accepted 20 June 2014

Abstract.  This paper provides an insight into a new biotechnological method based
on calcite precipitation for achieving high strength bio-concrete durability. It is very
clear that mineral precipitation has the potential to enhance construction material
resistance towards degradation procedures. The appropriate microbial cell concentra-
tion (30 * 10° cells/ml) was introduced onto different structural concrete grades (40,
45 and 50 MPa) by mixing water. In order to study the durability of structural con-
crete against aggressive agents, specimens were immersed in different types of acids
solution (5% H;SO4 and HCI) to compare their effects on 60th, 90t and 120t day.
In general, sulphuric acid and hydrochloric acid are known to be the most aggres-
sive natural threats from industrial waters which can penetrate concrete to transfer the
soluble calcium salts away from the cement matrix. The experimental results demon-
strated that bio-concrete has less weight and strength losses when compared to the
ordinary Portland cement concrete without microorganism. It was also found that
maximum compressive strength and weight loss occurred during H,SO4 acid immer-
sion as compared to HCl immersion. The density and uniformity of bio-concrete
were examined using ultrasonic pulse velocity (UPV) test. Microstructure chemical
analysis was also quantified by energy dispersive spectrometer (EDS) to justify the
durability improvement in bacterial concrete. It was observed that less sulphur and
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chloride were noticed in bacterial concrete against HySO4 and HCI, respectively in
comparison to the ordinary Portland cement concrete due to calcite deposition.

Keywords. Bio-concrete; Bacillus; calcite precipitation; strength and durability;
acidic immersion.

1. Introduction

Bio-concrete is a new research domain that can be used for construction materials to auto repair
the micro-cracks which happens due to deterioration mechanism. The idea is to apply microor-
ganisms in concrete, which will help in mineral precipitation in the small crack and tiny cavity
areas. The presence of cracks can highly influence the strength and durability of the concrete and
as a result they can provide a path through which moisture, chlorides, carbon dioxide and other
aggressive agents can penetrate. Mostly, the cracks without suitable and immediate repair can
expand, thus causing the deterioration and weakening of the concrete strength. Hence for this
reason, there are some conventional repair methods being used which include materials such as
mortar, epoxy and resins, however these are not considered sustainable.

The bio-concrete can be constructed using microbial application that is able to precipitate the
calcite. A new technique based on bio-mineralization process by which living organisms can
produce minerals to harden or stiffen the existing tissues to improve the durability. It was found
that the bio-mineralization process will not interfere with the setting time of the concrete (Rao
et al 2013). The bacteria should be cultured in a specific medium with a known concentration
before the concrete ingredients are mixed together.

This process is called as MICP (microbiologically induced calcite precipitation). The funda-
mental law for this is to produce ammonia using the microbial urease enzyme. The equations (1)
to (7) show a sequence of biochemical reactions that occur to form calcium carbonate with the
help of ureolytic bacteria (Wu et al 2012). Urea is hydrolysed to carbamate (salt of carbamic
acid) and ammonia in the presence of urease enzyme as shown in Eq. (1).

Urease enzyme

CO (NHy), +H,0 ——"2"% NH,COOH+NHj. (1)

Carbamate is hydrolysed to form ammonia and carbonic acid in a spontaneous manner as shown
in Eq. (2).
NH,COOH+H,0 — NH3+H,COs. 2)

Carbonic acid is hydrolysed to form carbonate and hydrogen ion as shown in Eq. (3).
H,CO3+H,0 < HCOZ +H™. 3)
Ammonia hydrolyses to form ammonium and hydroxide ion as seen in Eq. (4).
2NH; + 2H,0 < 2NHJ +20H". (4)

The reaction in Eq. (4) continuously produces hydroxide ion, which gives rise to increase
in pH that shifts the overall equilibrium of bicarbonate ion (HCO; ) towards the formation of
carbonate ions as shown in Eq. (5)

HCO; +H' + 2NH] +20H™ <> CO3™ + 2NH} + 2H,0. (5)

Bacterial cell wall has negative charge and because of this reason, it is able to attract positively
charged calcium ions (Ca**) to deposit on their cell wall surface (Eq. 6). The Ca’" ions then
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react with CO%‘ ions leading to the precipitation of calcium carbonate (CaCOj3) at the cell
surface as shown in Eq. (7). This precipitation serves as nucleation site.

Ca*t + Cell — Cell — Ca*t, (6)
Cell — Ca>* + CO3™ — CaCO3 — Cell |, . (7

Bacillus are a type of bacteria that can produce CaCO3 as a filler material and serve as a bind-
ing factor in concrete. CaCO3 can reduce capillary pores of concrete and improve durability
and compressive strength. This characteristic feature is noticed in some concrete structures by
healing and sealing the micro cracks. Hence concrete permeability was significantly reduced
according to Jonkers et al (2008). Different Bacillus strains of spore-forming bacteria have been
used by researchers in their studies for the purpose of self-healing of the concrete. i.e, Bacillus
pasteurii (Gollapudi et al 1995; Bang & Ramakrishnan 2001; Jonkers 2007, 2011; Zhong &
Islam 1995; Bang et al 2001; Santhosh er al 2001; Bachmeier et al 2002; Day et al 2003;
Ramakrishnan et a/ 2001, 2005; Chahal e al 2012; Raijiwala er al 2009; Yoon ef al 2001; Li et al
2012) and Bacillus sphaericus (Dick et al 2006; De Muynck et al 2008a, b; Van Tittelboom et al
2010; Wang et al 2010, 2012; Gavimath et al 2012; De Belie & De Muynck 2009; De Belie et al
2005). Bacillus cohnii (Jonkers et al 2008; Jonkers & Schlangen 2008; Jonkers et al 2010) and
Bacillus pseudofirmus (Jonkers et al 2008; Jonkers & Schlangen 2008; Jonkers et al 2010).
Bacillus subtilis JC3 (Srinivasa et al 2011, 2012a, b; Park et al 2012), Bacillus megaterium
(Achal et al 2008), and Bacillus alkalinitrilicus (Wiktor & Jonkers 2011), Bacillus pasteurii has
been reclassified as Sporosarcina pasteurii (Yoon et al 2001).

CaCQgs, as a bio-product material during the process can be produced by the above mentioned
type of Bacillus strains to fill the pores and improve the concrete durability.

The concrete durability is the resistance when exposed to decline conditions during its service
life (Mullick 2007). The chemical attack, as one of the concrete durability aspects is also a
significant investigation part which results in cracking, strength loss and deterioration (Prasad
et al 2006).

However, many investigations have been made for the acid resistance behaviour of ordinary
Portland cement (OPC) concrete but very limited information can be found on the bio-concrete
durability studies. Thus, the aim of this experiment is to compare the relative performance of
bacterial structural concrete to that of ordinary Portland cement (OPC) concrete which served as
a control contained in the sulphuric and hydrochloric acid solutions (H,SO,4 and HCI). Sulphuric
acid and hydrochloric acid are also considered to be as the most aggressive threat from industrial
waters. The acidic attack is influenced by the disintegration processes of the cement paste com-
ponents (Turkel et al 2007). The acid attack risk can also be reduced by blocking the pathways
present within the concrete porosity. CaCOj3, from microorganism as filler material can decrease
the porosity and improve the concrete durability. The above mentioned biochemical equations
are the key evidences to prove why bacterial concrete is more resistant against acidic condi-
tions which means ureolytic bacteria has good ability to increase the pH of environment through
different biological metabolisms.

2. Experimental work

2.1 Material preparation

In this study, ordinary Portland cement (OPC) was complied with Type I Portland cement accord-
ing to the Malaysian Standard MS 522 (2007) and was considered same as per ASTM C150
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(ASTMC150-05, 2005). The fine sand having a fineness modulus of 2.8 with saturated surface
dry conditions, 10 mm aggregates and potable water as a mixing water were applied during the
experiments for making the concrete specimens. The chemical composition of the OPC (mass
%), sand sieve analysis, coarse aggregate analysis and the properties of mixing water with DO
meter are shown in tables 1-4.

2.2 Microorganism isolation and identification

The isolation of microscopic organism in its life form is being considered as an important step
in many biological experiments. A little bit of soil is included with so many microorganisms and
it is necessary to kill some of them in boiling water to obtain a pure colony. Clostridium and

Table 1. The chemical composition of the OPC (mass %).
SiO, AlL,O3 Fe, 03 CaO MgO NayO K>,O P,05 LOI
43.1 5.0 2.6 46.0 1.1 0.2 0.5 0.2 1.3

Table 2. Sand sieve analysis.

Weight of sand  Percentage of sand Cumulative percentage of Cumulative percentage of

Sieve size retained retained sand retained sand passing
(mm) (gram) (%) (%) (%)
5 6 1.2 1.2 98.8
2.36 49 9.8 11 89
1.18 112 22.4 334 66.6
0.6 129 25.8 59.2 40.8
0.3 108.8 21.76 80.96 19.04
0.15 68 13.6 94.56 5.44
Pan 27.20 5.44 100 0

Sum = 500

Table 3. 10 mm Coarse aggregate sieve analysis.

Weight of aggregate ~ Percentage of ~ Cumulative percentage of Cumulative percentage of

Sieve size retained aggregate retained aggregate retained aggregate passing
(mm) (gram) (%) (%) (%)
14 0 0 0 100
10 738 14.76 14.76 85.24
5 3864 77.28 92.04 7.96
2.36 350 7 99.04 0.96
Pan 48 0.96 100 0
Sum = 5000

Table 4. DO metere result for mixing water.

Temprature Pressure DO DO Conductivity TDS Salinity NHIN NH3'N
(®)] (mm Hg) (%) (mg/Liter) (usecond/cm) (mg/Liter) (ppt) PH (mg/Liter) (mg/Liter)

25 7582 63 3.6 97.7 63.7 0.05 6.5 8.89 0.02
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Figure 1. Various steps of bacterial isolation from soil.

Bacillus are the remaining bacterial spores which can withstand against boiling water. Subse-
quently, in the presence of oxygen, the Clostridium species can not grow to defend Hydrogen
Peroxide (H2O») due to the enzyme shortage. So principally, remaining bacteria are Bacillus
species since a drop of the boiled soil with nutrient broth is introduced on agar in petri dishes.

The soil samples (1 g) were suspended into 10 ml of nutrient broth containing (peptone 5.0
g/L, yeast extract 3.0 g/L, distilled water) in a sterile conical flask separately. The flasks were
placed in water bath and incubator shaker at 100°C and 30°C for 10 min and 24 h, respectively.
A loopful of nutrient broth was streaked onto nutrient agar plate containing (peptone 5.0 g/L,
yeast extract 3.0 g/L, agar 12.0 g/L, distilled water) for each sample. Eventually, pure colonies
were obtained using repeated streak plating technique. Figure 1 shows various steps of bacterial
isolation from soil.

During this study, spread plate technique was carried out after serial dilution as to reduce the
number of bacteria per unit sample volume, then the streak plate technique was performed using
agar medium in order to isolate the individual bacterial cells and further the standard viable plate
count was used to determine the colony-forming units (CFUs). Bergey manual of systematic
bacteriology was also used as the main resource for determining the identity of bacteria.

Colony morphology including (shape, elevation, edge, and surface texture), cell morphology,
gram stain reaction, oxygen requirements, glucose utilization and endospores are six char-
acteristics of the unknown bacteria in order to approve the genus of bacteria. The result of
characteristics examination was shown in table 5.

2.3 Mix proportion determination and specimen testing

To the structural concrete (f. = 40 MPa), five different cell concentration of microorganism
from 10 % 10° to 50 % 103 cells were introduced and a significant increase in the compressive

Table 5. Colony morphology, cell morphology, gram stain reaction, and general properties of bacteria.

Gram
Bacteria ~ Colony morphology (from agar plates) Cell reaction Glucose Endospore
genus Shape Elevation Edge Colour Surface Morphology (+/—) O Use use (Y/N)

Bacillus Circular  Flat  Entire Cream Smooth Bacillus-rod + aerobe No gas Yes
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Table 6. Concrete mix design based on DOE method.

Ingredients Fine Coarse Design Laboratory
Cement Water aggregate aggregate Water/ slump slump

Strength Kg/m? Kg/m? Kg/m3 Kg/m3 cement mm mm

40 MPa 474 213.34 804.95 907.71 0.45 30-60 45-50

45 MPa 507.95 213.34 755.42 923.29 0.42 30-60 40-45

50 MPa 561.42 213.34 698.85 926.39 0.38 30-60 30-35

strength cube was obtained in the case of 30 % 10° cells of microorganism at different ages (3,
7, 14, 28 and 60 days). This appropriate cell concentration (30 % 10° cells) was applied again
to the various grades of structural concrete (40, 45 and 50 MPa) by the way of mixing water
(per ml) for the current experimental approach. A minimum of 3 cubes (100 x100 x 100 mm)
were prepared for each sample. Before the concrete was poured into the moulds, the moulds
were lightly coated with a release agent (oil) to guarantee that the concrete does not stick to the
mould and will make it easier to remove the specimen. Now, the freshly mixed concrete was
placed into the mould as three equal layers by using a scoop and each layer was compacted
35 times with the help of compacting rod. After that the moulds were placed on a vibration
table for 30 seconds (as over-vibration may lead to the segregation of aggregates). The time was
considered sufficient because the surface became relatively smooth. Finally, the specimens were
placed in a moist atmosphere (26+4°C) and de-molded after 24 h by putting into the curing
container. The focus of the research is to obtain high strength concrete. The compressive strength
of the cubes with different grades of high strength structural concrete (40, 45 and 50 MPa) were
determined at 14, 28, 60, 90 and 120 days. The American Concrete Institute (ACI) defines high-
strength concrete as concrete with a compressive strength greater than 6000 psi (~40 MPa). The
marginal difference (5 MPa) in the compressive strength was also chosen based on standard. The
appropriate components of concrete based on DOE method according to the British standard are
shown in table 6.

To study the durability of structural concrete against aggressive agents such as acidic con-
ditions, the specimens were also immersed in different types of acidic solution [5% solution
of H,SO4 and HCI]. Ultrasonic pulse velocity (UPV) test was applied to describe the concrete
quality in terms of density, uniformity and homogeneity. This is on the basis of the fundamental
rule that the velocity of ultrasonic pulse through any substance place trust in the density of the
material. Measurements were made for the transit time (microsecond) of a high-frequency pulse
(54 KHz) over a measured path length (meter) between the transducers placed on the concrete
surface (BS 1881 Part 203).

2.4 Acid attack test

The concrete cubes were prepared for acid attack test using appropriate concentration of microor-
ganism (30 % 10°). The specimens were cast and cured in the mould for a day. Then the cubes
were de-molded and kept in the curing container for 7 days. After that the specimens were put
at ambient temperature conditions in order to provide a constant weight for 2 days. Finally,
the specimens were weighed again and immersed in 5% of sulphuric acid (H,S04-95%) and
hydrochloric acid (HC1-37%) solution. The pH of the acidic media was 0.35 and checked peri-
odically to maintain the pH at 0.35. After several days of immersing in acidic solution for (60,
90 and 120 days), the specimens were taken out and washed in running water to eliminate loose
components present on the surface and put back at ambient conditions for another 2 days to
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Figure 2. The appearance of specimens after immersion in 5% H»SO4 and 5% HCI.

obtain a constant weight (the same condition when their initial weight was measured). Now the
specimens were calculated for its strength and weight loss. The appearance of specimens after
immersion in 5% solution of HySO4 and HCI, are shown in figure 2.

2.5 Microstructure chemical analysis by EDS

Energy dispersive spectrometer (EDS) is a non-destructive test instrument which can provide
the chemical analysis of the minute particles. In this study, microstructure chemical analysis of
bacterial concrete was done to justify the durability improvement in terms of acidic condition
(5% solution of HySO4 and HCI) in comparison to the ordinary Portland cement concrete.

3. Results and discussion

The main aim of this research is to investigate the effect of Bacillus strain bacteria in achieving
different high strength structural concrete grade durability. The appropriate components of con-
crete were obtained based on DOE method according to the British standard. In DOE method,
when the water—cement ratio decreased, the amount of cement was found to be increased. The
required amount of water was also same for all of the water—cement ratios due to the selection
of 30—60 mm slump in design. The amount of aggregate and concrete workability also increased
because of the increase in water—cement ratio. Initially, the microorganism effect on the compres-
sive strength of structural concrete based on f, = 40 MPa was examined with five different cell
concentrations of microorganism from 10*10° to 50*10° cells (table 7). A significant increase in
the compressive strength was obtained in the case of 30*10° cells count per ml of mixing water
(appropriate concentration) at different ages (3, 7, 14, 28 and 60 days). The maximum strength
obtained was at 30*10° concentration of microorganism at 60 day up to 46.75 MPa (12.60%
increase). The compressive strength of specimens with more concentration other than 30*10°
was found to be reduced due to the presence of more microorganisms (more population) and
nutrient shortage in comparison to the appropriate concentration (30*10°). Subsequently, the
appropriate cell concentration (30*10° cells) were again applied to various grades of structural
concrete (40, 45 and 50 MPa) for the current research. Figure 3 demonstrates the compressive
strength of different structural concrete grades (40, 45 and 50 MPa) obtained at 14, 28 60t
90™ and 120" day without and with the appropriate concentration of microorganisms (30*10°).
In this study, it was found that the compressive strength improvement of the highest grade of
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Figure 3. The microorganism effect on the compressive strength of different high strength structural
concrete grades with an appropriate concentration-30* 10° cells/ml (average).

structural bacterial concrete (50 Mpa) was the highest. This improvement is due to the second
hydration of some cement particles which were not attended during the first hydration and due to
the biological activity of microorganisms to produce calcite. Figure 4a and b) also demonstrate
the weight and strength loss of different structural concrete grades without and with microor-
ganisms present in different types of acids. Figure 5 shows the ultrasonic pulse velocity (UPV)
test resulted in three grades of structural concrete. In a comparative manner, higher velocity is
achieved when concrete quality is high in terms of density and uniformity. In this research, it

12 60
§ g M 60 Days-5% H2S04
< 10 = 60 Days-5% H2504 = 50 AN
2 (Immersion) 2 (Immersion)
£ Z 60 Days-59
= g ays-5%HCI
38 B 60 Days-5%HCI = 40 i
2z (Immersion) 0 90 Days-5% H2S04
5] = .
%z 6 90 Days-5% H2S04 £ 30 (Immersion)
2 (immersion) @ 90 Days-5%HCI
__°] _g I (Immersion)
= 4 90 Days-5%HCI 2 20 ™ 120 Days-5% H2504
Ag I (Immersion) § I (Immersion)
P | — IHHS I 120 Days-5% S 104} 1 120 Days-5%HCI

H2S04 (Immersion) (Immersion)
0 120 Days-5%HCI 0
S o 2 (Immersion) S 2 > >
S & &
N CROIIN RN N N ORI
& & F & & & & @ & N &
Q},& § e & & & & & &

(a) (b)

Figure 4. Weight (a) and strength (b) losses percentage of different high strength structural concrete
grades without and with microorganism with an appropriate concentration-30*10° cells/ml in different
types of acids (immersion in 5% H>SO4 and 5% HCI)- (average).
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4.5

M 60 Days-5%HCI
(Immersion)

M 90 Days-5%HCI
(Immersion)

W 90 Days-5% H2S04
(Immersion)

m 120 Days-5%
H2S04

(Immersion)
M 60 Days-5% H2S04

(Immersion)

Pulse Velocity (Km/Sec)

¥ 120 Days-5%HClI
(Immersion)

Figure 5. Ultrasonic Pulse Velocity (UPV) test result for different high strength structural concrete grades
without and with microorganism with an appropriate concentration of 30*10° cells/ml in different types of
acids (immersion in 5% H>SO4 and 5% HCI) on (average).

Normal Concrete

Bacterial Concrete Normal Concrete

Cl - Chloride 1 - Chloride

Figure 6. Microstructure of acid-attacked specimens (in H»SO4 immersion, light colour = Sulphur and
in HCI immersion, dark colour = Chloride).
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was found that the addition of microorganisms has a positive effect on the durability of different
structural concrete grades. The study demonstrated that the bacterial concrete has less weight
and strength loss than the ordinary Portland cement concrete without microorganism especially
in the highest grade of structural bacterial concrete (50 Mpa). It was also monitored that the max-
imum compressive strength and weight loss occurred in the case of HySO4 acid immersion as
compared to HCI. Subsequently, figures 6—10 demonstrate the microstructure chemical analysis

Normal Concrete

Al- Aluminum
Si - Silicon
Ca- Calcium

S - Sulphur

K - Potassium
Fe - Iron

- k3 10 2 14 16 = 20
ko]

Figure 7. Elemental energy-dispersive spectrum for an acid-attacked specimen (normal concrete
immersed in HySOy).

Bacterial Concrete

Al- Aluminum
Si - Silicon
Ca- Calcium

S - Sulphur

K - Potassium
Fe - Iron

6 8 10 2 14 16 L 20
oV

Figure 8. Elemental energy-dispersive spectrum for an acid-attacked specimen (bacterial concrete
immersed in HySOy).

Normal Concrete

Al- Aluminum

Ca Si - Silicon
ci Ca- Calcium

CI - Chloride
K - Potassium

Fo Fe - Iron

re
-
4 6 8 10 2 14 16 18 20

KoV

Figure 9. Elemental energy-dispersive spectrum for an acid-attacked specimen (normal concrete
immersed in HCI).

Cce Bacterial Concrete

Al- Aluminum
Si - Silicon

S Ca- Calcium
Cl - Chloride
K - Potassium

Al ' J ' ' Fe - Iron

° 2 B 6 8 10 12 14 16 1. 20
eV

Figure 10. Elemental energy-dispersive spectrum for an acid-attacked specimen (bacterial concrete
immersed in HCI).
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Concrete
Pores

AL >x100 1T mm

Figure 12. Specimen with appropriate concentration of microorganism (30*10° cells/ml) under SEM
instrument.

of bio-concrete against HySO4 and HCI in comparison to the ordinary Portland cement con-
crete by energy dispersive spectrometer (EDS). The micro-structural study had confirmed that
less sulphur and chloride were occurred in bio-concrete against H>SO4 and HCI respectively
in comparison to the ordinary Portland cement concrete due to calcite deposition. Eventually
figures 11-12 by scanning electron microscope (SEM) study, gave good evidence to prove that
the calcite precipitation took place.

4. Conclusions

In this study, it is found that the microscopic life form has a favourable outcome in determining
the durability of different high strength structural concrete grades. The studies showed that bac-
terial concrete has less weight and strength loss when compared to the ordinary Portland cement
concrete without microorganism in different types of acid solution. This improvement was due
to the biological activity of bacteria to produce hydroxide ion, this gave rise to increase in pH
which shifts the overall equilibrium of bicarbonate ion towards the formation of carbonate ions. It
was also monitored that the maximum compressive strength and weight loss occurred in case of
H,S04 acid immersion as compared to HCI. The durability studies also confirmed that the high-
est grade of bacterial concrete in this research (50 MPa) had less weight and strength loss than
the other grades in acidic condition. This enhancement was due to the formation of filler material
within the concrete pores and because of the second hydration of some remaining cement par-
ticles which were not present in the first hydration of concrete process. Lastly, ultrasonic pulse
velocity (UPV) and micro-structural tests results had proved that the density and uniformity of
bacterial concrete are more than normal concrete even against aggressive conditions. Less sul-
phur and chloride were also revealed by energy dispersive spectrometer (EDS) in bio-concrete
when compared with the ordinary Portland cement concrete against HySO4 and HCI solutions.
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