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Abstract In recent years, biomineralization process is being
employed in development of bioconcrete, which is emerging
as a sustainable method to enhance the durability of concrete
by way of increasing compressive strength and reducing the
chloride permeability. In this study, different bacterial strains
isolated from the soils of the Laguna Region of Mexico were
selected for further study. ACRN5 strain demonstrated higher
urease activity than other strains, and the optimum substrate
concentration, pH, and temperature were 120 mM, pH 8, and
25 °C, respectively. Further, Km and Vmax of urease activity
of ACRN5 were 21.38 mM and 0.212 mMmin−1, respective-
ly. It was observed that addition of ACRN5 at 105 cells ml−1 to
cement-water mixture significantly increased (14.94%) in
compressive strength after 36 days of curing and reduced
chloride penetration. Deposition of calcite in bio-mortars
was observed in scanning electron microscopy and energy
dispersive X-ray diffraction spectrometry analyses. Results
of this study demonstrated the role of microbially induced
calcium carbonate precipitation in improving the physico-
mechanical properties of bio-mortars.

Keywords Bio-mortars . Compressive strength . Durability .
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Introduction

Concrete is widely used as construction material around the
world because of its resistance, durability, and low cost in
comparison with other construction materials (Khaliq and
Ehsan 2016; Siddique et al. 2016). However, it is susceptible
to undergo deteriorations due to diverse physico-chemical and
biological factors (Van Tittelboom et al. 2009; Achal et al.
2011a; Al-Salloum et al. 2016; Seifan et al. 2016). These
factors induce formation of cracks in internal structure of con-
crete causing irreversible damage. It has been estimated that
the cost of repair and maintenance is around €130/m3 of con-
crete, even though cost of concrete production ranges between
60 and 75€/m3 (Silva et al. 2015). Cement is the most impor-
tant component of the concrete since it provides properties of
compaction, and with growth of modernization and industri-
alization, the demand for cement has been increasing. The
demand for cement in 2006 was about 2540 million tons
(Mt), which is predicted to increase between 3680 (low esti-
mate) and 4380 Mt (high estimate) in 2050. This increase in
activity of the construction industry has generated a negative
impact on the environment. Concrete industry emits about
0.73–0.99 t CO2/t of cement produced, which accounts for
about 5–7% of global CO2 emission (Hasanbeigi et al.
2012). In addition, the durability of concrete structures is ex-
tremely complex, since various external agents can provoke
the onset and spread of the different types of deterioration,
both in reinforced concrete and steel structures (Fajardo
et al. 2009; Al-Salloum et al. 2016). Permeability of the con-
crete is the property which has a direct impact on the mecha-
nisms of deterioration of concrete structures reinforced. The
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permeability is generated by the porous nature of concrete,
which permits passage to aggressive agents (such as CO2,
Cl−, and SO4), which can accelerate the deterioration of rein-
forced concrete structures (Sánchez et al. 2008). Of late, var-
ious procedures and techniques are proposed to minimize and
recover from structural damages such as cracking and others.
Most of these techniques either require large investment or
involve complex procedures. Biological treatment offers the
sustainable and more economic method. Different bacterial
strains are being employed to facilitate biomineralization pro-
cess, which forms calcium carbonate, same as that of parent
concrete material and commonly referred as bioconcrete
(Achal et al. 2011a; Achal et al. 2015).

As mentioned, biomineralization process involves the for-
mation of calcium carbonate due to metabolic activity of mi-
croorganisms, where urease enzyme plays a vital role (Van
Tittelboom et al. 2009; Kim et al. 2012; Achal et al. 2015).
Existing biological principles and the advances on the process
of the microbially induced CaCO3 precipitation (MICP) offer
opportunities to use systems mimicking natural biological/
geological processes to meet these challenges. Urease cata-
lyzes the hydrolysis of urea into CO2 and ammonia, resulting
in an increase of the pH and the concentration of carbonate in
the bacterial environment. The application of ureolytic bacte-
ria as a healing agent to the concrete mixture is an
environmental-friendly technology and also minimizes the
cost (Van Tittelboom et al. 2009; Narayanasamy et al., 2010;
De Muynck et al. 2013). It has been reported to improve the
compressive strength, tension, elasticity, and other structural
characteristics of concrete (Ghosh et al. 2009; Achal et al.
2010; Biswas et al. 2010; Achal et al. 2011b; Chahal et al.
2012; Abo-El-Enein et al. 2013; Achal et al. 2015;
Krishnapriya and Babu, 2015; Othman et al. 2016).
However, there are few studies on MICP on cement matrices
and hence the objectives of the current study were to assess the
effect of the ureolytic bacteria on compressive strength, per-
meability, and electrical resistivity of cementitious matrices.

Materials and methods

Isolation and selection of ureolytic bacteria

Ureolytic bacterial strains were isolated from semi-arid, alka-
line soils of Comarca Lagunera of Northeast Mexico by
employing Urea–CaCl2 agar medium (Stocks-Fischer et al.
1999). Twenty-four bacterial strains were isolated and evalu-
ated for their growth kinetics and urease activity. Strains were
grown on Urea–CaCl2 broth, and growth was determined in
terms of optical density (A600) measurements and cellular pro-
tein. One milliliter of bacterial culture was periodically drawn
and centrifuged (10,000 rpm; 20 min), and cell pellet was
washed twice in sterile distilled water and hydrolyzed with

0.1 ml of 1 N NaOH to determine cellular protein. Cell hy-
drolysates and the supernatants collected after the first centri-
fugation were used to determine the cellular and extracellular
protein, respectively, by following dye-binding assay
(Bradford 1976). Based on the obtained growth data, different
growth kinetics data were determined.

Moreover, collected cell pellet samples were sonicated
(Cole Palmer, USA, 20 kHz; 30 min) to release cell protein
and evaluated for intracellular urease activity along with ex-
tracellular fraction by using phenol-hypochlorite method
(Natarajan 1995; Stocks-Fischer et al. 1999). Effect of differ-
ent nickel concentrations (5, 8, and 10 mM) as a co-factor on
urease activity was also determined. In addition, optimum
conditions for the maximum urease activity by the selected
bacterial isolates were determined at different urea concentra-
tions (40, 60, 80, 100, 120, and 140 mM), pH (6.5, 7, 7.5, 8,
8.5, and 9), and temperatures (25, 40, 60, and 80 °C). Enzyme
kinetic parameters, viz., Km and Vmax, were determined.
Based on the results, two bacterial strains, viz., ACRN3 and
ACRN5, were selected for bio-mortar study.

Description of materials used for bio-mortar preparation

Ordinary Portland cement called CPO 40 (in accordance with
NMX C 414), standard silica sand, which complies with
ASTM C 778, and distilled water were used for the prepara-
tion of cementitiousmixtures. The proportions of thematerials
used were according to the ASTM C 109 and ASTM C 305.

Preparation of bio-mortar specimens

A total of 18 cubes (50 mm3) of mortar and 10 cylinders of
50 mm of diameter with a height of 13 cm were fabricated.
ACRN3 and ACRN5 bacterial cells grown on Urea–CaCl2
broth were added to the cement and sand mixture at different
cell concentrations, viz., 105, 106, and 107 cells ml−1 of water.
Cement and sand were mixed in a proportion of 1:2.75 by
weight and with a ratio of water and cement was 0.485 as
per the ASTM C 109/C 109 M-07. Control mortar samples
were prepared by using distilled water to mix cement and
sand. After casting, all of the samples were placed in the

Table 1 Growth kinetics of bacterial strains ACRN3 and ACRN5

Bacterial strain Na μ (g h−1)b g (h)c K (h−1)d

ACRN3 6.3 0.088 3.78 0.188

ACRN5 6.6 0.083 3.62 0.192

aNumber of generations
b Specific growth rate
c Generation time
dGrowth rate constant
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curing chamber for 24 ± 2 h and after that the molds were
taken off to continue with curing of bio-mortar specimens. In
the case of cylinder specimens, they were cut into two parts
after 3 days of casting in order to perform various tests of
durability. After 28 days of curing period, all bio-mortar and
cylinder specimens were withdrawn from the curing chamber,
dried thoroughly, and subjected to tests. Compressive strength
tests for all the bio-mortar specimens were carried out at 7, 21,
28, 36, 56, and 90 days according to ASTM C 109/C 109
M-07.

Determination of the electrical resistivity

Electrical resistivity measurements were determined in a
cell composed of three electrodes (work electrode, auxilia-
ry electrode, and Calomel electrode), controlled by a
potentiostat/galvanostat VoltaLab PGZ-301. The response
of the bio-mortars was registered in the range of 1–

100 kHz frequency by means of electrochemical imped-
ance spectroscopy technique. A polarization of 10 mV
peak-to-peak starting from the potential of corrosion
Ecorr was applied. The obtained data were processed using
the VoltaLab R31 V.003 program to get the results on elec-
trical resistivity of mortars.

Results and discussion

Growth kinetics of bacterial strains and optimal
conditions (substrate concentration, pH, and temperature)
for urease activity

Results on growth kinetics of the two selected bacterial strains
and their ureolytic activity are presented in Table 1 and Fig. 1,
respectively. It was observed that ACRN5 showed higher ure-
ase activity than ACRN3. It was also observed that addition of

Fig. 1 Urease activity of
different ureolytic bacterial strains

Fig. 2 Effect of different nickel
sulfate concentrations on urease.
(a) Extracellular and (b)
intracellular activities of ACRN5
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nickel sulfate at 10 and 8 mM concentrations significantly
increased the intracellular and extracellular urease activities
of ACRN5, respectively (Fig. 2) and were in accordance with
earlier studies (Bachmeier et al., 2002; Mulrooney et al.
2005).

Optimum substrate concentration, pH, and temperature
conditions were determined and found to be 120 mM of sub-
strate (Fig. 3), pH 8 (Fig. 4), and 25 °C (Fig. 5), respectively.
Similar optimum conditions for pH and temperature have
been reported earlier (Achal et al. 2010; Cheng and Cord-
Ruwish 2012). Further, Km and Vmax of urease activity of
ACRN5 were 21.38 mM and 0.212 mM min−1, respectively,
and were similar to the previous report of Bachmeier et al.
(2002).

Compressive strength

Results on the compressive strength of cement bio-mortar
specimens prepared with two bacterial strains ACRN3 and
5 at different bacterial cell concentrations of 105, 106, and
107 ml−1 of water are presented in Table 2. After 28 days of
curing, specimens with bacterial strains showed considerable
increase in the compressive strengths in comparison to the
control mortars without bacteria. This positive impact of the
presence of bacterial strains on compressive strength of bio-
mortar could be due to the fact that the internal structure of
bio-mortar was still porous during initial curing period, per-
mitted to influx of nutrients, water, oxygen, and thereby facil-
itated growth of microbial cells, resulting in the precipitation

Fig. 3 Urease activity of the
bacterial strain ACRN5 at
different urea concentrations

Fig. 4 Urease activity of the
bacterial strains ACRN3 and
ACRN5 at different pH
conditions

21454 Environ Sci Pollut Res (2018) 25:21451–21458

Author's personal copy



of calcium carbonate. However, with progress in curing and
after curing process, calcium carbonate precipitation plugs the
porous structure and limits transference of nutrient and oxy-
gen. This inactivates the metabolic activity, slows the growth,
and ultimately leads to cell death. However, these bacteria are
capable of endospore formation and regenerate into vegetative
cells under favorable conditions, and are activated again lead-
ing to improvement on compressive strength of cement mor-
tar, as reported by various authors (Achal et al. 2011b; Chahal
et al. 2012; Abo-El-Enein et al. 2013; Achal et al. 2015;
Othman et al. 2016).

Effect of bacteria on compressive strength of bio-mortars
for different curing periods is given in Fig. 6. It is observed
that the mortars made with ACRN3 at a concentration of
105 cells ml−1 of water showed a slight increase (7.1%) in
compressive strength after 36 days of curing. However,

ACRN5 at a concentration of 1 × 105 and 1 × 106 ml−1 of
water showed a significant increase of 14.94 and 10.3% after
36 days of curing, respectively. The observed tendency of
increase in compressive strength in relation with bacteria con-
centrations is well known (Ghosh et al. 2005; Achal et al.
2009; Ghosh et al. 2009; Biswass et al. 2010; Krishnapriya
and Babu, 2015; Othman et al., 2016).

Electrical resistivity

Results on electrical resistivity at different curing periods are
shown in Fig. 7. In general, the bio-mortars prepared with the
ACRN3 strain at a concentration of 107 cells ml−1 of water
showed a slight increase in resistivity after 65 days of curing.
Mortars containing the ACRN5 strain at a concentration of

Table 2 Effect of the addition of bacterial strains ACRN3 and ACRN5 at different cell concentrations to cement-water mixture on the compressive
strength of specimens

Concentration of bacterial cells
(ml−1) in water

Average of compressive strength of specimens (kgf/cm2)

7 days 21 days 28 days 36 days 56 days 90 days

Increase
(%)

Increase
(%)

Increase
(%)

Increase
(%)

Increase
(%)

Increase
(%)

Control 392.5 – 420.2 – 473 – 419.6 – 482.4 505.7

ACRN3

1 × 105 395.5 0.76 421.5 0.31 462.3 −2.26 449.4 7.1 456.3 −5.41 515.2 1.88

1 × 106 366.2 −6.7 394.5 −6.12 434.4 −8.16 449.4 7.1

1 × 107 369.1 −5.96 409.5 −2.55 436.6 −7.70 436.7 4.08 444.4 −7.88 526.5 4.11

ACRN5

1 × 105 430.6 9.71 483.4 15.04 432.0 −8.67 482.3 14.94 450.6 −6.59 487.9 −3.52
1 × 106 411.4 4.82 439.4 4.57 476.1 0.66 429.8 2.43 493.5 2.30 557.8 10.3

1 × 107 389.5 −0.76 396.9 −5.54 452.6 −4.31 420.7 0.26 495.8 2.78 500.1 −1.11

Fig. 5 Specific urease activity of
the bacterial strains ACRN3 and
ACRN5 at different temperatures

Environ Sci Pollut Res (2018) 25:21451–21458 21455

Author's personal copy



105 and 106 cells ml−1 of water showed an increase in resis-
tivity after 65 and 97 days of curing, respectively.

Rapid chloride permeability

Results of the rapid test on the permeability of chloride ions by
bio-mortars at the end of the curing period are presented in
Fig. 8. Permeability of chloride ions is the most critical pa-
rameter in the lifecycle of cement mortar structures. When
chloride ions incrust in cement mortar matrix, structural integ-
rity will no longer maintain due to the ingress of ions, leading
to cracking and spalling of the internal structure of concrete
(Fajardo et al. 2009; Achal et al. 2009; Achal et al. 2011b;
Siddique and Chahal 2011; Achal et al. 2015). It can be

observed in this study that all bio-mortar specimens recorded
a low to moderate permeability in the presence of ACRN5
strain at a concentration 1 × 106. This treatment showed
1764 coulombs, which indicates a lower penetration accord-
ing to ASTM C 109/C 109 M-07 norms (Ramachandran et al.
2001; Achal et al. 2011b; Siddique and Chahal 2011; De
Muynck et al. 2013; Khan et al. 2016).

Scanning electron microscopy

Bio-mortar specimens were also analyzed by scanning elec-
tron microscopy and energy dispersive X-ray diffraction spec-
trometry. The formation of calcite was observed in bio-mortar
specimens, which confirmed the role of ureolytic

Fig. 6 Compressive strength of
bio-mortars at different bacterial
concentrations (105, 106, and
107 ml−1 of cement-water
mixture) and at different curing
periods

Fig. 7 Resistivity of bio-mortars
at different bacterial cell
concentrations (105, 106, and
107 ml−1 of cement-water
mixture) and at different curing
periods
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microorganisms, and their metabolic activity in formation of
calcite and the consequent improvement in the strength and
durability of concrete.

Conclusions

It can be concluded from the results of this study that addition
of bacterial strains improved the compressive strength and
electrical resistivity and reduced the permeability of bio-
mortar specimens. This study demonstrated that the addition
of the bacterial strain ACRN5 showed better physico-
mechanical and structural characteristics of bio-mortar, such
as resistance and durability increase. Bacterial strain ACRN5
recorded better compressive strength than ACRN3. Based on
the results, it can be suggested that the addition of bacterial
strains with urease activity can improve the performance of
the concrete.
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