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Micro-cracks, which develop during the service life of reinforced concrete structures,
reduce the durability of concrete through the penetration of fluids. Microbially-induced
calcium carbonate precipitation (MICP) occurs naturally in the presence of ureolytic
bacteria which precipitate calcium carbonate (CaCOg) through urea hydrolysis. This
deposition leads to the filling of micro-cracks and sealing of pores, reducing ingress of
fluids into the concrete. The research aims were to assess the potential of Lysinibacillus
sphaericus for healing cracks in concrete and to study the effects of this treatment on
the absorption properties of treated concrete. Lysinibacillus sphaericus was cultivated
in vitro and induction of MICP through urea hydrolysis was tested on cement paste
with two different calcium sources. The calcium precipitates where characterized by
light microscopy, Scanning Electron Microscopy, Energy Dispersive Spectroscopy and
Fourier Transform Infrared Spectroscopy. The final phase of the study involved testing
of the crack healing capacity and the effect on absorption of the MICP process on
mortar samples. These parameters were measured by means of visual examinations,
light and digital microscopy, Ultrasonic Pulse Velocity (UPV), and absorption tests. The
study confirmed that MICP is induced successfully on concrete using Lysinibacillus
sphaericus. Samples exposed to repeated treatment cycles of Lysinibacillus sphaericus
in the presence of a calcium source, exhibited a more extensive and even coating of
CaCQOg3 crystals on the surface confirming that repeated cycles of treatment are more
effective in increasing the amount of CaCOg3 deposition and therefore increasing crack
healing capacity. Digital microscopy and UPV analysis proved that this precipitate was
successful in partially healing cracks in samples. Sorptivity tests confirmed this and
showed that it was also successful as a surface treatment to reduce absorption.

Keywords: microbially-induced calcium carbonate precipitation, Lysinibacillus sphaericus, biocalcification, crack
healing, surface treatment, concrete

INTRODUCTION

The development of new advanced cement-based materials leads to more durable concrete and
reinforced concrete structures, with better performance throughout their intended life-time (Borg
et al., 2018a). The durability of concrete is greatly reduced by the presence of micro-cracks within
the material (Newman and Seng Choo, 2003). Micro-cracks may develop due to various processes
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and can occur at any time during the service life of the
structure. They have a negative effect on the concrete as
they allow ingress and transport of fluids into the concrete
matrix, causing corrosion of reinforcement and degradation
of the cementitious matrix. Therefore, crack widths must
be controlled and healing processes may be promoted to
reduce the ingress of fluids. Micro-cracks in concrete can
heal naturally through autogenous healing which also involves
the precipitation of calcium carbonate (CaCOj) inside the
crack in the presence of water. However, autogenous healing
is only possible in small cracks and takes a long time to
occur (De Belie et al., 2018).

Various researchers have investigated the self-healing
mechanisms in cement based materials, including the
experimental methods and techniques which have been
employed to characterize and quantify the self-sealing and/or
self-healing capacity of cement-based materials, the effectiveness
of the different self-sealing and/or self-healing engineering
techniques, and also the methods for the analysis of the chemical
composition and intrinsic nature of the self-healing products
(Liberato et al.,, 2018). Cement based materials incorporating
supplementary cementitious materials and also self-healing
enhancing crystalline admixtures have been developed and their
effectiveness and capacity for crack sealing has been investigated
in different environments such as chloride-rich environments
(Ferrara et al., 2014, 2016; Borg et al., 2018b; Cuenca et al., 2018;
Escoffres et al., 2018).

Cracks may also heal through a microbial process known
as microbial-induced calcium carbonate precipitation (MICP).
This biological repair by bio-deposition mimics what occurs
naturally with ureolytic bacteria that can precipitate CaCO3 in
the presence of appropriate nutrients (De Belie et al., 2010a;
Farrugia et al., 2018). The process can be induced artificially
in the laboratory by adding urea to the medium containing
the appropriate bacteria. The CaCO3 precipitation allows rapid
filling of cracks in concrete and plugging of pores to reduce
absorption of fluids. As opposed to autogenous healing, this
process can therefore seal cracks a lot quicker and avoid further
damage occurring.

Bio-deposition methods as opposed to conventional surface
treatments and crack repair methods with synthetic chemicals
and formulations are alternative and eco-friendly techniques
which merit further investigation. MICP is a natural, non-
polluting process which has no damaging effects on the
natural environment and therefore can be promoted as
a viable alternative to conventional, often environmentally-
polluting treatments on concrete. The aims of this research
were to assess the potential for healing of cracks in cement
based mortar through the use of Lysinibacillus sphaericus
in the presence of different calcium sources and to study
the effects of this treatment on the absorption properties of
the mortar.

The innovation presented in the study refers mainly to the
effective use of Lysinibacillus sphaericus as the bacteria in the
presence of different calcium sources and effective microbially-
induced calcium carbonate precipitation (MICP) for surface
sealing and crack healing.

MATERIALS AND METHODS
Research Methodology

The first phase of the research refers to the preparation of
the microbiological material used throughout the research.
This phase included the preparation of the agar system, the
Medium 295 broth system supplemented with urea and the
preparation of the Lysinibacillus sphaericus (LMG 22257)
bacterial inoculum whose growth curve was determined.
Calcium source solutions namely calcium chloride (CaCl2)
and calcium acetate (Ca(CH3COO)2) were also prepared in
this phase.

In the second phase of the research a study was first
carried out to ascertain that the bacterial inoculum and the
calcium source prepared were able to induce microbial calcium
carbonate precipitation (MICP) on cement paste samples. Once
the presence of a precipitate on the surface of the cement paste
samples was confirmed, a similar methodology was used to
prepare and treat cement paste samples which would allow the
precipitate on the surface to be characterized.

In third phase of the research, cracked and uncracked mortar
samples were used to test the crack healing capacity and the
effect on the absorption characteristics of the samples respectively
using this treatment procedure. An overview of the research
methodology used is presented in Table 1.

Preparation of Medium and Bacterial

Inoculum for Bio-precipitation

Lysinibacillus sphaericus (LMG 22257) used in this study, was
obtained as a lyophilised ampoule from the Belgian Co-ordinated
Collections of Micro-organisms (BCCM). This strain of bacteria
is alkaliphilic and was reported to have a continuous formation
of dense calcium carbonate crystals in previous studies (Chahal
and Siddique, 2011). Medium 295 agar was prepared using
recommended protocol provided by BCCM. Medium 295 broth
was similarly prepared but the addition of agar was omitted.
The autoclaved agar medium was poured into sterile petri
dishes and the sterile broth was later used for bacterial revival
and surface inoculation. The bacteria were revived by using
0.5ml of Medium 295 broth, allowing enough time to re-
hydrate before transferring onto a Medium 295 agar plate and
streaked to obtain individual colonies after incubation for 48-
72h at 30°C. The remaining drops of hydrated L. sphaericus
were added to Medium 295 broth to prepare a liquid culture
and similarly incubated. The bacterial colonies were repeatedly
sub-cultured over a period of time to increase the volume of
bacterial inoculum required for bio-precipitation. In order to
induce sporulation, the same procedure of bacterial subculture
was used but the agar medium was further modified by the
addition of 10 mg/L of MnSO4 to the Medium 295 agar.
For the preparation of the bacterial inoculum for the bio-
precipitation experiments, a 0.5 McFarland bacterial inoculum
in Medium 295 broth was prepared by comparison to barium
sulfate standard prepared using standard protocol. The solution
was incubated for 24h at 30°C to obtain a 1-day old stock
culture. This procedure was repeated using a plate containing
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TABLE 1 | Research methodology.

Phase Set reference Objective Experiment

1 Preliminary investigation To ascertain that microbial calcium carbonate precipitation could be Visual Observation, Stereomicroscopy
induced.

2 Cement Paste Samples To characterize the precipitates from microbial-induced calcium Visual Observation, Stereomicroscopy, FTIR,
carbonate precipitation. SEM, EDS

3 Mortar Samples To test the crack healing capacity and effect on absorption of Visual Observation, Digital Microscopy, UPV,
microbial-induced calcium carbonate precipitation. Sorptivity

L. sphaericus (LMG 22257) and Medium 295 agar with 10 mg
of MnSQOy.

Preparation of Calcium Source Solutions

A solution of calcium chloride (CaCl,) was prepared by adding
6.25g of CaCl, to 250mL of distilled water. A solution of
calcium acetate (Ca(CH3COO),) was prepared by adding 6.5 g of
Ca(CH3COO0); to 250 mL of distilled water. Both solutions were
subsequently autoclaved and set aside.

Preparation of Cement Paste Samples

Five hundred grams of CEM 1 42,5R cement and 140 ml of
distilled water were mixed for 2.5 min at 285 r.p.m. in a 5 liter
bowl. The cap of a 1 mL Eppendorf flask was isolated from the
flask so as to obtain a mold which could hold circa 0.15-0.2 g
of cement paste. The cement paste was placed in the molds and
vibrated on a vibrating table. They were then allowed to cure
inside an enclosed container at 20 &= 1°C and a relative humidity
of 70%.

Treatment Procedure for Cement

Paste Samples

The upper surface of the pre-labeled cement paste samples
were sterilized under UV for 40 min and placed inside sterilized
containers so as to avoid contamination. The bacterial inoculum
broth was applied to the surface of the samples using a sterile
micropipette until ponding was achieved on top of the sample.
The samples were left to stand in an enclosed container for
24h at room temperature after which any remaining bacterial
inoculum on the surface of the samples was gently pipetted
so that ureolytic activity would result primarily from bacteria
immediately on the cement paste. Calcium chloride or calcium
acetate solution was similarly applied in excess to the surface of
the samples. These were left to stand in an enclosed container
for 72h also at room temperature, after which any remaining
calcium solution was removed. For one set of samples a second
application of bacterial inoculum was repeated at the end of
the first treatment. All treatment procedures were carried out
in duplicate with adequate controls in place. The samples were
observed at 1, 3, and 8 day intervals post treatment, first visually,
then using stereoscopic microscopy, Fourier Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and
Energy Dispersive Spectroscopy (EDS). Digital photographic
records and measurements were made in all instances.

Preparation of Mortar Samples

Mortar samples were produced and tested in the cracked and
uncracked state to assess the healing of cracks and also the
surface sealing potential. For the production of mortar, 2,700 g
of CEM 1 42,5R cement and 1,890 ml of distilled water were
mixed for 2.5min at 285 r.p.m. 8,100 g of local sand (apparent
particle density of 2,696 kg/m3 and WAy, of 4.9%) and 405 ml
of distilled water to make up for the sand’s absorption were
added to the mix and mixed for a further 2 min. The mortar
was cast into prismatic molds to produce specimen with a cross-
sectional area of 40 x 40 mm and 160 mm long. The prisms were
vibrated on a vibrating table until good compaction was achieved.
The specimens were cured for 24h at 20 £ 1°C and a relative
humidity of 70%. They were then de-molded and placed inside
a plastic container containing distilled water at 20 &+ 1°C. For
the purpose of the research additional samples were produced,
consisting of 40 mm cubic specimen, which were trimmed from
the ends of the prisms.

Cracking of Mortar Samples

A method of “simulated cracking” as outlined by Dudi et al. was
used to crack the mortar specimens after 28 days of curing (Dudi
et al., 2010). This method involved the production of “simulated
cracks” which were obtained by splitting the prismatic sample
through the middle into two halves and then fixing the halves
back together at their edge with Araldite Resin whilst leaving the
required crack width in between. A digital microscope was used
to measure the crack width of between 0.2 and 0.3 mm. Dudi et al.
argued that this method simulated the “worst case scenario” as
the 2 halves of the sample where completely separated and there
was a full loss of structural strength between the two halves (Dudi
etal., 2010). They also argued that this method allowed complete
control over the crack width obtained unlike other methods.

For the purposes of this experiment, 160 x 40 x 40 mm
prisms were placed into a 3-point flexural bending machine and
loaded until failure. The load at which they failed was recorded.
The two halves of the prisms were brought together under a
digital microscope and held in place using Araldite resin on 2
opposite outer faces of the prism. The crack width was measured
on the 2 faces of the prism which did not have any resin. For
each face, 9 measurements of the crack width were taken using
a digital microscope at a magnification of 205x; 3 measurements
were taken toward the top of the crack, 3 measurements toward
the middle and 3 measurements toward the bottom of the crack.
The average crack widths were found for these three points and
along the entire crack.
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FIGURE 1 | Stereoscopic microscopy images of the surface of cement paste
specimens. (A) Control —treated with CaCl,.but not bacterium (B) treated with
L. sphaericus and CaCly.

The cubic specimen were cracked through the application of a
knife-edge load on the specimen and then a similar procedure as
that used for the prisms was adopted for the resulting two parts
of the cubic specimen.

Treatment Procedure for Mortar Samples
Cracked and uncracked mortar prism samples were placed in a
plastic box filled with 1 liter of Medium 295 broth containing the
bacterial inoculum. The bottom half of each prism was immersed
in the bacterial inoculum and each prism was rotated on a
different face every few hours to ensure even exposure time. The
prisms were left to stand in the enclosed container for a total of
24 h, after which they were transferred to boxes containing 1 liter
of Ca(CH3COO); or CaCl; calcium source depending on their
respective treatment procedures. The samples were then left to
stand in the enclosed containers for 72 h.

The same treatment procedure was also applied to the cubic
specimen. In this case, the cracked and un-cracked cubes were
fully immersed in the bacterial inoculum for the whole 24 h
inoculation period due to their smaller size. The variables
in the treatment procedure were the presence or absence of
L. sphaericus and the presence and type of calcium source.
All treatment procedures were carried out in duplicate with
adequate controls.

After treatment, all samples were placed in a clean plastic
container and left to dry at 20 &+ 1°C and a relative
humidity of 70% for 7 days before any tests were carried
out. The samples were observed by visual observation, digital
microscopy, Ultrasonic Pulse Velocity (UPV) and a Sorptivity
Test. Digital photographic records and measurements were made
in all instances.

Mortar Testing

All samples were photographed and the type of deposition
obtained was observed and recorded. A digital microscope was
used to observe the surface deposition and the cracked samples
in order to characterize the crack healing capacity and also the
amount and type of deposition present. Ultrasonic Pulse Velocity

1004
1bAc

il
T

1mm

Transmitance

2500 2000 1500 100¢ 500
Wavenumbers (cm-1)

1437 873 712
cm* cm’ cm*

FIGURE 2 | FTIR spectra for (A) scraping from surface of sample 1bCI7
treated with L. sphaericus and CaCls (green) and 1bAc7 treated with L.
sphaericus and Ca(CH3COOQ), (blue), (B) reference spectrum for calcite
(Calcium carbonate, 2016).

tests was carried out on all cracked and un-cracked samples
to EN12504-4:2004, with the objective of assessing the degree
of healing. The sorptivity test was conducted to assess the rate
of water absorption of the samples and therefore the increase
in resistance to water penetration through surface sealing. The
samples were placed in an oven at 50°C and dried until a constant
mass was reached. The sides of the samples were coated using an
epoxy resin and this was allowed to harden for 25 h. Subsequently
the samples were placed in a plastic container elevated on plastic
rods. Water was poured into the container until the water level
reached 2-3 mm above the base of the sample. The test was
carried out in a laboratory environment at 20 + 1°C and a relative
humidity of 70%. The samples were removed from the container
and weighed at pre-established time intervals. The samples were
dried gently using a paper towel before weighing.

RESULTS AND DISCUSSION

Stereomicroscopy

The cement paste samples were observed under a
stereomicroscope to confirm the presence of calcium carbonate
crystal deposition on the surface. In Figure 1, the surface of a
control sample with no microbial treatment and a sample treated
with L. sphaericus and CaCl, under a stereomicroscope can be
seen. The control sample on the left exhibits no precipitates
while the treated sample on the right exhibits white precipitates
on its surface.
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embedded in the calcite biodeposition is clearly visible in the enlarged section.

FIGURE 4 | SEM image for sample 1bAc7 treated with L. sphaericus and calcium acetate at 200X (left) and 5,000X magnification (right). The outline of the microbes

Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared Spectroscopy (FTIR) spectra in
the range of 500-4,000 cm ™! for the scraping of crystals from the
surface of sample 1bCl7 (treated with L. sphaericus and CaCl,)
and 1bAc7 (treated with L. sphaericus and (Ca(CH3COO),) can
be seen in Figure 2. The major peaks of the spectra in the treated
samples correspond to the peaks of calcite which indicates the
presence of CaCOs3 deposition. The FTIR spectrum for calcite
(Figure 2B), gives major vibrational bands peaks at 1,437, 873,
and 712. This confirms that the precipitate obtained on the
surface of the cement paste samples is calcite (CaCO3). FTIR
was also performed on samples of the Ca(CH3COO); and CaCl,
used during treatment to ensure that the crystals on the surface
of samples treated with bacteria and a calcium source were not
precipitates of these compounds. This was confirmed as the

FTIR spectra obtained for these two compounds did not match
that obtained for the surface crystals. The spectra in the range
of 2,500-500 cm™! showing calcite (1bAc7, 1bCl7) and those
showing Ca(CH3COO), and CaCl; can be seen in Figure 3.

Scanning Electron Microscopy and Energy

Dispersive Spectroscopy

It was observed that Sample 1bAc7 treated with L. sphaericus
and calcium acetate exhibited encrustations of crystals on its
surface (Figure 4). Using SEM at a magnification of 5,000X, the
crystals were clearly observed to be rhombohedral with sharp
edges and with a size ranging from 10 to 15 m. Within these
rhombohedral crystals, rod-shaped lacunae corresponding to
bacterial cell outline were observed. The shape and size also
corresponds to the 2 um average length typical of these bacteria.
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FIGURE 5 | SEM image for sample 2/1bCl7 which received two rounds of L. sphaericus and CaCl,. Image magnification: Centre 200X, left enlargement 2,000X right
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This confirms that the crystals are a product of the bio-deposition
process induced using L. sphaericus and a calcium source. Sample
2/1bCl7 treated with two rounds of L. sphaericus and CaCl,
also exhibited crystal encrustation on its surface similar to those
precipitated on sample 1bAc7. These crystals were also observed
to be rhombohedral with sharp edges typical of calcite and
bacterial cells could be observed within the crystals (Figure 5).
As opposed to the crystals precipitated on sample 1bAc7,
the crystals precipitated on sample 2/1bCl7 covered the whole
surface of the cement paste. This was confirmed through SEM
energy dispersive spectroscopy (EDS) analysis of the surface
of the sample (Figure 6) where no peaks for Mg, Si, Al and
S were shown indicating that the surface of the cement paste
was entirely covered in crystals produced through MICP. Also,
various different sizes of crystals were observed on the surface.
On average, the size of the crystals ranged from 2 to 50 pum.
These differences between sample 1bAc7 and sample 2/1bCl7
were attributed to the fact that the latter received 2 rounds

of treatment of L. sphaericus and the calcium source. This
resulted in a more even coating on the surface and larger
crystal depositions. Furthermore, the microbial lacunae were
again clearly visible, confirming MICP.

Digital Microscopy of Cracked
Mortar Cubes

The precipitate deposited along the cracks on the cracked mortar
cubes were studied under a digital microscope at a magnification
of 205x. Whilst the control sample exhibited no white precipitate
along the crack, the four samples treated with L. sphaericus and a
calcium source exhibited different degrees of crack healing along
the crack. In some cases, the crack was fully healed (Figure 7)
and in others, crystals precipitated along the edge of the crack but
did not bridge the full width of the crack. This may be related to
the pH of the mortar which could contribute to the performance
of the bacteria. De Belie et al., have shown that cracked samples
with a crack width of ~0.2 mm treated with L. sphaericus and
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FIGURE 7 | Digital microscopy images of (a) untreated crack before treatment and (b) crack treated with L. sphaericus and Ca(CH3zCOO)s.
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a calcium source exhibited almost no CaCOj3 crystal deposition
along the crack, whereas when the L. sphaericus was immobilized
in sol-gel, the crack healed completely (De Belie et al., 2010b).
They attributed this phenomenon to the high pH of concrete and
argued that when bacteria were immobilized in sol-gel, it was
protected against the high pH and could remain active for longer.

The maximum size of the part of the crack which showed
full healing was 0.2 mm wide and no significant difference was
observed between the samples treated with L. sphaericus and
CaCl, and L. sphaericus and Ca(CH3COOQ);. All crack healing

observed was attributed to deposition from the MICP process.
Carbonation of the sample was neglected as the specimens were
fully immersed in water until treated and therefore, did not come
into contact with carbon dioxide from the atmosphere.

Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) test was used to study the
propagation of an ultrasonic wave through samples which had
undergone different treatment procedures. Cracks and voids in a
sample will increase the transmission time of the wave. Therefore,
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if the crack and voids are partially filled with precipitates from
the treatment procedure, the wave will travel through the sample
more rapidly. All cracked prisms were tested. Four readings for
each prism were taken with the sample rotated on a different face
each time. The values for pulse velocity are shown in Figure 8.
The highest average pulse velocity was obtained for the
samples exposed to the treatment procedure consisting of L.
sphaericus and CaCl,. A very similar value was obtained for
the sample having a crack width of 0.3 mm and exposed to L.
sphaericus and Ca(CH3COO),. However, the sample having a
crack width of 0.2 mm exposed to the same treatment, exhibited

a lower value. This may be due to the fact that the precipitate
did not penetrate as deeply into this crack. When compared
to the average pulse velocity for the control sample (3.498
km/s), the samples treated with L. sphaericus and CaCl, and
those treated with L. sphaericus and Ca(CH3COO); exhibited an
increase in pulse velocity of 0.045 and 0.03 km/s, respectively.
This corresponds to a decrease in transmission time of 0.8 and
0.45 s, respectively. This proves that the treatment procedure
reduced the number of voids and/or reduced the crack width
which resulted in a decrease in transmission time. The samples
treated with Ca(CH3COO); only did not exhibit a difference in
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average pulse velocity from the control sample. However, those
treated with CaCl, only exhibited an increase of 0.025 km/s (0.5
ws). This is attributed to the precipitation of CaCl, crystals in
the voids within the sample. The decrease in ultrasonic wave
transmission time for treated samples was confirmed by De Belie
et al. (2010b). They showed that for samples treated with L.
sphaericus and CaCly, a decrease in transmission time of 0.6
ps was obtained for samples having a crack width of 0.3 mm
at a depth of 10 mm. Similarly, samples having a crack width
of 0.3 mm at a depth of 20 mm exposed to the same treatment
exhibited a decrease in transmission time of 1.2 s.

Sorptivity

The effects of the treatment procedure on the rate of water
absorption of the samples was studied. A sorptivity test carried
out on uncracked prisms showed that the samples treated
with bacteria and a calcium source exhibited slightly less
water absorption when compared to the untreated prisms as
illustrated in Figure9. This decrease in water absorption can
be attributed to the precipitation of crystals in the voids
and on the surface of the treated sample which hinders the
movement of water. This shows that the biodeposition treatment
may be used as a coating system to slow down and partially
hinder the entrance of liquids into the sample. The samples
treated with a calcium source only also showed a decrease
in the amount of water absorbed. This was attributed to
the precipitation of a layer of Ca(CH3COO), or CaCl, on
the surface.

A sorptivity test was also carried out on cracked mortar cubes.
As expected, the samples treated with bacteria and a calcium
source exhibited less water absorption than the control cracked
sample indicating that the crack had partially healed and some
voids had been blocked thanks to the biodeposition treatment
(Figure 10). The sample treated with L. sphaericus and CaCl,
exhibited slightly less water absorption on average. This was
additionally confirmed from visual observation, where one of
the samples treated with L. sphaericus and CaCl, exhibited a
significant amount of healing of the crack when compared to
the other samples and therefore, would have absorbed less water
thanks to better crack healing.

There is a consistent trend in the reduction of water
absorption in samples which had undergone biodeposition
treatment both for uncracked and cracked samples, when
compared to control samples. Microscopic and visual
observations of the treated surfaces and healed cracks further
confirmed this trend. Additional coatings were found to lead
to a greater and more even coating of calcite crystals on the
surface which can further improve the performance with respect
to sorption.
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