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ARTICLE INFO ABSTRACT
Keywords: Despite a growing interest in using bacteria to improve the performance of cementitious com-
Non-ureolytic bacteria posites, the mechanisms by which bacteria favourably modify the composites remain unclear.
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This study investigated the microscale processes by which Bacillus cohnii (B. cohnii), a non-
ureolytic bacterium, modified the properties of mortar focusing on the roles played by factors
Water-cement ratio such as bacteria concentration, status (live or dead) of the cells, and water-cement ratio. Results
Strength show that the use of dead or live B. cohnii at 10° cells/ml of mixing water led to an increase in
Porosity compressive and flexural strength at early (3 and 7) curing days, while 107 cells/ml resulted in a
decrease in strength. After 28 days of curing, no significant strength improvement was observed
from either dead or live cells of B. cohnii. Water-cement ratio did not have a significant influence
on how B. cohnii impacted the strength of mortar. Raman spectroscopy analysis indicated the
presence of calcite of higher intensity within the specimens with 10° dead cells/ml than within
the control and the specimens with both dead and live cells at 107 cells/ml. F-SEM imaging
confirmed the presence of calcite crystals within the specimens with 10° dead cells/ml. The
dominant mechanism by which addition of B. cohnii cells impacted the strength of the mortar
specimens was through pore-filling as evidenced by the reduction of porosity. The pore-filling
benefits of B. cohnii addition within cementitious materials holds prospect for applications
especially within aggressive environments where the need to reduce the ingress of deleterious
substances can be critical.

1. Introduction

The use of bacteria in infrastructure materials is inspired by their ability to induce the precipitation of calcite through their
metabolic activities, in a process known as Microbially Induced Calcite Precipitation (MICP). Ureolytic bacteria aid precipitation of
calcite through hydrolysis of urea, alkalization, and by providing bacterial cell surfaces as nucleation sites for calcite precipitation [1].
The pathways for calcite precipitation in non-ureolytic bacteria are less clear. They include oxidation of organic salts, denitrification,
photosynthesis, and by serving as nucleation sites [2-4]. Although ureolytic bacteria species may cause more rapid calcite precipi-
tation than non-ureolytic bacteria, final yields of mineral products are comparable in both types of bacteria [5]. Moreover, urea
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hydrolysis by ureolytic bacteria releases ammonia, a pollutant, as by-product [1,2,6,7], encouraging the use of non-ureolytic bacteria
for MICP.

In contrast to the vast literature on use of bacteria for self-healing concrete, few studies have considered the use of non-ureolytic
bacteria species [8-16], to directly improve the strength properties of mortar/concrete. Despite the availability of several studies on
the inclusion of bacteria in mortar/concrete, there are conflicting reports as to its influence on the mechanical properties of mor-
tar/concrete. While some studies reported that the inclusion of bacteria enhanced the strength and durability of mortar/concrete [8,
11,17-23], others have reported some negative effects on setting and hardening, whilst yet other groups have shown the effect of
bacteria to be insignificant [9,12,24-28]. These conflicting reports can be likely attributed to the different bacteria species [29],
cement type and water-cement ratio used, the varying concentrations of bacterial cells incorporated, the inclusion of nutrients and
admixtures of varying concentrations in some studies or the lack thereof in other studies, and the use of bacteria with different status-
live cells, dead cells, or even cell walls and proteins secreted by bacteria. All these factors result in complex bacteria-matrix interactions
which ultimately determine the performance of bacteria in mortar/concrete matrices.

A number of mechanisms have been suggested in the literature to explain why addition of bacteria modifies the properties of
mortar/concrete. Some of the mechanisms put forward include: (i) calcite precipitated by bacteria (MICP) acting as binder or filler
[10-15,18,22,23,25,26,28,30] (ii) bacteria behaving like organic fibre [21,30] (iii) or serving as nucleating sites for deposition of
calcium silicate hydrates [8,31-33]. MICP as a mechanism for strength improvement in mortar/concrete has been dismissed by Skevi
et al. [8] on the basis that the effects shown by adding bacteria can be achieved by using either dead or live cells, suggesting
mechanisms not dependent on bacterial metabolism.

The aim of this study was to investigate the influence of Bacillus cohnii, a non-ureolytic bacterial species, on the macroscopic (i.e.
compressive and flexural strength) and microscopic (porosity, element composition and morphology) properties of bacterial mortar.
B. cohnii was used in this study because it promotes calcite precipitation through the oxidation of organic sources [34]. Also, it is
known to be compatible with applications in cementitious materials as shown in earlier studies [8,35]. The objectives were to: (i)
ascertain the influence of B. cohnii concentration on the strength and durability properties of bacterial mortar, utilising two of the most
frequently used concentrations of bacterial cells in the literature, 10° and 107 cells/ml of mixing water (see Tablde A1 in the appendix);
(ii) understand the role played by bacteria status, i.e. dead and live cells of B. cohnii; (iii) determine the influence of water-cement ratio
on the properties of bacteria mortar; (iv) establish the link between the microscopic and the macroscopic properties of bacterial
mortar; (v) identify the mechanisms by which B. cohnii influences the properties of mortar. The influence of other factors such as
bacteria species, cement type, inclusion of nutrients and admixtures on the properties of bacterial mortar are beyond the scope of this
study.

This study contributes to the small number of existing studies on the use of non-ureolytic bacteria for direct strength improvement
in mortar/concrete. It identifies the pathways for strength modification by B. cohnii, a non-ureolytic bacterium, when incorporated in
mortar specimens. Given the reduction in porosity and the strength improvement obtained from the incorporation of B. cohnii at early
curing ages, this study encourages the adoption of B. cohnii as a non-polluting, low carbon additive for enhanced properties in mortar/
concrete.

2. Materials and methods
2.1. Preparation of live and dead bacterial cells

The bacterial cells used in this study were the alkaliphilic and spore-forming non-ureolytic bacterium Bacillus cohnii DSM 6307. The
bacterial cells were cultured at 30 °C, with the liquid cultures agitated at 150 rpm. For the cell culture, a combination of lysogeny broth
(LB) and 100 ml/] Na-sesquicarbonate (42 g/1 NaHCO3 and 53 g/l NayCO3) ensured that pH 9.5 was achieved. After the culturing
phase, cell densities were determined by optical density measurements at 600 nm wavelength (ODggp), which had been previously
calibrated to precisely relate OD600 values to viable cell counts (cells per ml). The cells then were split into live and dead sets. The dead
set was subjected to autoclaving at 2 bar, 121 °C for 15 min, to kill the cells. In order to ensure the cells were indeed completely killed, a
viability test was performed using the plate count method.

2.2. Preparation of mortar specimens

Mortar specimens were made using Portland limestone cement, CEM II/A-L 32.5R (BS EN 197-1) and standard sand (BS EN 196-1).

Table 1
Mix proportions.
Bacteria concentration Mix 1, M1 (0.50 w/c) Mix 2, M2 (0.45 w/c)
Bacillus cohnii (cells/ml) Specimen ID Cement (g) Water (ml) Sand () Cement (g) Water (ml) Sand (g)
0 Control 450 225 1350 450 202.5 1350
2 x 10° - live cells 2x105%L 450 225 1350 450 202.5 1350
1 x 107 - live cells 1x107-L 450 225 1350 450 202.5 1350
2 x 10° - dead cells 2x 105D 450 225 1350 450 202.5 1350
1 x 107 - dead cells 1x107-D 450 225 1350 450 202.5 1350
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A total of five mortar specimens each for two sets of specimens were prepared (see Table 1). These included four bacterial mortars, and
one without bacterial cells that served as the control. The bacterial mortar specimens were of two different concentrations and bac-
terial status, 2 x 10° dead or live cells/ml and 1 x 107 dead or live cells/ml. Dead cells were used as they were considered in earlier
studies [36,37] to possess greater binding potential in comparison to live cells. The specimens in the first set designated Mix 1 (M1)
were prepared with water-cement ratio (w/c) of 0.5. Due to the suggestion in earlier studies [25,38], that the enhancement in strength
gained from the inclusion of bacteria in concrete is more pronounced in higher strength concrete specimens, a second set of specimens
designated Mix 2 (M2) were prepared with 0.45 w/c, to investigate the influence of bacteria inclusion in cement mortars of different
compressive strength levels.

To prepare the bacterial mortar specimens, the bacterial cells were prepared to the desired concentrations by serial dilution with
tap water, and mixed with cement and sand in accordance with BS EN 196-1. In this study, no nutrients or growth medium were added
during casting or curing of the specimens. This was to avoid having multiple variables and interactions, and to focus on the sole in-
fluence of bacteria inclusion on the properties of the bacterial mortar specimens.

After mixing, the specimens were cast in 40 mm x 40 mm x 160 mm standard moulds and were demoulded 24 h after casting.
Specimens were cured by submerging in tap water at 20 °C. The bacterial mortar specimens of different proportions were kept in
different containers to avoid cross-contamination during curing. The specimens were cured for 3, 7, or 28 days before testing. A total of
90 specimens (3 replicas per specimen x 5 series x 2 w/c ratio x 3 curing days) were prepared. Figure Al in the appendix shows samples
specimens before and after flexural strength test.

2.3. Compressive and flexural strength tests
In accordance with EN 196-1, flexural strength tests were conducted on three replicas of each specimen. Compressive strength tests

were then conducted on the split specimens from the flexural test, making a total of six replicas for each specimen. The compressive
and flexural strength tests were conducted using 50 kN and 100 kN hydraulic frames, respectively.

2.4. Mercury intrusion porosity

A Mercury Porosimeter Pascal 440 (Thermo Scientific) was used to quantify the pore distributions and to determine the bulk
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Fig. 1. (a) Compressive strength of bacterial mortars with different bacteria concentration and status (b) Change in compressive strength with
respect to the control.
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porosity of the specimens. The samples taken from the specimens were first degassed overnight in a vacuum and later at 50° C for 40 h
before commencing the analysis. The analysis was conducted using mercury with density, surface tension and contact angle of 13.54 g/
mL, 0.485 N/m and 130°, respectively, while maintaining a temperature of 19.14° C and a pressure range from 0.1 to 61 MPa.

2.5. Field emission scanning electron microscopy (FE-SEM) and electron diffractive X-ray (EDX)

The influence of bacterial cells on the morphology and elemental composition of bacterial mortar specimens were analysed using a
scanning electron microscope (SEM, JOEL JSM-6480LV) with a magnification capacity of up to 30,000x. An EDX detector (Oxford
Instruments) attached to the SEM was used to analyse the elemental composition of the specimens.

2.6. Raman spectroscopy

The molecular structure of the phases in the bacterial mortar specimens in this study were determined using Raman spectroscopy.
Raman spectra for the specimens were obtained over a range of expected vibration frequencies, from 200 to 1500 cm ™, using an inVia
confocal Raman microscope with a full spectrum of laser sources.

3. Results
3.1. Compressive strength

3.1.1. Effect of bacteria concentration, status and water-cement ratio on compressive strength

Fig. 1 shows the compressive strength of all bacterial mortar at the different bacteria concentrations and status — dead or live,
water-cement ratios and at all three ages. The effects of bacteria concentration and status on compressive strength are presented in
Figs. 2 and 3, respectively. At the early stage of curing (3 and 7 days), bacterial mortar specimens with 2 x 10° cells/ml of mixing water
exhibited higher compressive strength values in comparison to both the control specimens and the specimens with 1 x 107 cells/ml,
regardless of cell status (Fig. 2a and b). The compressive strength values for the specimens with 1 x 107 cells/ml were in general lower
than the control after 3 days of curing, and not significantly different from the control at 7 days of curing (p > 0.05). At 28 days of
curing, the inclusion of bacteria in the mortar specimens at both concentrations yielded the least modification in compressive strength
in comparison to the 3 and 7 curing days (Fig. 2a—c). The difference in the compressive strength values of the bacterial mortar
specimens from the control was within 10 % (Fig. 1b).

In contrast to observations made by Andalib et al. [25,38], the influence of bacteria on strength was similar for both water cement
ratios considered. It was observed that the bacterial mortar specimens with 2 x 10° live cells/ml specimens yielded slightly higher
compressive strength in comparison with those with dead cells, after 3 and 7 days of curing (p < 0.05) (Fig. 3a and b). This trend was
not found for the specimens with 1 x 107 cells/ml where in general (except for M2 specimens at 3 days), no significant difference was
obtained from the inclusion of dead or live cells.

3.1.2. Effect of bacteria concentration on compressive strength development of bacterial mortar
To determine the influence of bacteria on the strength development of the bacterial mortar specimens, Table 2 shows the strength
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development, i.e. the ratio of the compressive strength for each curing day to the 28th-day value. At 3 days of curing, 2 x 10° cells/ml
specimens had an accelerating effect on compressive strength development while strength development progressed at a slower rate in
the 1 x 107 cells/ml specimens. However, at 7 and 28 days of curing, compressive strength gain was higher in the 1 x 107 cells/ml
specimens and lower in the 2 x 10° cells/ml specimens. These trends may suggest that, with 2 x 10° cells/ml, bacteria act as a
nucleating site where more strength-enhancing minerals and crystals are precipitated, hence, the higher early strength observed in
comparison to the control. However, at 1 x 107 cells/ml, the bacterial cells might have overwhelmed the mortar matrices thereby
having a detrimental effect on strength development, especially at the early stages of curing, but more beneficial at later stages,
presumably due to the morphological transformation of the mineral phases as the specimens age. Further discussions on the factors
responsible for the trends obtained are presented in Section 4.

Our experimental data agree with earlier reports in the literature. Ramachandran et al., [30] reported a significant increase in the
compressive strength of Portland cement mortar containing lower concentration of live cells, especially at early days of curing. The
authors also observed a decrease in compressive strength for specimens containing both live and dead cells when the concentration and
curing time increased, and attributed the trend to a possible interference of the bacterial biomass with strength development within the
mortar. Bundur et al. [26] also reported an increase in the compressive strength of bacterial mortar specimens in comparison to the
control at 7 days, and similar strength values by day 56. From the data presented in the current study, when bacteria concentration of 1
x 107 cells/ml was used, strength gain was initially slower than the control after 3 days of curing, but became accelerated as curing
progressed. The reverse was the case for the specimens with 2 x 10° cells/ml of bacteria, indicating that strength development in
bacteria mortar specimens may vary with bacteria concentration.

3.2. Flexural strength

3.2.1. Effect of bacteria concentration and water-cement ratio on flexural strength

Fig. 4 shows the flexural strength of the bacterial mortar specimens plotted against their compressive strength. Fig. 5 shows the
effect of bacteria concentration on the flexural strength. A linear root-based relationship is obtained between flexural and compressive
strength for the control and bacterial mortar specimens alike, following established relationship in the literature [39]. Our data show
that addition of bacteria modifies the flexural strength of mortar in a similar manner as the compressive strength, with the 2 x 10°
cells/ml specimens exhibiting higher flexural strength than the 1 x 107 cells/ml specimens, especially at early curing ages (Fig. 5a and
b). It was observed that the 1 x 107 live cells/ml M2-specimens exhibited a significantly higher flexural strength than the control at day
28 (p = 0.028) (Fig. 5c¢). This observation aligns with a suggestion that a higher concentration of bacterial cells may result in the
bacteria acting as fibres whose impact may be detrimental to strength development at early stages but more beneficial at later stages

Table 2

Compressive Strength development.
Specimen ID Mix 1, M1 (0.50 w/c) Mix 2, M2 (0.45 w/c)

3 days (%) 7 days (%) 28 days (%) 3 days (%) 7 days (%) 28 days (%)

Control 40.9 66.6 100 43.9 64.6 100
2x10%L 66.9 83.1 100 69.6 83.5 100
1x107-L 35.3 66.3 100 45.8 62.3 100
2x10%D 54.6 66.4 100 55.8 75.2 100
1x107-D 33.7 58.3 100 37.7 64.1 100
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[30].

3.2.2. Effect of bacteria concentration on flexural strength development of bacterial mortar
Similar to the observation made for the compressive strength, flexural strength development (Table 3) was in general slowest in the

Table 3

Flexural Strength development.
Specimen ID Mix 1, M1 (0.50 w/c) Mix 2, M2 (0.45 w/c)

3 days (%) 7 days (%) 28 days (%) 3 days (%) 7 days (%) 28 days (%)

Control 50.2 71.9 100 55.1 76.2 100
2x10%L 69.6 82.6 100 73.1 76.6 100
1x107-L 39.6 68.6 100 50.5 70.9 100
2x10%D 56.4 67.7 100 59.5 73.7 100
1x107-D 43.3 68.9 100 44.8 72.8 100




P. Adesina et al. Journal of Building Engineering 119 (2026) 115156

1 x 107 cells/ml specimens at 3 days of curing; higher strength increment was attained in these specimens at 7 and 28 days of curing.
We observed that the specimens attained a higher percentage of their 28-day flexural strength at 3 and 7 days of curing, than their 28-
day compressive strength, again supporting the suggestion that the bacterial cells may have acted as flexural strength-enhancing fibres
as the specimens age.

3.3. Porosity

Fig. 6 shows the bulk porosity data from the MIP analysis conducted for the bacterial mortar specimens at 7 days of curing. The
specimens prepared after 7 days of curing were preferred for the MIP analysis since the least difference was observed in the 28-day
strength of the bacterial mortar in comparison to the control (see Fig. 2c). As expected, the porosity values for the M1 (0.50 w/c)
specimens are higher than the values for the M2 (0.45 w/c) specimens, since porosity increases with an increase in water-cement ratio.
The bacterial mortar specimens were in general less porous than the control specimens, except for the 2 x 10° dead-cells/ml specimen
with 0.5 w/c which had a higher porosity value than the control. This specimen however had a lower porosity value than the control at
28 days of curing (see Figure B1 in Appendix B), suggesting that its 7-day porosity value may be an outlier.

The influence of bacteria inclusion on porosity was less pronounced within the M2 specimens in comparison to the M1 specimens. It
is possible that increased porosity within specimens with higher water-cement ratio may provide more spaces for bacteria and
precipitated calcite to occupy [40], thereby modifying the porosity of the specimens. These data agree with earlier studies where
bacterial mortar specimens had lower porosity values than the control [9,13,18,20]. The bacterial cells may have acted as micro-
particles/microfibres which filled the void spaces within the mortar matrices. They might also have served as nucleating sites for
calcite precipitation thereby occupying void spaces within matrices [11,13,17,28].

It was observed that the 2 x 10° live-cells/ml specimens, which had the lowest porosity values, also had the highest compressive
and flexural strength values. The highest porosity value corresponds with the lowest compressive strength among the M2 specimens
but, curiously, not among the M1 specimens, which further supports the case that the 19.2 % porosity value obtained for the 2 x 10°
dead-cells/ml specimen may be an outlier. The insignificant difference in the 7-day strength properties of the specimens with 1 x 107
cells/ml and the control (p > 0.05) (Fig. 2b), despite their lower porosity, indicate that the higher bacteria concentration might have
acted as microparticles which filled pore spaces but were not potent enough to cause a significant increase in strength.

In order to establish the relationship between strength and porosity for the studied specimens, the compressive strength and the
flexural strength, were plotted against porosity in Figs. 7-8. Following earlier studies in which empirical relationships were established
between porosity and strength for concrete/mortar [41], an exponential fit for all data points in Figs. 7-8 is included, to quantify the
degree to which strength relates with porosity for all specimens considered. The data points for M1 (0.50 w/c) and M2 (0.45 w/c)
specimens are in blue and red colours, respectively, to identify the distinct trends between the two sets of specimens. For the M2
specimens (red data points), an increase in porosity is accompanied by a decrease in strength, in agreement with Chen et al. [41]. The
reduction in porosity and increase in strength observed specifically for the M2 specimens with 2 x 10° cells/ml may be attributed to the
filling of pores within the mortar matrices as the bacterial cells acted as microparticles or as nucleating sites for calcite precipitation.

Porosity correlates poorly with the strength parameters for the M1 specimens (blue data points). The higher water-cement ratio for
the M1 specimens resulted in higher porosity (see Fig. 6), possibly based upon a non-uniform pore size distribution, which may have
caused a haphazard precipitation of minerals particularly within the pores of the specimens with 1 x 10 cells/ml. Despite yielding a
reduction in porosity, higher concentrations of bacteria may result in non-uniform distribution of bacteria microparticles and calcite
crystals within pores which is detrimental to strength development [42]. A number of earlier studies showed that although 10° cells/ml
yielded optimum strength, the optimum surface-level pore filling and reduction in water absorption was derived from 107 cells/ml
bacteria inclusion [13,43]. It is also possible that the filling of surface-level pores in the M1 specimens with 1 x 107 cells/ml may have
reduced the amount of water absorbed by the specimens during curing, such that the cement hydration process that will produce
strength-enhancing minerals was hampered.
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3.4. Elemental composition of mortars

Table 4 shows the elemental composition as determined by the EDX microanalysis for the M1 specimens at 7 days of curing. EDX
analysis was only conducted for the M1 specimens since the porosity data (see Fig. 6) suggests bacterial inclusion had more influence

Table 4
Elemental composition for bacterial mortar specimens (Atomic %).
C o) Na Mg Al Si S K Ca Fe Ca/Al Ca/Si

Control 13.84 57.01 0.04 0.41 1.17 7.84 0.94 0.14 18.17 0.46 15.52 2.32
2x10°%D 16.41 56.97 0.03 0.45 1.60 7.78 1.01 0.00 15.45 0.32 9.74 1.99
2x10°L 16.14 58.15 0.00 0.40 1.28 7.37 1.04 0.20 15.01 0.38 11.79 2.05
1x107-D 13.28 59.23 0.07 0.45 1.29 7.39 1.01 0.30 16.64 0.38 13.16 2.26
1x107-L 11.72 57.58 0.00 0.28 1.51 9.10 1.31 0.21 17.97 0.34 11.87 2.02
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on the microstructure of the M1 specimens than the M2 specimens. The data in Table 4 represent the mean of the elemental com-
positions from two different sites for each specimen. For cementitious materials, the calcium/aluminium ratio (Ca/Al) is correlated
with the presence of calcium aluminosilicate hydrate, C-(A-)S-H phases [44], which is responsible for the durability of cementitious
matrices. A low Ca/Al ratio indicates the presence of higher amounts of C-(A-)S-H phases. Ca/Al ratio is highest for the control
specimen and lowest for the bacterial mortar specimens with 2 x 10° cells/ml, indicating the potential for enhanced durability
performance for the 2 x 10° cells/ml specimens. Also, the presence of Al significantly accelerates hydration and promotes the for-
mation of highly polymerised and cross-linked C-(A-)S-H products; higher Al/Si ratio indicates more stable C-(A-)S-H products [45,46].
Higher Al and Al/Si values were obtained for the bacterial mortar specimens in comparison to the control, indicating the formation of
more stable C-(A-)S-H products in the specimens. These observations are in agreement with the porosity of the specimens (see Fig. 6).

Earlier studies on cement hydration have indicated a correlation between calcium/silicon ratio (Ca/Si) and the degree of silica
polymerisation during the formation of a calcium silicate hydrate network [47,48]. Ca/Si ratio determines the precipitation of calcium
silicate hydrate (C-S-H) phases; the presence of C-S-H phases with low Ca/Si ratio has been correlated with an increase in compressive
strength due to the formation of denser C-S-H morphology [49,50]. The control specimen had higher Ca/Si ratio than the bacterial
mortar specimens. Within the bacterial mortar specimens, the highest Ca/Si ratio was found for the specimen with 1 x 107 dead
cells/ml while the lowest was found for the specimen with 2 x 10° dead cells/ml. The lower bacteria concentration in the specimens
with 2 x 10° cells/ml may have provided nucleating sites for the formation of C-S-H phases with lower Ca/Si ratio necessary for
early-age strength development (Figs. 2 and 5). In contrast, higher concentrations of bacterial cells especially in the specimen with 1 x
107 dead cells/ml may have yielded the formation of C-S-H phases with higher Ca/Si ratio, thereby resulting in retarded early strength
development.

The calcium content in the specimens with 2 x 10° cells/ml is the lowest followed by the specimens with 1 x 107 cells/ml and then
the control. Decrease in calcium content has been associated with the precipitation of calcite crystals [33]. The presence of calcite
within the bacterial mortar specimens is investigated in Sections 3.5 and 3.6.

3.5. Calcium carbonate formation

Raman spectroscopy was used to determine and distinguish between the three crystalline polymorphs of calcium carbonate
(CaCOsg), i.e. calcite, vaterite and aragonite within the mortars. Calcite is the primary and most thermodynamically stable of the three
polymorphs while aragonite and vaterite occur as secondary products [51,52]. There are three further metastable phases of CaCOs, i.e.
amorphous calcium carbonate, calcium carbonate hexahydrate and calcium carbonate monohydrate, which are precursors to the
crystalline polymorphs [53]. Raman spectroscopy yields the atomic (phonon) vibrational frequencies in the crystals of the polymorphs,
thereby making it possible to distinguish between them [54]. CO32 molecules in the polymorphs are classified into four fundamental
vibrations, v; — v4, used to distinguish between the polymorphs [51,54]. The Raman active vibration modes are v; (1085 em™b), vs
(1450 cm™1) and v4 (1085 em™) for calcite; v; (1085 cm™h), vy (852-854 cm‘l), vs (very weak) and v4 (double-degenerate 700 and
704 cm™ D) for aragonite; v, (doublet at 1074 and 1090 cm’l), vo and vg (very weak), and v4 (doublet 740 and 750 cm ™)) for vaterite
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Fig. 9. Raman spectrum after 7 days of curing for (a) control (b) 2 x 10° live cells/ml (c) 1 x 107 live cells/ml (d) 2 x 10° dead cells/ml (¢) 1 x 107
dead cells/ml.
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[51-53]. In the lattice region, Raman bands occur at 280, 205 and 300 em~! for calcite, aragonite and vaterite, respectively [51-53].

Fig. 9 shows the Raman spectra for the M1 specimens after 7 days of curing. Given that the crystals within the microstructure of the
specimens may be non-uniformly distributed, the analysis was conducted on five different randomly selected sites for each specimen,
to ensure the observations made are representative. Raman band 462 cm_l, characteristic of quartz [51], was found in both the control
and bacterial mortar specimens (except in 2 x 10° L), with higher intensity than calcite, and plotted to the left of Fig. 9. Table 5 shows
the Raman vibration modes for the carbonate phases determined in the specimens. While vibration mode v; (1085 cm™*) was found in
all specimens, the intensity was highest within the specimen with 2 x 10° dead cells/ml (Fig. 9d), in comparison to the specimens
having 1 x 107 cells/ml and the control. The presence of calcite was also indicated in the vibration mode v4 (711 cm’l) which was
obtained for all specimens, although with lower intensities in the control and the specimen with 1 x 107 live cells/ml. All specimens
(except in 1 x 107 D) had the lattice vibration mode (280 ¢cm™!) which is characteristic of calcite. Other phases of CaCOg such as
aragonite, vaterite and amorphous CaCOs appeared to be present in the specimen with 2 x 10° live cells/ml. The dominant calcite
vibration mode (v;) generally occurred with similar frequency and intensities in the control (Fig. 9a) in comparison with the specimens
having 1 x 107 cells/ml (Fig. 9c and e). This may explain why they exhibited similar compressive strength values after 7 days of curing
(see Fig. 2¢).

3.6. Microstructure

Fig. 10 show FE-SEM images of the microstructure of the bacterial mortar specimens at low, medium and high magnifications. The
low magnification (x2000) was intended to show the surface-level landscape of the imaged samples; the medium magnification
(x5000) was intended to identify the presence of calcium silicate hydrate minerals at a deeper level than the low magnification. The
high magnification (x 10000) was intended to explore the potential presence of imprints from rod-shaped bacterial cells within the
specimen matrices as found by Refs. [40,55,56], and to find crystals, particularly rhombohedral crystals of calcite [54,57,58] that
might have formed within pores. Needle-like ettringite structures and foil-shaped calcium silicate hydrate minerals can be observed in
all specimens at medium and high magnifications (see Fig. 10e). However, in general, the morphology for the specimens with 2 x 10°
cells/ml (Fig. 10d-i) appear denser than the control (Fig. 10a—c) and the specimens with 1 x 107 cells/ml (Fig. 10j-o). This is in
agreement with SEM images presented by Ramin et al. [25] and Mondal and Ghosh [13] which showed that the morphology of deeper
sections of specimens with 107 bacterial cells/ml appeared more porous than the specimens with 10° bacterial cells/ml and the control.
This may be due to the higher bacteria concentration acting as microparticles and as nucleating sites for calcite precipitation which
filled pores at the surface level possibly limiting the amount of water available for cement hydration within the inner sections. A lack of
adequate water for cement hydration may hamper the formation of dense calcium silicate hydrate (C-S-H) gels. The specimens with 2
x 10° cells/ml which had low calcium/silicon ratio (see Table 4) may have promoted the formation of denser C-S-H gels.

Fig. 11 shows FE-SEM images (at 10000 and 20000 magnifications) for the specimen with 2x 10° dead cells/ml which exhibited the
highest Raman band intensity for calcite (see Fig. 9). The images show the presence of rhombohedral calcite crystals also found in
earlier studies involving ureolytic bacterial cells [1,12,33,40,56,59]. No visible imprints of rod-shaped bacterial cells were found in the
specimens, as expected, given the bacteria are dead and cannot proliferate. However, the presence of the rhombohedral calcite crystals
suggests that the precipitation of calcite was induced by the presence of bacterial cells, in agreement with the findings from the Raman
spectroscopy analysis (see Section 3.5). Also, the bacterial cells may have been embedded within the crystals as the crystals grow larger
than the bacteria [33], or hidden behind the visible structures within the morphologies such that they are not visible even at high
magnification. While calcite may have been present in the presence and absence of bacteria as suggested by the Raman spectroscopy
analysis (see Fig. 9), Mitchell and Ferris [33] suggested that the morphology of the calcite differs in the absence of bacteria, and that
larger calcite crystals were found in the presence of bacteria. The morphology of calcite precipitated was shown to depend on bacterial
activity, the availability of oxygen, the pH and the concentration of Ca®* present in the environment [60-62].

4. Discussion

The objective of this study was to ascertain the influence of B. cohnii inclusion on the strength and microstructural properties of
mortar, considering factors such as bacteria concentration, bacteria status and water-cement ratio, while establishing the mechanisms
by which the presence of bacteria modifies the properties of cement mortar. By showing that the inclusion of B. cohnii yielded a
reduction in the porosity and an increase in early age strength of mortar, this study encourages the adoption of B. cohnii as a non-
polluting, low carbon additive for enhanced properties in mortar/concrete.

Table 5
Observed Raman frequencies (cm ') and assignment of carbonate phases identified in studied specimens.
Vibration mode Phase Present in (specimens)
1085 (vq) Calcite or Aragonite All
855 (va) Aragonite All except 1 x 107 L
750 (v4) Vaterite 2x10°L
723 (vq) Amorphous calcium carbonate 2x10°L
711 (v4) Calcite All
280 (lattice) Calcite All except 1 x 107 D
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Low magnification Medium magnification High magnification

Control

2x105%-D

2x10%-L

1x10’-D
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Fig. 10. FE-SEM images after 7 days of curing (a-c) Control (d—f) 2x10°-D (g-i) 2x10°-L (j-1) 1x107-D (m-o0) 1x107-L at low magnification at low,
medium and high magnifications.

4.1. Influence of bacteria concentration on the modification of mortar properties

In earlier studies involving ureolytic bacteria, cell concentrations varying from 10*-10'* (see Table 1) have been investigated to
determine the optimum concentration for mortar/concrete. Most of these studies reported 10° cells/ml as the optimum concentration
for various bacteria types, both in the absence of nutrients [15,16,18,24,43,63,64], and when nutrients were included as part of mixing
water [25,28,65]. Yet, a few studies suggested 107 cells/ml as the optimum cell concentration for strength [59,66], and for water
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Fig. 11. FE-SEM images for 2x10°-D at 7-days of curing: (a) Site 1 on sample (b) Site 2 on sample (c) Site 3 on sample.

absorption [13,43]. In this study where B. cohnii was used, the optimum concentration within the two concentrations considered was
10° cells/ml for both strength and porosity, in agreement with earlier studies involving ureolytic bacteria. The use of 107 cells/ml of
B. cohnii often yielded a decrease or an insignificant influence on strength, in the present study and in the study by Hui et al. [9]. This is
in contrast to two other earlier studies involving B. cohnii where 107 cells/ml is regarded as the optimum concentration [8,10]. It is
unclear whether batch-to-batch variations in B. cohnii cells could impact the performance of bacterial mortar/concrete. While the
inclusion of bacterial cells in mortar/concrete can be beneficial, the use of bacteria concentrations that are too high could overwhelm
cementitious matrices with strength-inhibiting by-products of cement hydration, thereby resulting in unintended negative outcomes.
Overwhelming amount of bacterial cells incorporated into mortar mixes by Su et al. [17] and Bundur et al. [26] increased setting time
and retarded the early hydration process of the mortar.

4.2. Influence of bacteria status — live or dead — on the modification of mortar properties

A number of studies involving ureolytic and non-ureolytic bacterial cells in mortar/concrete have considered the use of dead cells
alongside live/vegetative cells [8,9,30]. Dead cells are prepared by killing live cells with autoclaving or UV-light [9]. The activity of
live bacterial cells might determine the secretion of an organic matrix which regulates the precipitation of calcite and vaterite [60].
Like live cells, dead cells provide nucleating sites for the precipitation of calcite and other beneficial minerals [8]. In fact, dead cells
may sometimes exhibit greater binding capabilities in comparison to live cells [36,37].

In this study, it was shown that both dead and live cells promoted the precipitation of calcite (see Sections 3.5 and 3.6), and yielded
higher strength in agreement with [8,30], and lower porosity values, in comparison with the control, especially at early ages. It was
observed that the specimens with 2 x 10° live cells/ml specimens yielded slightly higher compressive strength in comparison with
those with dead cells, after 3 and 7 days of curing (p < 0.05). This may be explained by the capacity of live cells to provide a more
potent nucleating site, owing to the more negative surface charge in the live cells of B. cohnii than dead cells, as shown in the zeta
potential analysis conducted by Skevi et al. [8]. Further studies are required to fully unravel the link between viability status, cell
surface physico-chemical properties and crystal nucleation.
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4.3. Influence of curing age on the modification of mortar properties

While some studies show that the inclusion of bacteria in mortar/concrete resulted in an increase in strength which continued to
increase with the curing age of the specimens [17,18,24,25,64], others showed a diminishing influence of bacteria inclusion with time
[9,26,30,67,68]. The decrease in the potency of bacteria to cause an increase in strength was attributed to a decomposition of bacterial
cells over time, thereby releasing cellular contents such as proteins and peptidoglycan which might weaken mortar/concrete matrices
by interfering with the cement hydration process [9,12,30].

In this study, higher early strength was obtained for the specimens with 2 x 10° cells/ml at 3 and 7 days of curing, while the least
difference was obtained between the specimens and the control at 28 days of curing. In the study conducted by Bang et al. [68], the
insignificant difference obtained between the strength of bacterial specimens in comparison to the control was attributed to lower
amounts of viable cells. Although calcite precipitation occurred as early as within 4-16 h with or without a Urea-CaCl, medium [67,
68], the amount of viable cells left in the matrices of bacterial mortar specimens decreases over time as found in earlier studies [19,31].
Mitchell and Ferris [33] also showed that the rate of calcite precipitation increased until day 2 and then decreased thereafter. The
decline in strength enhancement observed in the specimens with 2 x 10° live cells/ml after 3 days of curing may be due to the decrease
in the amount of viable cells with time.

Mortar matrices containing autoclaved (killed) cells can yield better strength properties than the control, as the cells act as
nucleating sites for the precipitation of strength-enhancing crystals. However, the decomposition of both dead and live cells over time
can release substances deleterious to continuous strength development. Bundur et al. [26] showed that while live cells helped to
maximise calcite precipitation at early ages (up to day 7), specimens with dead cells had similar calcite content as with live cells and
the control, by the 28th day of curing.

The specimens with 1 x 107 cells/ml exhibited retarded strength development at early curing ages, and yielded similar or slightly
higher strength than the control at 28 days of curing (see Tables 2 and 3). It is possible that decomposed matter from the high con-
centration of bacterial cells was in sufficiently large quantity to act as fibre which slightly enhanced flexural strength at later stages. It
has been suggested that dead cells can serve as organic fibres yielding better strength performance [30]. In particular, the 28-day
flexural strength for the M2 specimens with 1 x 107 cells/ml were slightly higher in comparison with the control. The presence of
fibre in cementitious matrices limits crack width and provides structural rigidity under flexural loading, and may be responsible for
observed increase in flexural strength.

4.4. Influence of water-cement ratio on the modification of mortar properties

Water-cement ratio is one of the factors that have been identified to influence the performance of bacterial cells in mortar/concrete
[8,13,25,38]. The increased porosity derived from a higher water-cement ratio could provide more room for the calcite precipitated by
bacteria as they act as nucleating sites. Therefore, it is expected that the enhancement in strength derived from bacterial cells should be
more pronounced as water-cement ratio increases, although the overall strength for cementitious matrices decreases with an increase
in water-cement ratio. On the other hand, the higher porosity in specimens with higher water-cement ratio may increase the optimum
number of bacterial cells required to precipitate crystals in sufficient quantity to fill pores [13].

In this study, the influence of water-cement ratio on the properties of bacterial mortar was more pronounced for porosity than for
strength. The porosity of M1 (0.50 w/c) bacterial mortar specimens were lower than the control (see Fig. 6), while smaller difference
was observed for the M2 specimens (0.45 w/c). The higher water-cement ratio and pore spaces in the M1 specimens may have provided
more room for precipitated calcite to fill, hence the more pronounced porosity modification observed. In terms of strength modifi-
cation by bacteria inclusion (see Fig. 1), the M2 specimens (0.45 w/c) did not significantly outperform the M1 specimens (0.50 w/c),
similar percentage differences were observed from both water to cement ratios. This is contrary to the findings from Andalib et al. [25,
38] who showed that the increment in compressive strength derived from the use of bacteria in concrete continued to rise as the
water-cement ratio decreased, due to more calcite produced within the tiny concrete pores and cavities. Instead, it is more plausible
that a reduction in water-cement ratio will provide minimal pore space for calcite precipitation.

4.5. Mechanism by which addition of bacteria modifies mortar properties

The modification of mortar/concrete matrices by the presence of ureolytic bacteria has been attributed to the precipitation of
calcite (MICP) or as a result of bacterial cells providing nucleating sites for the precipitation of minerals including C-S-H and C-A-S-H
[12-15,31-33]. However, from the few studies involving non-ureolytic B. cohnii in mortar/concrete, Kumari et al. [10] suggested
MICP as the mechanism by which the bacteria improve the strength of mortar, while Skevi et al. [8] and Chaurasia et al. [11] argued in
favour of other minerals such as C-S-H and C-H nucleated by the presence of bacterial cells.

Although the formation of calcite is indicated in bacterial mortar and control specimens considered in this study (see Figs. 9 and
11), the higher calcite intensity obtained specifically for the bacterial mortar specimens containing 2 x 10° cells/ml, and the lower
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porosity derived from bacterial mortar specimens in comparison to the control, indicate calcite formation as a possible mechanism by
which presence of B. cohnii cells modifies the properties of mortar. Given that addition of both live or dead cells gave similar results,
this calcite formation likely occurred as a result of the cells acting passively as nucleating sites for calcite precipitation. Pore-filling
effects of calcite crystals and bacterial cells acting as microparticles have the capacity to reduce porosity and increase the compres-
sive strength of cement mortar as observed in this study. Furthermore, the formation of C-S-H phases with lower Ca/Si ratio as
indicated in the element composition analysis (see Table 4) may also be responsible for the higher early strength obtained for the
specimens with 2 x 10° cells/ml.

5. Conclusion

This study contributes to the small number of existing studies on the use of non-ureolytic bacteria for direct strength improvement
in mortar/concrete by investigating the influence of B. cohnii, a non-ureolytic bacterium, on the strength and microstructural prop-
erties of mortar. The mechanisms by which presence of B. cohnii modifies the properties of mortar and the roles played by factors such
as bacteria concentration, bacteria status, water-cement ratio on the modification were investigated. The factors considered have not
been combined as done in the present study, in the few studies in the literature where B. cohnii has been incorporated in mortar/
concrete. The following are the conclusions drawn from the study:

Both dead (autoclaved) and live B. cohnii cells are capable of enhancing the early strength of mortar, likely by serving as nucleating
sites for mineral precipitation. Given the short life span of live cells within the aggressive alkaline environment of cement, live and
dead cells may impact the properties of mortar/concrete in similar manner in the long term as both live and dead cells decompose over
time.

The identified mechanisms by which presence of B. cohnii cells modifies the properties of cement mortar include the formation of
calcite crystals and the ability of bacterial cells to act as microparticles which fill pores and reduce porosity, and the precipitation of
dense C-S-H minerals with low Ca/Si ratio. Other possible mechanisms which could not be verified in this study include decomposed
bacteria matter acting as fibres especially when they are in large quantity, and the formation of strength-enhancing minerals other than
C-S-H through the interactions of the bacterial cells with ions in their environment.

The high early strength derived from the use of 10° cells/ml holds prospects for the use of B. cohnii for early strength development
in pozzolana mortar/concrete materials where early strength development is slow. Superior durability properties can be benefited
from the use of B. cohnii in lightweight cementitious materials where the need to reduce porosity can be critical. Ultimately, the
findings of this study encourage the adoption of B. cohnii as a non-polluting, low carbon additive for enhanced properties in mortar/
concrete.
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Appendix A. Sample specimens

Figure Al shows sample specimens in this study before and after flexural strength test.
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(®
Fig. Al. (a) Sample bacterial mortar specimen before flexural strength test (b) Sample bacterial mortar specimen after flexural strength test.

Table Al
Concentration of bacterial cells used in mortar/concrete matrices in the literature

Bacteria concentration Bacteria type and references Result
(cells/ml)
10'- 10 B. subtilis [15,16]; E. coli [63]; Shewanella specie [18,64] Negligible/Marginal
positive effect
103- 10 B. megaterium [25]; Sh lla specie [18,64]; B. pasteurii also known as S. pasteurii [28,30,43]; B. subtilis ~ Moderate positive effect
[13-16]; phylum Firmicutes [65]; E. coli [63]
105-10° B. megaterium [22,25]; ACRN3 and ACRNS5 [24]; Shewanella specie [18,64]; B. pasteurii also known as Optimal effect

S. pasteurii [26,28,31,43,58,68,691; B. cohnii [8,10]; Bacillus specie [38,55]; B. sphaericus [59]; B. subtilis
[13-16]; phylum Firmicutes [65]; B. Acetophenoni & B. Odysseyi [66]; B. aerius [70]
107- 108 B. megaterium [11,19,25]; B. cohnii [8-11]; Shewanella species [18,64]1; ACRN3 and ACRN5 [24]; Optimal/Strong positive
B. subtilis [12,13]; B. pasteurii also known as S. pasteurii [11,28,31,58,68]; B. sphaericus [40]; effect
Spore-forming bacteria [271; Bacillus specie [55]; B. sphaericus [59]; B. Acetophenoni & B. Odysseyi [66];
Neisseria perflava [2.3]

10°- 1010 B. cohnii [8]; B. pasteurii also known as S. pasteurii [58,681; B. sphaericus [59] Sub-optimal positive
effect
103- 1014 B. mucilaginosus [17] Marginal/Negative effect

Appendix B. Mercury Intrusion Porosity

Figure Al shows the MIP data for the control M1 specimen and the bacterial mortar with 2 x 10° dead cells/ml at 7 and 28 days of
curing. As expected, porosity decreased with the age for both the control and the bacterial mortar. The bacterial mortar specimen had
higher porosity than the control at 7 days of curing. This was unexpected, and considered an outlier, given that other bacterial mortar
specimens had lower porosity values than the control at 7 days (see Fig. 6). The reduction in porosity is attributed to the formation of
crystals and minerals from the bacterial cells acting as nucleating sites for calcite precipitation. The lower porosity obtained from the
bacterial mortar specimen in comparison to the control, at 28 days, supports the consideration of the porosity value at 7 days as an
outlier.
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Fig. B1. Porosity of specimens at 7 and 28 days of curing

15



P. A

desina et al. Journal of Building Engineering 119 (2026) 115156

Data availability

Data will be made available on request.
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