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Abstract

This study investigated the effectiveness and limitations of newly developed biological mortars regarding chloride ion
diffusion resistance. Through several tests on the glycocalyx production capacity and growth potentials of bacteria
cells under marine environments, Bacillus licheniformis was isolated and immobilized in the expanded vermiculites
together with a bacterial culture medium for producing biological mortars. The chloride ion diffusion coefficient

of the mortars up to 91 days was determined through natural diffusion cell tests. Subsequently, the service life

of RC structure repaired with biological mortars under chloride attack was evaluated considering multilayer theory
and time-dependent diffusion. The addition of expanded vermiculites immobilizing Bacillus licheniformis significantly
reduced the chloride ion diffusion coefficient. When its addition increased from 10 to 30%, the chloride ion diffusion
coefficient decreased by 50-90% compared to that of mortars without bacteria. The service life of reinforced con-
crete structures repaired with biological mortars containing 30% expanded vermiculite concentration and thickness
of 50 mm was evaluated to be six times longer than that of repaired with conventional mortar. Overall, this novel
approach holds significant potential in addressing the salt-induced deterioration challenges faced by RC structures.
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1 Introduction

Chloride-induced corrosion of reinforcing bars strongly
affects safety of concrete structures exposed to marine
environments or deicing chemicals. The strong alkalin-
ity of the cement matrix in a reinforced concrete (RC)
structure induces the formation of a passive layer of iron
oxide on the surface of the reinforcing bar, which low-
ers its corrosion feasibility significantly and prevents its
progress (Broomfield, 1997; Jung et al. 2018; Kwon et al.
2009). However, the intrusion of chloride ion leads to the
local failure of the passive layer, which initiates corrosion.
The service life of RC structures under chloride ingress
condition is usually defined as the time at which the criti-
cal chloride concentration which can cause corrosion
reaches the surface of the reinforcing bars (Nguyen et al.,
2017; Yang et al. 2017).
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To prevent the corrosion of the reinforcing bars, the
effect of chloride on concrete can be controlled by apply-
ing the following engineering techniques (Petcherdchoo
et al. 2015; Scarfato et al. 2012; Yoon et al. 2021; Yuan
et al. 2017): (1) reducing the concentration of free chlo-
ride in concrete where the reinforcing bars are located;
(2) retarding the penetration of chloride into concrete
by controlling the its flux; (3) inducing the formation of
binding salts like Friedel’s salts, to densify the cement
matrix structure for enhancing durability and delay of
diffusion. The above techniques can be adopted to an
undamaged concrete structure before it is exposed to
chloride attack to delay its deterioration. However, in
structures that have been exposed to marine environ-
ments or deicing chemicals for a long time, the chloride
concentration at the reinforcing bar surface may reach
the chloride threshold due to its diffusion or convection.
Deterioration phenomena, such as cracking and delami-
nation of the surface concrete owing to the swelling of
the reinforcing bars, have been frequently observed in
such structures (Shaikh, 2018). As a usual, restoring
the concrete that has been suffered from cracking and
delamination requires rehabilitation with anti-rust treat-
ment. Surface coating techniques employing organic sol-
vents or salt-resistant concrete containing blast furnace
slag or fly ash are widely used for protecting concrete.
Surface coatings with organic surface layer physically
block the chloride penetration from the concrete sur-
face, thereby significantly improving the impermeability
of the concrete (Diamanti et al. 2013). However, using
organic solvents needs frequent repairs of the concrete
structure due to the defects caused by material hetero-
geneity in the structure. In view of economic feasibility,
organic-solvent layers applied to impart impermeabil-
ity to concrete surfaces have a relatively small thickness
of 1-2 mm; hence, weathering and physical erosion are
commonly observed in offshore structures moored in rel-
atively severe environments, such as breakwaters (Wetzel
et al. 2006; Woo et al. 2008). Salt-resistant concrete mix-
tures containing blast furnace slag or fly ash can improve
the chloride-binding capacity of cement-based concrete,
thereby delaying chloride penetration and reducing free
chloride content (Arya et al. 1990; Arya & Xu, 1995; Dhir
et al. 1997; Luo et al. 2003; Petcherdchoo et al. 2015). The
formation of Al,O;-Fe,0; mono (AFm) phase increases
when salt-resistant concrete is mixed with blast furnace
slag or fly ash due to the high Al,O5 content, which can
improve the chloride-binding capacity and delay chloride
penetration (Yuan et al. 2009). The AFm phase may ini-
tially exhibit a high chloride adsorption capacity; how-
ever, it depends on the chemically equivalent compounds
produced through the reaction of the AFm phase and
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chlorides, bound as insoluble compounds, such as Frie-
del’s salt (Yoon et al. 2021).

Most maintenance techniques with bacteria employed
for improving the impermeability of concrete or control-
ling the penetration of corrosive agents focus on crack
healing using calcium carbonate precipitated by bacte-
ria (Qian et al. 2021; Wang et al. 2016). Although crack-
healing techniques and the chloride-control techniques
described previously share the same purpose, the appli-
cations of these techniques differ in principle. The for-
mer is intended to heal cracks unavoidably caused by the
temperature-induced expansion, contraction of concrete,
and excessive load during maintenance, and control the
penetration of corrosive species into the cracks. There
are some local limitations to applying crack healing to
concrete structures exposed to deteriorating conditions,
regardless of the extent of the damaged and undamaged
parts, so that achieving a better control of chloride pen-
etration in concrete or mortar is difficult for the purpose
of crack healing (Zahn et al. 2022). Several studies pre-
sented a technique for improving the durability of con-
crete using glycocalyx, a biofilm formed by bacteria in an
environment exposed to sulfates (Yang et al. 2018). Gly-
cocalyx formed by bacteria was used as a protective body
to control sulfate penetration. The resistance of the mate-
rial, to which the strains were applied, against sulfuric
acid degradation increased by 9-11 times compared to
that of a conventional material (Yoon et al. 2022a, 2022b).
By effectively sealing the concrete’s porosity and provid-
ing an additional protective layer, biological mortars offer
a sustainable and eco-friendly solution for enhancing the
durability and extending the service life of concrete infra-
structure in salt-laden environments.

In this study, a biological mortar with a high resist-
ance to salt damage using glycocalyx generated by halo-
philic bacteria was newly developed. Considering the
glycocalyx production capacity, growth, and propagation
potential in a marine environment, Bacillus licheniformis
was isolated and immobilized in expanded vermiculites
together with a bacterial culture medium, following the
immobilization technique employed in the previous work
(Yoon et al. 2021). The compressive strength and chlo-
ride ion diffusion coefficient of mortars were examined
considering the concentration of expanded vermiculite-
immobilizing bacteria. The population of bacteria that
survived in the hardened mortars exposed to NaCl solu-
tion having a concentration of 165 kg/m® was assessed
using the viable cell count method (Freshney, 1987).
Subsequently, the expected service life of the concrete
repaired with the developed biological mortar was evalu-
ated using multilayer diffusion theory and time-depend-
ent penetration analysis in marine environments.
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2 Experimental Details

2.1 Identification of Bacteria

The glycocalyx-forming halophilic bacteria were iso-
lated from mussel shells found in Wando port, Cheon-
nam province, South Korea. The isolated bacteria were
inoculated in a marine medium (Table 1) with a con-
centration of 3.5% NaCl and subsequently cultured
under aerobic conditions at 28+2 °C. The cultured
bacterial strains were identified individually using
16s-rDNA sequence analysis through polymerase chain
reaction of DNA chromosomes extracted using pro-
teolytic enzyme treatment, and the distinct phenotypic
characteristics were analyzed using a transmission elec-
tron microscope (TEM) (Imhoff et al. 1984; Kawasaki
et al. 1993; van Niel 1994; Willems et al. 1991). The
DNAs of the strains were compared with the bacterial
sequence database from the US National Center for
Biotechnology Information using a microbial phylo-
genetic tree-analysis tool (Table 2). The TEM analysis
was conducted based on Brenner et al. (2005)’s tech-
nique for observing bacterial cell size, morphology,
and motility. Fig. 1 shows the TEM images of bacteria
cells incubated in a marine media for 7 days. Using the
aforementioned indicators, the isolated strains could
be identified as Bacillus licheniformis (HY072501), as
determined from the phylogenetic tree (Fig. 2). Bacil-
lus licheniformis cells were rod shaped with lengths of
2.5-3.5 pm. This bacterium could be characterized as a
gram-positive facultative anaerobe, indicating high tol-
erance to salinity, and good activity and growth over a
wide range of temperatures.

Table 1 Characteristics of isolated slime forming halophilic
bacteria

Characteristics Bacillus licheniformis HY072501

Cell form Rod
Cell size (um) (0.2-0.5)x(2.5-3.5)
Motility +
Bacterial metabolism Facultative aerobe
Gram staining +
Denitrification +
Color of cell suspension Cream
Utilization of
Succinate acid +
p-Glucuronic acid
p-Galactose -
p-Glucose +
Stachyose +
Methyl red test -
Citrate test -
Catalase test +
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Table 2 Results of 765 rDNA sequencing analyses for isolated
bacteria

Strain Hit taxon Hit strain Accession Identities (%)
name name number

HY072501  Bacillus ATCC AE017333 99.86%
licheniformis ~ 14580(T)

Bacillus licheniformis is known to formulate glycocalyx
on the outer cell skins to protect the cell and accelerate
the interaction with other bacteria by blocking harmful
substances that cause growth inhibition in an oxygen-
deficient environment. The primary chemical compo-
nents of glycocalyx are commonly accepted as mannose,
rhamnose, glucosamine, galactose, phosphorus, and fatty
acids (Yoon, 2021). Glycocalyx is composed of a sparse
slime layer and polymer skin capsule that tightly sur-
rounds a cell. The slime layer absorbs cations, including
sodium (Na'), calcium (Ca®"), and magnesium (Mg>")
and anions including chlorine (Cl7) and sulfate (SO42’),
which are abundant in seawater, as nutrients necessary
for the growth of bacteria. The physical immobilization
of such ions by glycocalyx can be used for blocking pen-
etration of free chloride ions from the concrete surface
and thereby reduce the formation of soluble calcium
chloride in the cement matrix. Hence, bacterial glycoca-
lyx can serve as a protective barrier for mortars against
the salt attack.

2.2 Cultivation and Immobilization of Isolated Bacteria

The main components of the MRS media, such as
sodium chloride, proteose peptone, yeast extract, and
sodium acetate, used to cultivate the isolated bacteria,
are listed in Table 3. The sodium chloride was intended
for emulating the salt concentration (approximately
3.5%) of seawater. The Bacillus licheniformis bacteria
require a carbon source (C,H,O,) to encourage the
formation of glycocalyx under anaerobic conditions
(Yoon, 2021). Hence, the amount of glycocalyx gener-
ated by the bacteria is significantly affected by the type

Fig. 1 TEM images of isolated bacteria
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Bacillus mojavensis RO-H-1

Bacillus subtilis subsp. subtilis DSM10

Bacillus amyloliquefaciens BCRC 11601

Bacillus sonorensis NBRC101234

100 |- Bacillus licheniformis ATCC 14580

bacillus licheniformis HY072501 I

Bacillus aerophilus 28K

Bacillus altitudinis 41KF2b

100

~ Bacillus pumilus ATCC 7061

98

Bacillus safe fensis FO-36b

is subsp.

— Bacillus pseudomycoides DSM 12442

100 [~ Bacillus thuringiensis gv. thuringiensis ATCC10792

44| Bacillus anthracis Ames
57 5 i
L— Bacillus mycoides DSM 2048

Pseudomonas argentinensis CHO1

Fig. 2 Phylogenetic tree of isolated bacteria

Table 3 MRS media compositions for Bacillus licheniformis

Nutrients Quantity
Proteose peptone No.3 50¢
Yeast extract 709
Ammonium citrate 10g
Sodium acetate 2549
Magnesium sulfate 0.1g
Manganese sulfate 0.025g
Di-potassium phosphate 109
Sodium chloride 359
Distilled water 1L

of carbon source that the bacteria have consumed as
nutrients during its growth. In this study, glycocalyx
formation was examined with respect to different car-
bon concentration of glycocalyx produced during the
24 h culture of the isolated bacteria was determined
through centrifugation (7000 rpm/min, 7 min). Fig. 3
shows the typical images of bacteria medium and the
various separated glycocalyx sediments. The Bacil-
lus licheniformis produced more glycocalyx in glucose
medium than in fructose or sucrose media. The glyco-
calyx concentration estimated in the glucose, fructose,

(a) bacteria medium

(b) centrifugated sediment

Fig. 3 Images of cultivated bacteria medium and differentially
centrifugated glycocalyx sediment

and sucrose media were 0.95 g/l, 0.84 g/l, and 0.91 g/I,
respectively. Hence, the glucose as the carbon source
that encourage the formation of bacterial glycocalyx
was selected. The cells were incubated at 28 +£2 °C until
the cell concentration reached 10° cell/ml. The culti-
vated bacteria were inoculated in a culture medium, in
which chloride ions were removed through filtration.
Subsequently, they were used for tests.

The expanded vermiculites in which the inoculated
bacteria were immobilized had a porosity exceeding
50% and a density of 0.25 g/cm?, as previously inves-
tigated by Yoon et al. (2022a, 2022b). The particle size
of the expanded vermiculites varied between 0.25 and
0.36 mm. The immobilization of bacteria together with
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the media in a porous material aims to improve the
survival of the cells during mortar mixing and within
the hardened cement matrix, and to elevate the activ-
ity of the bacteria even under a dry environment. The
pores of the expanded vermiculates were impregnated
with the concentrated bacterial suspension (concentra-
tion > 10° cells/ml) under a negative pressure environ-
ment of 10-20 torr in a sealed container. The negative
pressure is generated by forcibly discharging the air
in the pores inside the immobilization material. Fig. 4
shows the scanning electron microscope (SEM) images
of the bacterial colonies and glycocalyx generated
by the bacteria immobilized in the porous expanded
vermiculites.

2.3 Biological Mortar Specimens

The biological mortars were prepared with the
expanded vermiculites immobilizing the Bacillus
licheniformis and MRS media. The amount of the
expanded vermiculite for replacing fine aggregates
by volume was the main test parameter, as given in
Table 4. Hence, the mortar specimens were identified
using the volume fraction of the expanded vermiculite,

Bacteria :
SRS A~
5 Sk AoR

o

"-.Sv_‘\."
N

~ Al o)

Glycoclayx .
(generated by
bacteria)

Table 4 Details of mixture proportions for mortar specimens
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except for the control specimen (C) without the bacte-
ria. For example, specimen BL-10 indicates a biological
mortar prepared using 10% expanded vermiculite to
the volume of fine aggregates.

The same mixture proportions were considered for
all the mortar samples. The water-to-binder ratio and a
fine aggregate-to-binder ratio were fixed at 0.35 and 2.0,
respectively. Conventional ordinary Portland cement
with a Blaine fineness of 3340 cm?/g and density of
3.15 g/cm® was used as the main binder. Ethylene vinyl
acetate (EVA) polymer was also added at 5% of the unit
binder concentration to increase the bond strength of
the mortars with the concrete surface. Natural silica sand
with particle size varying between 0.17 and 0.7 mm was
used as fine aggregates. No water-reducing agents were
used in any of the mixtures.

The fresh mortars were cast into 50 mm cubic steel
molds to test compressive strength at different ages and
cast into cylindrical molds with a diameter of 100 mm
and a height of 200 mm to examine the chloride ion dif-
fusion coefficient. The cast mortars were cured at a room
temperature of 20+2 °C and relative humidity of 60 + 5%
for a specified age.

Specimens Bacteria strain R (%) wiB S/B Unit weight (kg/m°)
Water Binder EV Silica sand
OPC EVA polymer
@ - 0 0.35 20 262 675 75 - 1501
BL-10 Bacillus licheniformis 10 248 638 70 47 921
BL-20 20 233 600 66 44 867
BL-30 30 218 562 62 42 812

Re=ratio of expanded vermiculite immobilizing bacteria and media as a replacement of silica sand by volume, W/B = water-to-binder ratio by weight, and S/C=silica

sand-to-binder ratio by weight

OPC, EVA, and EV refer to ordinary Portland cement, ethylene vinyl acetate, and expanded vermiculite, respectively
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2.4 Test of Strength and Chloride Diffusion

The compressive strength of the mortar was evaluated at 3,
7, 28, 56, and 91 days in accordance with the ASTM C109
(ACTM C109 2012) procedures. The chloride ion diffu-
sion coefficient of the mortar was determined using the
natural diffusion cell test method (Tritthart, 1989), which is
more practical for simulating the chloride diffusion mecha-
nism in an actual concrete structure exposed to salt attack
than using a rapid chloride migration test with an electri-
cal acceleration technique, although the former method
requires long-term measurement (Wang & Fu, 2019). Note
that the natural diffusion cell tests do not require applying
current or voltage to measure the diffusion coefficient of
chlorides. In addition, the electrical acceleration technique
may vield too high chloride ion diffusion coefficients for
mortar containing high porosity through a high electrical
conductivity (Pontes et al. 2021). Fig. 5 shows the meas-
uring set-up used for the natural diffusion cell test. The
acrylic chamber was partitioned into two cells by a cylin-
drical mortar segment with a diameter of 100 mm and a
height of 50 mm that was placed at the center of the cham-
ber. The mortar segment was obtained from the cylinders
cured at room temperature for 28 days. One cell was fully
filled with distilled water and the other with NaCl solution
at a concentration of 16.5 kg/m?® (Yoon et al. 2022a, 2022b).
The variation in chloride ion concentration up to 150 days
was measured using LAQUA Bench top analyzer and a
chloride ion electrode installed at each cell. When the chlo-
ride ion concentration profile is expressed as a function of
time, the chloride ion diffusion coefficient (D;) can be cal-
culated using the following equation.

VAQ L
=— X
AAT

(1)

i
1 —C

where, V is the volume (m®) of the diffusion cell, AQ is
the increased chloride ion concentration (kg/m?) in the
cell containing distilled water, A is the exposed area (m?)

2ne + x
= 22 (%)

2 ad 2+ 1 k(x —
kCs Za”erfc 2n+ e+ kx —e)
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—m\ t

2
N=0 2
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Page 6 of 12

of the mortar segment (m?), AT is the cumulative testing
time (s) after the initialization, L is the thickness (m) of
the mortar segment, c; is the chloride ion concentration
in (kg/m?) the cell containing NaCl solution, and c; is the
chloride ion concentration (kg/m?®) of the cell containing
distilled water.

The survival and activity of the bacteria were assessed by
employing the viable cell count method (Yoon et al. 2022a,
2022b) using powder samples extracted from the mortar
segments used for the natural diffusion cell test to simu-
late the exposure to the salt attack. The population of viable
bacterial cells in the mortar segments was estimated quan-
titatively in accordance with the cell viability procedure
(Yoon et al. 2021). The production of bacterial glycocalyx
on the mortar segments was confirmed using SEM photo-
graphs. To observe the glycocalyx produced on the mor-
tar surface, the samples were prepared for energy-filtering
transmission electron microscopy.

2.5 Expected Service Life Assessment

The biological mortars developed in this study were pri-
marily intended for repairing concrete damaged by chlo-
ride ingress. The repair mortars are placed after removal
of the contaminated concrete surface; the renewal layer is
a multilayer structure with a chloride ion diffusion coef-
ficient different from that of the conventional layer to be
repaired. Therefore, the chloride ion diffusion behaviors
in the conventional and the newly repaired mortar layers
were investigated (Yang et al. 2020a, 2020b). The chlo-
ride-penetration analysis model for a multilayer struc-
ture, based on Fick’s 2nd Law, is expressed in Eq. (2). In
a concrete structure, the porosity, ion concentration gra-
dient, and chloride ion diffusion coefficient decrease with
time after chloride exposure. Therefore, diffusion analysis
in a multilayer considers the time-dependent penetration
index of chloride ion diffusion from the aspect of multi-
layer diffusion theory (Andrade et al. 1997; Yoon et al.
2022a, 2022b).

2n+2)e—x

m
D1 to
2\ 1iom (7) t
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where, C; and C; are the chloride concentrations in the
concrete surface and body (kg/m?), respectively; Dy and
D, are the diffusion coefficients of the concrete surface
and body (m?/s), respectively; k = (D; + D)V o =
(1 — k)/(1 + k); and e is the thickness of the surface rein-
forced through surface repair. The diffusion coefficient
of the surface, Dj, was assumed to be smaller than the
internal diffusion coefficient, Cy, to simulate the diffusion
coefficient of a deteriorated concrete surface. In addition,
m and t, were assumed to be the time-dependent index
of the diffusion coefficient and the time required for the
diffusion coefficient to stabilize (30 years), respectively
(Thomas & Bamforth, 1999; Thomas & Bentz, 2002).
Factors that affect the diffusion of chloride ions in a
material include the related ion concentration, distance
travelled, time of measurement, and temperature of
the material. To apply the chloride ion diffusion coef-
ficient to evaluate service life using the natural diffusion
test method, the diffusion coefficient in a steady state is
more reasonable (Tritthart, 1989; Yoon, 2021), so that
the chloride ion diffusion coefficient of the biological
mortar was evaluated after 91 days of the test start. The
value of the chloride ion diffusion coefficient of conven-
tional concrete was adopted from the previous results
(Yang et al. 2020a, 2020b). For calculating the service

Fig. 5 Typical setting images of natural diffusion cell test

life, 50 mm of concrete cover depth was assumed and the
contained chlorides were cleanly removed from the sur-
face of the concrete after completely removing the dete-
riorated parts of the concrete. According to the assumed
conditions of the conventional layer, the thickness of the
biological mortar was changed to 10 mm, 30 mm, and
50 mm, and the bacterial substitution ratio was adjusted
accordingly. The service life was determined when the
maximum chloride concentration on the surface of the
reinforcement bar reaches 0.4% by binder mass as chlo-
ride threshold (Bagheri et al. 2021).

3 Test Results and Discussion

3.1 Compressive Strength Development

The results of compressive strength in biological mortar
from 3 to 91 days are shown in Fig. 6. Test results are also
summarized in Table 5. The compressive strength of the
conventional mortar was the highest at all ages. Increas-
ing the volume fraction of the expanded vermiculite
containing immobilized Bacillus licheniformis, a halo-
philic glycocalyx-forming bacterium, slightly lowered
the strengths of the biological mortars. The compressive
strengths of the repair mortars substituted with 10% and

O3 days @7 days B28days BE91 days

;
g
%
7
7
g
%

BL-30

Compressive strength (MPa)

BL-10
Specimens

Fig. 6 Compressive strength of specimens at different ages
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Table 5 Summary of test results on mortar specimens

Specimens Compressive strength (MPa) Chloride diffusion coefficient (x 1072 m?/s) Bacteria cell
population
(cell/ml)

3 days 7 days 28 days 91 days 56 days 91 days 150 days 91 days

C 259 342 421 46.2 1.62 1.45 1.32 -

BL-10 239 332 394 435 032 027 0.24 6.0x10*

BL-20 236 324 39.2 434 0.22 0.18 0.15 85x10%

BL-30 220 306 37.7 42.7 0.19 0.15 0.13 20x10°

1.8
1.6
1.4
1.2

856 days B91 days B 150 days

0.8
0.6
0.4
0.2

7=

BL-10 BL-20

(=}

Chloride diffusion coefficient (x 10712 m?/s)

Specimens

Fig. 7 Chloride diffusion coefficient of specimens at different ages

20% of expanded vermiculite measured at 28 days were
39.4 MPa and 39.2 MPa, respectively, which were only 6%
lower than the compressive strength of the conventional
mortar. The compressive strength of the BL-30 specimen,
which had the highest substitution ratio of the porous
expanded vermiculite, was the lowest of all specimens.
The compressive strength of the BL-30 specimen was
37.7 MPa at 28 days, which was approximately 10% lower
than that of the conventional mortar and those at the age
of 91 days, the BL-30 specimen was also about 8% lower
than that of the conventional mortar.

These results were obtained by 30% replacement of
the total volume of aggregate with a porous material in
the mortar mix and the strength reduction can be com-
pensated through adjusting unit water content and W/B
ratio.

3.2 Chloride lon Diffusion Coefficient

The pore structure in cement matrix is getting densified
with cement cluster expansion due to hydration reaction
and the chloride ion diffusion coefficient also decreases
with time (Riding et al. 2013), which have been reported
in numerous investigations (Bagheri et al. 2021; Nokken
et al. 2006; Riding et al. 2013; Thomas et al. 2020; Yang
et al. 2020a, 2020b; Zhang et al. 2019). Wang and Fu

Coating mortar

—— 100pm KGU
15.0kV SEI LM

4/15/2022
WD 11.0mm

Fig. 8 Typical images of glycocalyx formed on the surface
of biological mortar (magnified 250 times)

(2019) reported that the physical definition of the appar-
ent diffusion coefficient was the average of the chloride
ion diffusion coefficient during the exposure period. The
results obtained from the natural diffusion cell test can
be assumed to be the apparent diffusion coefficient using
the average of the chloride ion diffusion coefficient with
respect to the exposure period. In other words, the chlo-
ride ion diffusion coefficients during the natural diffu-
sion cells test are to be continuously collected at specific
moments to determine the changes in the apparent diffu-
sion coefficient. However, it takes months or years in this
case, considering the chloride permeability and diffusion
rate of the hardened cement in addition to the difficul-
ties in maintaining the actual environmental conditions.
Therefore, in this study, the chloride ion diffusion coeffi-
cient was evaluated from a short-term perspective based
on the data of chloride ion concentration inside the spon-
taneous diffusion cell collected during the test at 56 days,
91 days and 150 days.

The chloride ion diffusion coefficients of the biological
mortars estimated using natural diffusion experiments
are shown in Fig. 7. The chloride ion diffusion coeffi-
cients of all specimens at 91 days decreased compared
to that at 56 days and showed a marked difference with
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the substitution ratio of the expanded vermiculite con-
taining immobilized slime-forming bacteria. The chlo-
ride ion diffusion coefficient of the conventional mortar
was the highest among all specimens, 1.62x107** m?/s
and 1.45x 10712 m?/s at 56 days and 91 days, respectively.
The reduction of the result with age in specimen C was
approximately 10%. As can be seen from the details of
the cement mixtures listed in Table 4, specimen C had a
higher unit cement content, so that the improvement in
the internal-structure densification with age and reduc-
tion of the chloride ion diffusion coefficient with reduc-
tion in chloride permeability were expected to be better
in specimen C. However, the chloride ion diffusion coef-
ficient of specimens mixed with glycocalyx-forming
bacteria showed greater decreases compared to that of
specimen C with increasing age. In addition, the chloride
ion diffusion coefficient at all ages was lower than that
of conventional cement mortar. At 91 days, the chloride
ion diffusion coefficients of the repair mortar substituted
with bacteria at 10% and 20% were 0.27 x 10~ m?/s and
0.18x 1072 m?/s, respectively, which were much lesser
than that at 56 days by 15% and 18%, respectively. At
91 days, the chloride ion diftfusion coefficient of the repair
mortar substituted with glycocalyx-forming bacteria at
30% was 0.15x 107" m?/s, which was approximately 89%
lower than that of specimen C. In addition, the decreas-
ing amount in the chloride ion diffusion coefficient with
age was 21%, which was the largest among all specimens.
This is because of the block effect of glycocalyx formed
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Fig. 9 Bacterial colonies and cell population counts results
from the hardened mortars exposed to NaCl solutions for 91 days
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on the surface of the biological mortar on chloride
penetration.

Fig. 8 shows the images of glycocalyx formation on the
surface of specimen BL-30 exposed to NaCl solution with
a concentration of 16.5 kg/m? for 91 days. The thickness
of glycocalyx was estimated to be approximately 150 pm.
Glycocalyx can be formed at the mortar surface through
bacterial activity, which plays a role in blocking the pene-
tration and diffusion of chloride ions into the mortar. The
results from 150-day test showed similar trend with those
from 56 to 91 days, however, the reduction ratio with
increasing period was insignificant. The reduction ratio
of chloride diffusion with time in biological was greater
than that of conventional mortar. At the age of 150 days,
chloride diffusion coefficient in conventional mortar was
1.32x 1072 m?/s, which showed 9% of reduction ratio to
91-day result but B1-30 showed 13% of reduction ratio
from 91 to 150 days. The reduction ratio amounted to
60% of the result from 56 to 91 days. Considering the
non-linearly decreasing behavior of chloride diffusion
with time, chloride diffusion coefficient in conventional
mortar can be estimated. That in biological mortar shows
low level of chloride diffusion at the initial period so that
the reduction of chloride diffusion was small with time.

Concentration of chloride (kg/m?)

0 10 20 30 40 50 60 70 80
Distance from surface (mm)

Fig. 10 Analytical chloride ion concentration profiles in the concrete
structures repaired using mortar specimens at a thickness of 30 mm

Table 6 Parameters considered in the chloride-penetration
analysis model (Eq. 2)

Specimens Parameters in Eq. (2)

C, (kg/m) D, (m?/s) D, (m?%/s) m
C 5 132x107"? 35%x107" 0.2
BL-10 5 024x1071? 35x107"? 02
BL-20 5 0.15x 10712 35x10712 02
BL-30 5 0.13x 10712 35x107"? 02




Yoon et al. Int J Concr Struct Mater (2024) 18:15

—~ 600
g BC §BL-10 @BL-20 ©BL-30
2 500
8
g 400
Q
S 300
g N\
2 200 N\
2 100 \\ 3' §
E 0 e NN I_l\zgm .. &
10 mm 30 mm 50 mm

Repairing cover depth

Fig. 11 Expected service life of concrete structures repaired using
mortar specimens at different thicknesses

3.3 Survival Growth of Halophilic Glycocalyx-Forming
Bacteria

Fig. 9 shows the images of the bacterial colonies and
results of viable cell count of the bacteria cultured from
biological mortar samples after natural diffusion cell
test at 91 days. The viability of halophilic glycocalyx-
forming bacteria showed a significant correlation with
the chloride ion diffusion coefficient of the biological
mortar evaluated previously. As the substitution ratio
of the expanded vermiculite containing immobilized
Bacillus licheniformis changed from 10 to 30%, the via-
ble cell count of bacteria increased. The viable bacte-
rial cell count in specimen BL-10 was 6.0x10* cells/
ml and that of specimen BL-20 was 8.5x10* cells/ml,
which was approximately 41% higher than that of speci-
men BL-10. The viable bacterial cell count in specimen
BL-10 was 2.0% 10° cells/ml, which was 1.4 times and 2.3
times higher than those of specimens BL-10 and BL-20,
respectively. Considering the effect of substitution ratio
of Bacillus licheniformis on chloride ion diffusion coeffi-
cient, increasing the bacterial substitution ratio is more
effective for the formation of glycocalyx in the hardened
mortar to improve the survival population and control
the chloride penetration.

3.4 Service Life of Biological Mortar

Fig. 10 illustrates the time-dependent chloride ion diffu-
sion behavior in a multilayer concrete structure repaired
with biological mortar. This shows the profiles of chlo-
ride ion concentration in different types of mortar after
10 years; all repair mortars on the conventional layer
were 30 mm thick. In this analysis, the repair structure
was assumed to be exposed to harsh environment with
salt-spraying to the concrete with 5 kg/m® of surface
chlorides. The parameters considered in the chloride-
penetration analysis model presented in Eq. (2) are listed
in Table 6. The chloride ion concentration profile of the

Page 10 of 12

repair structure showed that in the biological mortar was
significantly lower than that in conventional repair mate-
rial. In particular, the chloride ion concentration in con-
ventional repair materials at a depth of 30 mm from the
surface was approximately 55 times higher than that in
specimen BL-30.

Fig. 11 shows the results of the predicted service life
with critical chloride content (0.4% by binder mass). The
expected service life increased with increasing repair
layer thickness; the difference from the calculating ser-
vice life of the repair materials was even greater accord-
ing to the increasing layer thickness. The service life of
specimen C with 10 mm of the repair-layer thickness was
the shortest at 21 years, followed by 45 years with 30 mm,
and 81 years with 50 mm. The results of specimen BL-10
increased by 1.7 times, 2.8 times, and 3.6 times under
a repair-layer thickness of 10 mm, 30 mm, and 50 mm,
respectively, compared to that of specimen C. Compared
to specimen C, specimen BL-20 showed a greater dif-
ference in expected service life with an increase in the
repair layer thickness. A repair-layer thickness of 50 mm
showed service life of 435 years, which was approxi-
mately 5.4 times longer than that of specimen C. From
the assessment results on chloride ion diffusion coeffi-
cient, the expected service life of specimen BL-30, which
was the shortest, became 486 years with increasing repair
layer thickness to 50 mm, which was approximately six
times longer than that of specimen C. Furthermore, the
service life of specimen BL-30 was 2.2 times longer than
that of specimen C even with a repair layer thickness of
10 mm.

With the same repair material, the increasing ratio of
service life decreased when the repair-layer thickness
firstly increased from 10 to 30 mm and then from 30 to
50 mm. The reduction amount was larger in the mix with
a low chloride ion diffusion coefficient. When the repair-
layer thickness of specimen C increased from 10 to
20 mm and then from 30 to 50 mm, the increasing ratio
of service life increased by 214% and 180%, respectively.
When the case of BL-10 firstly increased from 10 to
30 mm and then from 30 to 50 mm, it increased by 355%
and 227%, respectively, which showed a decrease of 36%
in the increasing ratio. As the case of BL-20 and BL-30
increased in the same manner, the service life increasing
ratio decreased by 44% and 45%, respectively. As shown
in Fig. 9, the repair material with a lower chloride ion
diffusion ion coefficient showed a greater decrease in
the chloride ion concentration from the surface so that
chloride ions deep inside the concrete exhibit an insig-
nificant difference even with an increase in the repairing
thickness.
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4 Conclusions

The aim of the study was to evaluate the chloride ion
diffusion coefficient of biological mortars using glycoca-
lyx-forming bacteria that inhibited the permeation and
diffusion of chloride ions in structures exposed to marine
environment. As further advancements are made in this
field, it is expected that biological mortars will play a piv-
otal role in revolutionizing concrete technology and fos-
tering the development of more resilient and long-lasting
infrastructure in salt-affected regions. The following con-
clusions were drawn from the study.

1) The compressive strength of the developed biological
mortars was equivalent to that of conventional mor-
tar.

2) When the volume fraction of expanded vermiculites

immobilizing bacteria increased from 10 to 30%,

the chloride ion diffusion coefficient decreased by

50-90% compared with that of control mortars with-

out bacteria. Additionally, the viable bacterial cells in

the hardened mortars increased from 6.0x 10* cell/

ml to 2.0x 10° cell/ml.

The glycocalyx formation with a thickness of approx-

imately 150 pm was observed on the surface of bio-

logical mortars containing 30% expanded vermicu-
lites immobilizing bacteria.

4) The service life of concrete structures repaired with
biological mortars containing 30% expanded ver-
miculites and thickness of 50 mm was expected to be
six-times longer than that of the concrete structures
repaired using the conventional mortar. Overall, the
application of biological mortars represents a sig-
nificant step towards enhancing the service life of RC
structures exposed to salt attack.
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