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This study analyzes the self-healing capability of conventional, High-Performance, and Ultra High-Performance
Concrete specimens, incorporating commercial bacteria products that are easily accessible, marketed, and
affordable from different sectors. Bacteria were incorporated into different mediums: immobilized in diatoma-
ceous earth and liquid. Specimens were pre-cracked to a range of 50-450 pm cracks and were left to heal for 28
days in 3 different conditions (1) water immersion, 2) one week of water immersion followed by three weeks in a
humidity chamber, and 3) humidity chamber. To evaluate the self-healing enhancements of specimens using a
bacteria-based healing agent, self-healing efficiency was quantified by optical assessment of crack closure, re-
covery of water tightness via water permeability testing, and chloride permeability via cracks and matrix. The
results show that bacterial agents increased the protection against chloride penetration in cracked and healed
specimens of conventional concrete, especially when the specimens were healed in water immersion. Owing to
the dense matrix of HPC and UHPC, the chloride penetration in the presence of cracks up to 400 pm can be kept
below 10 mm. Crack closure greater than 50% is required in UHPC samples to get a significant healing ratio. The
penetration through the cracks is approximately twice that of the matrix penetration in conditions when healing
is not enhanced.

healing [5,6]. The main consequence of the healing on properties would
be the crack closure [8-11], durability properties, such as water

1. Introduction

Cracks in concrete may reduce the durability of concrete structures
since they open a path for aggressive agents, substantially contributing
to increasing the permeability of the concrete [1,2]. According to
structural codes like Model code 2010, Eurocode 2, 1992, or BS
8110-1,1997(3,4], cracks up to 300 pm are allowed depending on the
environmental condition unless specific requirements like water tight-
ness must be met. Nevertheless, not all initial cracks progress into
harmful or unstable cracks. Autogenous healing of concrete is the
capability to seal its own crack under certain circumstances [5-7]. This
phenomenon is mainly produced by the hydration of un-hydrated
cement particles and the precipitation of calcium carbonate, which is
reported to be the most substantial factor influencing autogenous

permeability [12,13], and mechanical properties [8-10,14]. Various
healing agents have been proposed to enhance the self-healing capacity
of concrete, and most of them are chemically based [15,16]. Microbially
induced calcium carbonate precipitation (MICP) has been suggested as
environmentally friendly, economical and more compatible with the
concrete matrix [17]. This technology is used to remove chemicals from
water waste [18], bioremediation of contaminated soils [19], etc.
Bacterially induced CaCOj3 precipitation is also proposed to improve the
durability of the cementitious material [20-22], by healing or sealing
cracks which cause a decrease in the permeability and penetration of
aggressive corrosion promoters [23].

Although the direct application of the bacteria in cementitious
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material proposed enhances compressive strength and reduces pore
volume [24], unprotected bacteria are maybe inefficient to remain
viable in the harsh alkaline environment of cementitious material for a
long time [25-27]. Jonkers et al. observed calcium carbonate crystals in
young concrete samples (7-day-old) but not in those of 28-day [28,29].
The viability of bacteria directly embedded in the concrete matrix was
reported to be restricted to about two months [28,30]. Furthermore,
bacteria cells could be damaged during the mixing stage, setting, and
hardening of the cementitious composite due to a decrease in micropore
size in a hydration process which can crush the bacteria spores inside the
pore [20,26,29,31]. To ensure the bacteria’s viability, immobilization or
encapsulation of the bacteria in a protective carrier is recommended
[31].

Diatomaceous earth (DE) is a type of mineral siliceous compound,
the product of fossilized diatoms formed in the shell of microorganisms,
with high porosity and low-density structure which makes it appropriate
for immobilization. Research reported that Ureolytic activity under
extremely high pH reduced the viability of bacteria to 1 day while DE-
immobilized bacteria showed ureolytic activity even after 2 weeks
[31]. DE has been used for in-situ bioremediation of soil and ground-
water [32], and due to the low heat conductivity [33] it is also used in
fireproof cement and insulation materials [34]. Because of requiring a
microenvironmental area for bacteria in which the local pH around the
bacteria is not as high as in cement slurry, DE-immobilized bacteria can
keep a certain degree of ureolytic activity in an extremely high pH
environment [35]. An increase in the amount of DE introduced inside
concrete can increase ureolytic activity, though the addition of DE
higher than 5% of cement weight caused dry and low workable concrete
mix [31]. Bacteria can also be introduced into cementitious materials in
a liquid medium incorporating bacteria cells with nutrients and growth
composites considering this water as a part of the required water for the
concrete mix [36-38].

Crack widths considered healable by autogenous healing remain in
the range of 100 to 300 pm [2,5,7,39,40]. Concrete mixtures containing
encapsulated bacteria have shown a higher healing capability of 500 pm
cracks under wet-dry cycles conditions [20] and a 48-80% crack healing
ratio with a maximum healed crack width of 970 pm under water-
immersion conditions, while the reference series presented 18-50% of
crack healing ratio with a maximum healed crack width of 250 pm [41].
Moreover, no healing was observed in the samples healed in 95% rela-
tive humidity, demonstrating water’s importance for triggering the
healing reactions even when using bacteria as self-healing agents. This
same study shows permeability results after cracking and healing, and
specimens with nutrients and microencapsulated bacterial spores had a
higher decrease in permeability than reference specimens, decreasing
the permeability coefficient by 10 times [41].

Other studies show that the maximum healable crack width observed
in pre-cracked samples with bacteria immobilized in lightweight ag-
gregates was 610 pm, while the direct addition of Bacillus Subtilis showed
crack healing of cracks up to 370 pm [42]. Mortar specimens using
Bacillus sphaericus bacteria immobilized in diatomaceous earth (DE)
presented partial or complete crack healing of 150 to 170 pm [31]. In
other studies on mortars containing bacteria immobilized in porous
expanded clay, the maximum healable crack width was twice the size
(460 pum) of that in control specimens (180 pm)[43]. Likewise, hydrogel-
encapsulated bacteria spores demonstrated a 68% decrease in water
permeability after healing, compared to a 15 to 50% reduction for the
reference samples [20].

Crack healing has been reported to reduce the water permeability
and water tightness, which does not necessarily imply that a healed
crack would be able to protect from chloride penetration. The amount of
chloride ion ingress into uncracked concrete mainly relies on the in-
ternal pore structure of concrete. In contrast, reducing chloride perme-
ability depends on improving the packing density of material particles
[44,45]. Conventional concrete cracks smaller than 60 pm can be healed
and protected against chloride penetration [46,47]. A crack width of 10
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pm is critical to avoid chlorides’ penetration in a structure [48,49]. In
UHPFRC, chloride penetration is more dependent on the length of the
healing period, according to one study [11]. Improving the aggregate-
cement interface due to bacteria precipitation also reduces chloride
penetration [50]. It has been reported that concrete samples incorpo-
rating Sporosarcina pasteurii showed reduced chloride permeability
compared to samples, indicating higher durability of the cementitious
material [51].

This study aims to evaluate the effect of bacteria-based commercial
products on the self-healing capacity of conventional, high-
performance, and ultra-high-performance concrete samples. These
bacteria-based commercial products are available in large quantities in
the marked are affordable, and have been obtained from industries other
than the construction sector. Self-healing has been characterized by the
visible closure of cracks, the water permeability through cracks, and the
chloride permeability through cracks and concrete matrix.

2. Research significance

There are some restrictions on the application of MICP as a self-
healing technique in cementitious materials, including market avail-
ability, accessibility in large quantities, medium preparation, and eco-
nomic concerns. Using bacteria-based self-healing concrete using
commercial bacteria obtained from other sectors could reduce the cost
of self-healing techniques, as well as restorations and maintenance ap-
plications. The findings of this study could inform the construction in-
dustry regarding the applicability and viability of using self-healing
concrete with commercial bacteria in actual construction projects and
ultimately contribute to the understanding of experimental techniques
designed to lengthen the service life and reduce the environmental
impact of concrete structures. In addition, there is no standard for
evaluating concrete self-healing. Permeability tests in conventional and
fiber-reinforced concrete have been extensively used to evaluate self-
healing capabilities. Regarding permeability, comparing test results
and testing methods for conventional concrete and UHPC concrete is still
challenging, as the permeability coefficient of uncracked UHPC is below
the limit of detection in several methodologies [52,53].

3. Materials and methodology
3.1. Materials and mix designs

This work studies three different types of concrete: a reference mix of
conventional concrete (C30/37) labeled CC, a High-Performance Con-
crete (C70/85) labeled HPC, and an Ultra High-Performance (160)
concrete labeled UHPC. Additionally, enhanced versions of CC, HPC,
and UHPC containing three bacterial products are also studied, which
will experience a combination of autogenous healing and healing pro-
duced by the bacteria.

Table 1 shows the mix design for CC and HPC mixes, and Table 2
shows the mix design for UHPC mixes. The binder components were
cement CEM I 42.5 R-SR5 from Lafarge and un-densified micro-silica
fume from Elkem. The limestone aggregates used in the CC and HPC
mixes were 0/2 and 0/4 natural sand (dpin/Dmax) and crushed 7/10 and
12/20 gravels. In UHPC, silica sand of maximum sizes of 1.6 mm and 0.5
mm and silica flour were used. Superplasticizer ViscoCrete 5970 from
Sika was used in CC, reference HPC mixes and HPC mixes with liquid
bacteria, and ViscoCrete-20 HE in HPC mixes with bacteria in DE and
UHPC to obtain targeted workability.

Moreover, to control and maintain crack opening during the pre-
cracking and healing stages, all mixes incorporated 40 kg/m® of steel
fiber Dramix 65/35 3D from Bekaert (L. = 35 mm, ® = 0.55 mm, and L/
® = 65). UHPC contained the same quantity of Dramix steel fibers to
ensure the formation of single cracks. Hence, the self-healing effect can
be investigated by comparing the differences created by the various
concrete matrices in all mixtures with comparable crack widths.
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Table 1

Mix designs of Conventional and High Performance concrete.
kg / m? CcC CC7.5DE CC15DE CC25LB HPC HPC7.5DE HPC15DE HPC25LB
Cement I 42.5 R-SR 280 280 280 280 400 400 400 400
Silica Fume 40 40 40 40
Water 185 187 188 139 170 171.5 173 127.5
w/c 0.66 0.66 0.67 0.66* 0.43 0.43 0.43 0.43*
w/b 0.66 0.66 0.67 0.66* 0.39 0.39 0.39 0.39*
Sand 0/2 449 442 434 449 310 302.5 295 310
Sand 0/4 535 535 535 535 549 549 549 549
Gravel 8/16 852 852 852 852 875 875 875 875
Dramix 65/35 40 40 40 40 40 40 40 40
Superplasticizer Sika 5970 2.3 5 10 2.3 3.8 3.8
Superplasticizer Sika 20 HE 2.7 5.4
Serenade Max 7.5 15 7.5 15
SerBiotec 46.3 42.5

*Note: Water amount considered in water-cement and water-binder ratio evaluation includes the added water and the water in liquid bacteria (SerBiotech).

Table 2

Mix designs of Ultra High Performance concrete.
kg / m? UHPC UHPC7.5DE UHPC15DE UHPC25LB
Cement I 42.5 R-SR 800 800 800 800
Silica Fume 175 175 175 175
Water 160 161.5 163 160
w/c 0.2 0.2 0.2 0.2*
w/b 0.16 0.17 0.17 0.16*
Silica sand - 1.6 mm 565 565 565 565
Silica sand - 0.5 mm 302 294.5 287 302
Silica flour 225 225 225 225
Dramix 65/35 40 40 40 40
Superplasticizer Sika 20 30 30 30 30

HE

Serenade Max 7.5 15
SerBiotec 40

*Note: Water amount considered in water-cement and water-binder ratio eval-
uation includes the added water and the water in liquid bacteria (SerBiotech).

Each CC and HPC mixture were characterized by the slump test ac-
cording to EN 12350-2, and each UHPC mixture by a slump flow test
according to EN 12350-8. In accordance with EN 12390-3, the
compressive strength of each mixture was determined at the age of 28
days using three 150 mm cubes per mixture.

3.2. Bacteria

Serenade® Max from BAYER is Bacillus subtilis encapsulated in Dia-
tomaceous Earth, formulated as a wettable powder of natural origin
containing 15.67% p/p (g/g) bacteria and bacterial content of 5.13x10*°
CFU/g (colony forming units). Since bacteria are contained in a powder
material, this product was incorporated in substitution of the sand of the
smallest fraction (0/2 mm in CC and HPC and silica sand of maximum
size 0.5 mm in the case of UHPC). Serenade® Max was added in the
dosage of 7.5 kg/m? in the mixes CC7.5DE HPC7.5DE and UHPC7.5DE
and 15 kg/m? in the mix named CC15DE HPC15DE and UHPC15DE. Due
to the high DE absorption, to achieve a workable mix, extra water equal
to 20% of the weight of the Serenade® Max content was added to
compensate for the DE water absorption, as well as additional plasticizer
content.

The liquid bacteria, SerBiotec solution, is a biodegradable, non-toxic,
natural, and ecological liquid solution consisting of a combination of
66.3% Bacillus bacteria, 26.2% denitrifying bacteria, and 7.5% photo-
synthetic bacteria, containing in total 6.81 x 10° CFU/I bacteria. This
type of liquid bacterial solution is commercially used in water treatment.
Since bacteria is included in the liquid solution, this product was
incorporated in substitution of the water content of the reference mix.
Consequently, the water amount considered in the water-cement and
water-binder ratio evaluation reported in Table 1 and Table 2 includes
the added water and the amount of water in the liquid solution, which is

coherent with the w/c and w/b ratios of reference mixes. SerBiotec so-
lution was added in substitution of 25% of the water content of the mix
named CC25LB HPC25LB UHPC25LB. The mix with this solution was
produced with the same plasticizer content as the reference mix since no
effect on workability was detected by the addition of the agent.

3.3. Self-healing methodology

3.3.1. Specimen’s geometry

To evaluate the self-healing capability of each mix, 8 cylinders of
$100 x 200 mm per mix were prepared. After casting, the specimens
were stored for 21 days in a humidity chamber at 20 °C and Relative
Humidity of 95%; these cylinders were cut into $100 x 50 mm disks
using a concrete circular saw. Each cylinder was cut into three disks, and
two ends were discarded (Fig. 1 a and b). Some of these disks were pre-
cracked and were used to evaluate self-healing capability using crack
closure and water permeability. Chloride penetration tests were also
performed on healed specimens to assess the protection provided by the
healed crack against the penetration of chlorides. The methodologies
followed are based on those proposed in the COST SARCOS Interlabor-
atory test groups, among which some studies have finished, but others
are still ongoing [54,55].

To properly compare the relevant phenomena, additional uncracked
disks housed in a humidity chamber at the same age as the primary
samples were evaluated for chloride penetration.

The 21-day-old disks were pre-cracked using a splitting test to
generate a residual crack width ranging from 50 to 450 um. The crack’s
width was measured the same day after pre-cracking and after 28 days of
healing under various conditions. The objective of the wide range of
crack widths was to have a variety of crack openings for each mixture

b)

<

Fig. 1. A) cylinder marks before cutting the disks, b) cut of cylinders to obtain
disks, c) crack measurement points after pre-cracking.
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and condition to examine the trend of healing for a specific crack size
range. Disks with larger crack openings than those within this range
were discarded and excluded from this investigation. At least 6 speci-
mens per mix and healing condition and four reference uncracked disks
were evaluated for at least 22 specimens per mix.

3.3.2. Pre-cracking process and crack analysis

The splitting test setup was selected to pre-crack the disks of $100 x
50 mm. Samples are pre-cracked, targeting cracks near 500 um during
loading to obtain smaller residual crack size after unloading.

The disks’ cracks were photographed with a YINAMA wireless op-
tical microscope with 50-1000X magnification and a 2 MP camera.
Crack width was measured in those photos, and a crack meter was used
as a reference for the measurements. To obtain the representative value
of crack width in each disk before and after healing, each surface of a
disk was measured at three points located on the crack at intervals of 2.5
cm. These six values per disk were averaged to obtain the representative
crack width of a disk (Fig. 1 c). In a few cases of having two (or multiple)
cracks in a point, crack size is introduced as the summation of the two
(or multiple) crack widths. Also, in the case of having a surface pore in
the point, the crack size was measured at the nearest point disregarding
the pore.

Crack Closing Ratio is the parameter used to evaluate the self-healing
efficiency by means of crack closing in this study. The Crack Closing
Ratio is calculated using the representative value of average crack width
at six points in each disk before and after the healing period in the
examined conditions, according to Eq.1.

Crack width after healing

k Closing Ratio = 1 —
Crack Closing Ratio Crack width before healing

@

3.3.3. Low-pressure water permeability test

Fig. 2 depicts the setup used to determine water permeability. The
same pre-cracked $100 x 50 mm disks used for the crack closing ratio
analysis were sealed with resin (Sikaflex 11 FC) in the lateral surfaces to
prevent water leakage through the lateral crack, and PVC tubes with an
internal diameter of 100 mm and a height of 250 mm adhered to the
disks with the same resin. A day after the disks were sealed, the bottom
surface was wrapped with PVC tape to prevent water leakage before the
test began. After preparing the water permeability setup, the tubes were
filled with a 200 mm water column. After reading the initial water level,
the bottom tape was removed to initiate the test (time 0). After removing
the tape, the water head reduction was measured in minutes 0, 1, 5, 10,
15, 20, 25, and 30. The water flow (ml/30 min) in 30 min is determined
by the total height loss in 30 min. Since the permeability test is con-
ducted both before and after the healing time, the effect of healing on
permeability was determined by calculating a Healing Ratio according
to Eq. (2):

_PVC Tube

Water column

!

(20 cm)

Water

Flow
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Flow in 30minafter healing
Flow in 30minbefore healing

Healing Ratio = 1 — 2

3.3.4. Chloride penetration test

A modified water penetration test proposed in previous studies
[56,57] was performed by measuring the penetration of sodium chloride
through the crack’s path and the concrete surface by using its reaction
with silver nitrate as a pigmentation method to detect the penetration.

This test was performed on the same disks and the same tubes used in
the low-pressure water permeability test. The test was performed in the
healed samples as well as in reference uncracked samples of each mix.
Reference uncracked samples were cured in a humidity chamber at
20 °C and RH 95% until the test at the same age as the healed samples. A
day after the water permeability test, the bottom cracked part of the pre-
cracked samples was sealed using (Sikaflex 11 FC), to prevent leakage
from the crack. A day after sealing the crack, samples were placed on the
setup, and the tubes were filled with a 200 mm water column containing
33 g NaCl/liter, and the solution was kept inside tubes for 3 days. Af-
terward, the tubes and the resin parts were removed, and the samples
were sawed perpendicular to the direction of the crack on the next day
(Fig. 3 a). To prevent contamination produced by water cutting observed
in a previous study [49], the sawing process was done by dry cutting.
Subsequently, an AgNO3 solution with a concentration of 0.1 mol/liter
was sprayed on both surfaces of the cut disks, and disks were left for 24 h
in an oven at 60-80 °C to improve the pigmented pattern profile. The
concentration of 0.1 mol/liter has been recommended in earlier studies
to have clearer white-dark boundaries [58-60].

On pigmented samples, two areas appear: the dark area presents the
regions without penetration of the chloride, and the lighter area in-
dicates the region containing chloride, which belongs to the area with
risk for reinforcement corrosion [58,61,62]. The photos of the speci-
mens after the reaction of AgNO3 were taken with a Digital Camera.

An example of the pigmented disk (CC mix) is presented in Fig. 3b.
The pattern shows two main regions of chloride penetration: the pene-
tration through the crack (labeled as W) and the penetration through the
matrix, starting from the surface in contact with the chloride solution
(labeled as Py). It is worth mentioning that in the uncracked reference
samples, the measurement performed are only Py penetrations.

To quantify Py, four points were measured at intervals of 2 cm,
starting with 1 cm spacing from the outer surface to avoid the gluing
effect. The position of the points where the Py parameter is measured on
both faces of a disk is indicated in Fig. 3. Similarly, three points are
measured on each surface for the penetration produced along the crack
pathway, maintaining a 2 cm distance from the surface to avoid the
influence of matrix and crack penetration overlaps. In total, 8 values of
Py and 6 values of W were used to obtain the representative value in each
disk.

As shown in Fig. 3 bottom, in CC samples, Py was very clear to

Fig. 2. Water permeability test setup, diagram, and photo of the setup.
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Fig. 3. A) diagram of the sawing plane of the pre-cracked disks and b) measurement points for the penetration of chlorides through the matrix and through the crack

in the left (1) and right (r) half disks (this example refers to the cc mix).

measure, while for HPC and UHPC, P, was much smaller due to their low
matrix porosity, coherent with the results obtained in previous studies
[49]. In the case of the penetration through the crack, CC specimens
have larger penetration if compared to UHPC samples.

3.4. Healing conditions

After pre-cracking the disks and performing the water permeability
test before healing, specimens were divided into groups depending on
their assigned healing condition to promote self-healing reactions. Three
healing conditions were studied:

e 28 days immersion in water at 20 °C (labeled as WI),

e 28 days in a humidity chamber at 20 °C and relative humidity of 95%
(labeled as HC), and

e 7 days in water immersion followed by 21 days in the humidity
chamber (RH = 95%, 20 °C) (labeled as WH).

The objective of the WH condition was to evaluate whether the mixes
with bacteria produced enough self-healing with only a reduced time
under water immersion followed by a high humidity ambient that allows
keeping the saturation level inside the matrix.

In addition, the uncracked reference disks of each mix were kept for
56 days in a humidity chamber until the testing time and were tested
together with the pre-cracked and healed disks with the chloride
penetration test. This way, these uncracked reference disks were the
same age as the pre-cracked samples after healing.

During the healing process, the tubes glued on the disks for the
permeability and penetration tests were kept glued on the disks until
finishing the chloride penetration tests. To avoid cross-contamination
between the series with different bacterial agents that healed in im-
mersion conditions, the disks containing each type of bacteria healed in
separate tanks.

4. Results and discussion
4.1. Characterization results

In terms of workability, the slump test results for CC and HPC mixes
containing bacteria liquid solution were 7.5 and 2 c¢m, respectively, less
than their respective reference mixes, which measured 20 and 8 cm. The
effect of adding 7.5 and 15 kg/m3 of DE bacteria to CC mixes was
compensated by adding more superplasticizer, and all series have a
slump value of around 20 + 4 cm (reference CC mix had 20 cm). Using a
more effective superplasticizer into HPC mixtures containing DE bac-
teria provided for about the same workability as reference HPC mixtures
(7 + 1 em). Adding 7.5 and 15 kg/m® of DE bacteria to UHPC mixes
results in 56 and 51 cm slump flows, compared to 61 cm for the refer-
ence mixtures. In contrast, liquid bacteria mixtures were more workable
and behaved similarly to the UHPC reference mixtures with a 71 cm
slump flow.

The compressive strength of each mix at 28 days is shown in Fig. 4.
The CC mix obtained 41.50 MPa, which is greater than the CC15DE and
CC25LB mixes, which produced 36.62 and 36.41 MPa, respectively. In
addition, the CC7.5DE mixture had a higher compressive strength than
the reference, which was 46.77 MPa.

All HPC mixtures including bacteria, showed a lower compressive
strength than the reference mixture, which averaged 90.61 MPa.
Compared to reference samples, HPC7.5DE and HPC15DE mixtures
showed 4% and 9% reduced strength. Similarly, replacing 25% of the
water with the bacterial solution resulted in a 27% lower strength than
the reference mix.

In Ultra High-Performance mixes, UHPC7.5DE has about the same
strength as the reference UHPC mix. In contrast, the compressive
strength of UHPC15DE mix decreased by 7%, compared to the reference
UHPC mix.
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Fig. 4. Compressive strength of mixes at 28 days (average and standard deviation).

4.2. Crack closing

The self-healing capability in terms of visual crack closing, evaluated
with the Crack Closing ratio in Eq (1), is presented in Fig. 5 (left column)
for the three concrete types. In addition, a trendline for each healing
condition has been included in these graphs to make the analysis easier.
The trendlines depicted have been obtained following this procedure: a)
the linear trendline of a mix and healing condition was obtained (e.g., CC
healed in WI, CC healed in WH and CC healed in HC), b) the representative
trendline slope of each mix was obtained by averaging the slopes for the
three healing conditions in the same mix, and finally, c) the represented
fitting line for each mix and healing condition was obtained forcing the
same slope (minimizing least squares difference) and keeping as a free
parameter the vertical intercept of the line. In this way, the efficiency
depending on the mix and healing condition, can be visually interpreted.
This analysis was made regardless of the presence or absence of bacteria.

Fig. 5 depicts the crack closing ratio of concrete mixes separated
depending on their healing conditions. Most of the CC specimens healed
in WI condition with cracks lower than 200 pm had significant crack
closure with values around 80% to 100%. Specimens healed in WH
condition with almost complete crack closure had initial cracks between
100 and 120 pm. The rest of the specimens healed in WH condition had
crack closure values, decreasing from 90% to 40% as the initial crack
width increased. Specimens stored in HC had crack closure values be-
tween 0% and 60%, generally lower than 50%.

HPC mixes with bacteria HPC7.5DE, HPC15DE, and HPC25LB
healing in WI had nearly complete crack closure for initial cracks below
150 pm, with higher values than the reference HPC mix. For cracks
larger than 150 pm, the crack closure ratios decrease more abruptly than
in CC mixes. On the contrary, specimens healed in HC had crack closure
values lower than 20% regardless of using bacteria. This shows the
inability of only high humidity conditions to activate the healing re-
actions, which is coherent with other results in the literature [15].

Specimens from UHPC mixes healed in WI also showed better crack
closing compared to WH and HC conditions, both in mixes with and
without bacteria, with more than 60% healing for the samples with
initial crack up to 150 pm. In UHPC mixes, the closing ratio healing in
HC was mostly below 20%.

The type of mix (CC, HPC, or UHPC) and the curing condition (WI,
WH, or HC) are more relevant for the crack closing ratio than the healing
agent used, and no clear improvements on this parameter were detected

due to the presence of the bacteria of this work. The presence of water
was critical for the healing reactions in all concretes, both for reference
mixes and all mixes with bacteria. Additionally, CC and HPC healing in
WH conditions had a closing ratio usually higher than 60%, more similar
to specimens healed in WI conditions than those healed in HC, which
shows that only 7 days of water immersion can provide values of crack
closing that are comparable to one month of water immersion. In
addition, CC mixes exhibited greater crack closing values than HPC
mixes, whereas UHPC mixes had the lowest values. This result is clearly
seen in the average trendlines in Fig. 5. This fact could be related to the
crack’s lower tortuous surface for HPC and UHPC than for CC due to
their higher strength.

The low water-binder ratio in HPC and UHPC improves the bond
between hardened cement paste and aggregate, which makes more
likely a transgranular fracture mode (crack path travels through the
aggregate) instead of the fracture mode of the crack path developing
around the coarse aggregate [63,64]. The fracture mode with the crack
path developing around the aggregates results in a more tortuous frac-
ture path [63]. Crack tortuosity is related to lower transport properties
[65]; however, it has also been related to increased chloride penetration
for cracks between 150 and 370 pm [66], with less effect as crack width
increases [65,66]. Crack tortuosity is also affected by the presence of
fibers and the bond between fibers and matrix [65,67], and by the
accumulation of healing products in the crack, which increases surface
roughness, and, therefore, changes crack geometry [65].

4.3. Self-healing in water permeability

The results of the Healing ratio (Eq.2) analyzed by means of the
water permeability test are presented in the right column of Fig. 5. A
common trendline was determined with the same criteria explained in
section 3.2 to allow visual analysis of the results.

The analysis confirms the interpretation is done for cracks closing,
with a clear influence of healing condition, a big variability of the re-
sults, and a reduction of the healing efficiency when crack width
increases.

CC specimens containing bacteria healed in WI had healing ratios
between 60 and 100% when initial crack widths were below 300 pm,
higher than reference samples healed in the same condition. The CC
samples healed in WH condition and had healing ratios higher than 80%
for cracks until 250 pm. HPC specimens with bacteria showed an
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Fig. 5. Closing ratio (left column) and healing ratio (right column) of the mixes of this study depending on initial crack width.
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improvement in the healing ratio, with values over 50% until 400 pm of
initial crack width when healing in WI. UHPC specimens healed in WI
with initial crack widths below 100 pm had practically complete heal-
ing, which is reduced progressively to a healing ratio of 0% for 300 ym
cracks.

Similarly, the crack closing results show that the mix type and curing
condition are more relevant for the healing ratio than the healing agent
used. Also, CC, HPC, and UHPC specimens healing in HC generally had
healing ratios below 20%, except for some specimens containing bac-
teria with crack width smaller than 200 pm.

4.4. Crack closing ratio vs. Healing ratio

Many studies only analyze crack closure, though the information on
how a crack heals in terms of water permeability changes provides in-
formation more relevant to the durability of a structure. Therefore, the
comparison of crack closure and healing ratios is of interest. Fig. 6 de-
picts these two parameters for the specimens tested in this work after 28-
day healing in different conditions.

Regarding specimens healed in HC, CC specimens had crack closure
values in the 0-50% range, but healing ratios were generally below 20%.
In HPC specimens, crack closure and healing ratios were similar. How-
ever, in UHPC specimens, several specimens had high values of healing
ratios with low crack closing ratios. This indicates potentially different
healing mechanisms in the three concrete types. Regarding specimens
healed in WI and WH, most HPC and UHPC specimens are also more
likely to be close to the diagonal line (similar crack closing and healing
ratios), which is coherent with other study [12], which reported a direct
relation between crack closure and healing ratio in the case of healing in
water immersion. Other study [68] reported crack closing efficiency of
100% for cracks of 0.3 and 0.4 mm, incorporating a self-healing agent
with Bacillus cohnii and healing in water immersion condition, with
82-91% healing ratios for the water permeability test.

The trendlines presented in Fig. 6 were generated using only points
with ratios other than “1” or “0” to study only those influencing this
property. In all the cases, the points are gathered in broad lines steeper
than the diagonal and the position of the trend line changes depending
on the matrix, moving from right to left when changing from CC to HPC
and UHPC. This means that CC mixes are more likely to have high values
of crack closing ratios that do not correspond with a high value in the
healing ratio measured by means of the permeability test. On the other
hand, UHPC mixes are more likely to have high values of healing ratio
that do not correspond with a visual crack closing of the crack. Another
interpretation is that, to have an efficient self-healing effect in the
permeability test, a crack closing ratio higher than 50% is required in
UHPC if compared CC.

4.5. Self-healing through chloride penetration

4.5.1. Penetration through the crack

Fig. 7 shows the values of chlorides’ penetration through the cracks
walls (W) and the trendlines obtained with the same criteria as in pre-
vious sections. The results show higher penetration for healed CC
specimens than HPC, and the lowest penetration values were obtained in
UHPC mixes. The average values of W obtained in each group are also
collected in Table 3.

In CC mixes, specimens healed in HC had much larger penetration
than specimens healed in WH or WI. However, the penetration values in
HPC and UHPC specimens are more similar in specimens that healed in
HC, WH or WI conditions. UHPC specimens, with and without bacteria,
had the lowest penetration if compared with other concrete types, with
nearly the same horizontal trendline (which indicates that there is no
relation between the W value measured and the initial crack width),
regardless of healing condition and regardless of the addition of bacte-
ria. This indicates a noteworthy intrinsic capability of UHPC in main-
taining low chloride penetration for cracks up to 400 pm. On the
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contrary, in CC mixes, the trendlines had a higher inclination, indicating
a dependence on the initial crack width (larger penetration W values
with larger cracks). As expected, HPC mixes show intermediate behavior
between CC and UHPC, and this penetration does not surpass 10 mm.

Regarding the effects of adding bacteria, CC specimens with bacteria
had a lower penetration W through the crack compared to CC reference
mixes healed in the same condition. CC specimens with liquid bacteria
(CC25LB) healed in WI showed very high protection against the pene-
tration of chlorides for cracks up to 350 pm. HPC specimens with bac-
teria healed in WI could maintain almost complete protection against
chloride for cracks lower than 250 pm.

4.5.2. Penetration through the matrix

The average values of chloride penetration through the matrix Py for
each group are collected in Table 3. As a reference, the average values
obtained in uncracked specimens is also included as Ref Py.

In CC mixes, the highest penetration through the matrix in uncracked
reference specimens was obtained in CC15DE mix, with an average
value of 21.19 mm, followed by CC with 12.8 mm, CC7.5DE with 7.75
mm, and CC25LB with 6.38 mm. Because of the dense matrix of HPC, all
HPC mixes showed average matrix penetration values <2 mm in un-
cracked specimens, consistent with earlier research [49]. In uncracked
specimens, UHPC mixes without bacteria had a matrix penetration of
less than 3 mm, whereas UHPC mixes with bacteria had a matrix
penetration of less than 2 mm.

Similar to prior research findings [45], almost all CC mixes with
bacteria that were cracked and healed in WI and WH conditions had
negligible matrix penetration, confirming the effect of bacteria on
lowering porosity. As expected, specimens healed in HC had Py values
like the reference of uncracked specimens (Ref Py). Research on self-
healing already reported the substantial effect of water in healing
[41,57], and Escoffres et al. [69] proposed that specimens healed in a
humidity chamber can be used as references since in practice, HC do not
promote healing. Healed HPC specimens had a penetration below 2 mm
in all mixes, as in the uncracked specimens. In UHPC healed specimens,
regardless of healing condition and the presence of bacteria, the values
of Py were below 4 mm, with lower values (below 1 mm) in mix that
contained bacteria in DE, which shows the capability of these agents on
reducing porosity.

4.6. Discussion on the efficiency of the self-healing agents

In previous sections it was assumed that the inclination of the
trendline is representative of the type of concrete mix. This section will
evaluate the efficiency of the self-healing agents with the same criteria.
With this procedure, the value of intercept with the vertical axis can be
obtained separately for each concrete mix, healing condition and self-
healing agent. This value represents whether a trendline is higher or
lower in the graph and, therefore, shows better or worse healing effi-
ciency in the parameter that is being analyzed (crack closing ratio,
healing ratio or chloride penetration parameters). This value is dis-
played in Table 4, where the improvements larger than 5% have been
indicated with a green upwards arrow, worsening larger than 5% with
an orange downward arrow, and similar results with an almost equal
symbol.

Analyzing the parameters of crack closing, healing ratio, and chlo-
ride penetration through the crack, when the specimens of either mix
(CC, HPC and UHPC) healed in WI conditions, there was a benefit from
the presence of bacteria, regardless of the agent. Most of the mixes with
bacteria showed an improvement regarding the penetration of chlorides
(W), to the exception of the group CC healing in HC conditions. These
improvements were especially noticeable in the CC group healing in WI
conditions. When healing in HC conditions, this benefit could only be
detected in crack closing and healing ratios in the CC mix, while HPC
and UHPC had dispersed results.

The bacterial agent immobilized in DE was used in two dosages, 7.5
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Table 3
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Values of penetration through the matrix in uncracked specimens (Ref Py), average crack width before and after healing, and penetration Py and W values in all the

groups studied.

CcC HPC UHPC
cC CC 7.5DE CC 15DE CC 25LB HPC HPC 7.5DE HPC 15DE HPC 25LB UHPC UHPC UHPC UHPC
7.5DE 15DE 25LB
Ref Py (mm) 12.79 7.75 21.19 7.13 1.58 1.88 1.29 0.00 2.92 1.44 0.15 1.77
Avg crack bef. (um) 205 238 248 196 159 258 255 108 206 129 136 116
Avg crack after (um) 96 90 104 88 100 157 159 70 170 74 89 88
WI Py (mm) 0.08 1.51 1.14 0.09 0.00 0.55 0.46 1.28 3.92 0.64 0.35 2.63
W (mm) 15.80 9.18 10.37 1.91 5.28 5.40 4.43 0.87 6.85 3.45 1.72 0.25
WH Po (mm) 4.34 0.64 0.67 0.50 0.00 - - - 3.05 - - -
W (mm) 24.26 9.96 12.15 5.30 9.00 - - - 3.52 - - -
HC Py (mm) 12.79 7.81 19.35 9.71 0.00 0.88 1.02 0.54 2.48 2.41 0.82 3.26
W (mm) 23.87 25.11 33.36 20.80 5.03 3.21 5.16 0.54 2.15 3.64 1.42 1.66
Table 4

Values of the vertical intercept of the trendlines with the vertical axis. 1 indicates > 5% benefit in that parameter,

| a worsening > 5%, and ~ indicates similar results.

Crack Closure Ratio

Healing Exposure WI HC WH
Concrete CcC HPC UHPC CcC HPC UHPC CC HPC UHPC
Healing Agent Ref 1.10 0.77 0.57 0.34 0.26 0.37 0.96 0.71 0.48
7,5DE 1.12~ 0.881 0.771 0.471 0.30t 0.27] 1.01~
15DE 1.14~ 0.941 0.791 0.431 0.24| 0.411 0.99=~
25LB 1.13~ 0.841 0.611 0.501 0.22] 0.23] 0.81)
Healing Ratio
Healing Exposure WI HC WH
Concrete CC HPC UHPC CC HPC UHPC CC HPC UHPC
Healing Agent Ref 0.89 0.54 0.56 0.28 0.24 0.45 0.57 0.67 0.63
7,5DE 0.87~ 0.891 0.881 0.551 0.23~ 0.35) 0.621
15DE 0.70} 1.021 0.741 0.371 0.25~ 0.871 0.641
25LB 0.72] 0.771 0.771 0.311 0.14) 0.30) 0.35]
Chloride penetration (W)
Healing Exposure WI HC WH
Concrete CcC HPC UHPC CC HPC UHPC CcC HPC UHPC
Healing Agent Ref 8.40 1.48 6.89 14.07 1.55 2.20 16.67 4.30 3.57
7,5DE 0.18¢ 0.001 3.491 17.36) 0.00t 3.66| 1.141
15DE 0.421 0.001 1.761 25.13| 0.471 1.441 4.271
25LB 0.001 0.001 0.631 13.55~ 0.00t 1.681 0.001

and 15 kg/m°. The addition of 15 kg/m® of this agent seems to produce
no benefits and decreased compression strength by 25%, 5 %, and 7% in
CC, HPC, and UHPC mixes. Moreover, in CC and HPC mixes, it led to an
increase in the setting time, and this mix showed no benefits regarding
the penetrability of the matrix than the reference and CC7.5DE. These
results were also reported in other research [28]; where excessive
amounts of mineral precursors had a negative effect on concrete prop-
erties, setting time, and final strength.

In previous studies [25,44,70], it has been demonstrated that the
healing reactions observed in bacteria concrete are attributed to meta-
bolic activity. The negatively charged cell wall of bacteria attracts Ca2*
ions from the cement matrix. These Ca®" ions then react with CO%™ ions
to form calcium carbonate precipitates around the bacterial cells. The
survival and activation of bacteria in concrete are essential for effective
healing. The concrete matrix, with its dense structure and high pH
(around 12-13) in uncracked conditions, presents challenging condi-
tions for the bacteria [71].

A study on normal-strength concrete [25] found that autoclaved and
active bacteria could fill cracks and reduce water permeability to a
similar extent as autogenous healing in reference specimens. This sug-
gests that autogenous healing is more significant in these properties than
bacterial activity. This observation aligns with the present study’s
findings in normal-strength concrete, where no crack closure or water
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permeability improvements were observed when using bacterial agents.
However, in this work, incorporating bacterial agents improved healing
performance, particularly in high-performance concrete (HPC) and
ultra-high-performance concrete (UHPC), with a more pronounced
enhancement in protection against chloride penetration.

The enhanced response observed when using bacteria in the study of
chloride penetration may be attributed to a decrease in surface pH due to
the carbonation [72]. This phenomenon occurs especially when the
samples are exposed to a chloride-rich environment, leading to pH
values of 8-9 [73]. In this study, products containing Bacillus subtilis and
Bacillus sphaericus were employed. Certain strains of Bacillus sphaericus
have been reported to exhibit growth and germination in a wide range of
alkaline pH conditions, with an optimal pH range of 7-9 and slow (but
active) growth at pH levels of 10-11 [74]. Similarly, certain strains of
Bacillus subtilis have demonstrated survivability at high pH levels [73].
However, further research is required to confirm this hypothesis.

Various healing agents, such as supplementary cementitious mate-
rials (SCMs), including silica fume, slag, fly ash, and crystalline ad-
mixtures, have been introduced into UHPC to assess their potential for
enhancing the healing process [70]. However, limited investigations
have been conducted on the use of bacteria in UHPC. The potential of
bacterial treatment in UHPC is suggested by another study [75], which
focused on treating the steel fibers of UHPC with Sporosarcina pasteurii.
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The results indicated that such treatment increased the precipitation of
calcium carbonate crystals on the fiber surfaces, resulting in enhanced
surface roughness and hydrophilicity, ultimately improving mechanical
performance.

4.7. Discussion on the penetration of chlorides in cracks

The ratio between the chloride penetration through the crack (W)
and the penetration through the matrix (Pg) in CC and UHPC specimens
healed in HC are very similar and near to 2 + 1, which means that
conditions where healing is not promoted (HC), the penetration through
the cracks, is approximately two times the penetration through the
matrix. In the case of conditions that promote healing, such as the
presence of a healing agent or an adequate healing condition (WI or
WH), this ratio is clearly higher due to a small value of the matrix
penetration (Pg), because of the densification of the matrix and poten-
tially of the healing reactions on the surface. Reduction of matrix
penetration has also been reported in the study [73], in which the
concrete surface has lower pH due to carbonation, while the inner ma-
trix has high pH and a drier environment, which is too harsh for the
bacteria growth and, thus, the healing rate drops noticeably along the
pathway of the crack.

In addition, a poor or broad interfacial transition zone (ITZ) between
cement paste and aggregates is known to allow the penetration of the
chlorides [37], while the decrease in ITZ makes the cementitious ma-
terial have a denser matrix [42]. In this study, a higher penetration
circling aggregate was observed in samples of conventional and high-
performance concrete specimens, leading to higher penetration values
through cracks (example in Fig. 8).

The silver nitrate colorimetric method is a very simple and quick way
to measure the chloride penetration depth in concrete. The brown area is
assumed to be a chloride-free area; however, it is not really chloride-free
[76]. The chloride content at the color change boundary has been re-
ported to be between 0.01% and 1.41% by the mass of the cement
[62,77]. The heterogeneity of concrete and the different methods used
for obtaining the chloride concentration and for obtaining the powder
for the analysis are considered responsible for this variation [76], as well
as parameters such as mix composition or internal and environmental
conditions [78].

Despite the fact that the colorimetric method does not correlate
exactly with other methods for obtaining chloride concentration, it is a
quick preliminary estimation of the chloride penetration depth. The
concentration used in this study of 0.1 mol/1 is the most appropriate for
reducing difficult to detect coloring profiles reducing the problems
mentioned [77], and it can detect even a small amount of 0.01% free
chloride content by the mass of cement [61]. In addition, the chloride
concentration at the chloride penetration depth detected by the spray
test roughly corresponds to the commonly accepted value for the critical
chloride concentration [78]. Therefore, the white area detected on a
freshly split concrete surface can be considered an area at risk for steel
reinforcement corrosion [62]. This information is useful for further
analysis of the chloride profile with more accurate methods.

5. Conclusions

The effect of some commercial bacterial products on the self-healing
capability of more than 300 specimens of CC, HPC, or UHPC is evaluated
by performing 3 tests (crack closing, water permeability, and chloride
permeability). From the obtained results, the following conclusions can
be drawn:

1. Regarding visual closure of the cracks, the incorporation of the
bacteria showed improvements in the crack closing ratio higher than
5% in HPC and UHPC healing in WI conditions and in CC healing in
HC conditions. One week of water immersion significantly improved
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Fig. 8. Effect of ITZ on chloride penetration of conventional concrete specimen.

the crack closure capability compared to specimens healed in a hu-
midity chamber.

2. Regarding the improvements in water tightness, the healing ratio of
specimens healed in water immersion conditions is higher than in
other conditions; however, these ratios are inferior to those obtained
in crack closure.

3. Conventional concrete mixes are more likely to have high values of
visual healing of the crack that do not correspond with a recovery of
the water tightness. On the contrary, HPC and UHPC mixes are more
likely to have high values of recovery of water tightness that do not
correspond with a visual crack closing of the crack. For UHPC to have
an effective self-healing effect in the permeability test, it must have a
crack closing ratio higher than 50%.

4. Due to the dense matrix of high-performance and ultra-high-
performance concrete specimens, their natural resistance to chlo-
ride penetration for cracks up to 400 m is quite low, less than 10 mm,
and bacterial addition has no discernible effect. In contrast, the
chloride penetration reduction of conventional concrete specimens
containing bacteria was much greater than that of specimens con-
taining no bacteria. CC specimens containing liquid bacteria
(CC25LB) and cured in WI showed improved chloride penetration
resistance for cracks up to 350 pm.

5. The ratio of chloride penetration through the crack to chloride
penetration through the matrix (W/Py) in CC and UHPC specimens
cured in HC are very similar and near 2.
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