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� Bio-plastic healing agents are investigated for the self-healing efficiency of mortar specimens.
� Quantification and characterization of the self-healing by the healing agents are performed.
� Healing agents displayed better crack closure performance compared to plain mortar.
� Healing agents displayed better recovery of water tightness compared to plain mortar.
� Internal crack geometry governs the variability in the crack width and water flow.
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a b s t r a c t

In this study, a novel non-toxic, biodegradable bacteria-based healing agent known as alkanoate
derivatives (AKD) derived from wastewater was investigated for its self-healing efficiency of the mortar
specimens in comparison to the already-developed healing agents made of lactic acid derivatives (PLA).
Mortar with different percentages of healing agent inclusions (2.6% and 5% w/w cement) have been eval-
uated in this study. To assess the self-healing improvements of the mortar incorporated bacteria-based
bio-plastic healing agent’s self-healing capacity, quantification of self-healing efficiency was performed
at two different healing intervals of 28 and 56 days through optical determination of crack closure by
stereomicroscope, recovery of water tightness by rapid water permeability test and determination of
mass percentage increase of calcium carbonate by thermogravimetric analysis (TGA). The healing prod-
ucts formed in the cracks were analyzed by TGA and X-ray diffraction (XRD). Furthermore, a statistical
analysis was performed to understand the variability in the crack width, water flow and the correlation
of self-healing ratios between the stereomicroscope and permeability measurements. The results
revealed that series containing the healing agents displayed a higher crack closure ratio compared to
plain mortar series for initial crack widths greater than 0.4 mm at 56 days of healing. Moreover, the
recovery of water tightness for series containing bacteria were greater compared to plain mortar for ini-
tial crack widths greater than 0.6 mm at 56 days of healing. However, in healing agent incorporated mor-
tar series, only alkanoate derivatives at 5% dosage reported an increase in mass % of calcium carbonate
precipitation at 56 days of healing. From the statistical analysis, it was confirmed that the influence of
internal crack geometry plays a significant role in the degree of healing and variation of the water flow
for smaller crack widths as the healing period increases.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Concrete is the most commonly used man-made construction
material on the earth and cement is used to make about 2.5 metric
tons (over one cubic meter) of concrete per human being alive per
year [1]. It is a brittle material, relatively strong in compression but
comparatively weak in tension and, thus vulnerable to cracking.
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Cracks in the concrete are inevitable and occur not only due to the
external mechanical loading but also as a result of chemical shrink-
age, drying shrinkage or autogenous shrinkage [2]. These cracks
hinder the durability of concrete since they offer a convenient
route for the movement of liquids and gasses that potentially con-
tain harmful substances. To keep concrete structures durable, it is
necessary to control the crack width and to heal the cracks as soon
as possible. Concrete structures require frequent and scheduled
inspection for repair and maintenance, which are significantly
time- and money-consuming. In Europe, approximately 50% of
the annual construction budget has been estimated for reconstruc-
tion and renovation of existing facilities [3]. Self-healing of cracks
in concrete thus leads to low maintenance costs and a longer ser-
vice life of concrete structures [4–6]. However, the autogenous
healing in concrete due to the cement hydration and carbonation
of portlandite can effectively heal cracks only up to 0.2 mm [7].

Microbially induced carbonate precipitation (MICP) has been
studied in recent decades as an environmentally friendly method
for surface consolidation and preservation of decayed ornamental
stones and concrete. The method was first applied to form a com-
patible and highly coherent carbonate precipitate on limestone.
Later, this method was explored to improve the durability of
cement-based materials. In addition, the same concept has also
been extended to the generation of a biological binder [8–15].
Recent advances indicate the potential use of this technique for
the remediation of cracks in building materials, strength improve-
ment and self-healing of cementitious materials. The principle
behind the MICP in self-healing concrete involves the application
of mineral-producing bacteria (added-in as spores) which converts
the organic carbon substrate to precipitate calcium carbonate onto
the crack face in the concrete These bacterial spores are added in
the fresh mixture with nutrients, organic carbon substrate and
other repair agents. The spores remain dormant in the concrete
matrix but can germinate as soon as cracks occur. As the concrete
cracks, the bacteria start to proliferate after the ingress of water
and oxygen through cracks and produces calcium carbonate on
the crack faces through aerobic oxidation. As a result, the produced
crystals will block cracks and cause cracks to self-repair. Efficient
self-healing is done if the sealing is a long-term success and can
be accomplished throughout the lifespan of a system. The survival
of bacteria is therefore particularly important. However, there can
be several barriers to the survival of bacteria when bio-agents are
directly added to concrete. Research has shown that while bacte-
rial spores have already been introduced, the lives of unencapsu-
lated or non-immobilized spores are restricted to only two
months, and therefore only young samples have been effectively
self-healed [16]. This might have many causes including cement
matrix alkalinity, concrete mixing, and cement hydration [16].
One way to tackle this constraint is to encapsulate the bacteria
to protect them, without affecting bacteria’s concrete properties
and ability to precipitate calcium carbonate. Several methodolo-
gies have been reported in the current literature to encapsulate
the healing agents (spores or combination of spores and nutrients)
but not limited to the following, such as superabsorbent hydrogels
[17–21], silica gel/polyurethane [22], melamine microcapsules
[23], rubber particles [24], lightweight aggregates (LWA) [25–29],
diatomaceous earth [30,31] and biochar [32,33]. According to Jon-
kers et al. [16], incorporation of healing agents in LWA substan-
tially prolonged the lifetime of the bacterial spores in the
concrete matrix. In some research studies [56–57], self-protected
bacterial cultures have also been investigated. Moreover, the uti-
lization of calcium lactate as an organic carbon substrate in the
LWA had resulted in 10% increase in compressive strength in com-
parison to other organic carbon substrates such as calcium acetate,
yeast extract and peptone [11]. However, due to the incorporation
of LWA volumes, which influence the mixture design, the
2

application range may be limited. To expand the application range
by scaling the healing agent particles, Mors et al. [34,35] investi-
gated an alternative healing agent (HA) additive which solely con-
sists of bacterial spores, nutrients and organic carbon substrate
made of lactic acid derivatives (PLA). This addition of HA (4% by
weight of cement) reported three times enhanced cracked water
tightness of the mortar [35] in comparison to the control series.
Rodriguez et al. [36] carried out quantification studies of the ten-
sile strength and elastic modulus in the interface zone (IZ) between
the HA additives (0.6% and 1.3% by w/w) and the cement paste to
understand the influence in terms of characteristics and dosage of
these HA additives. Rossi et al. [37] investigated the self-healing
capacity of these HA additives at 2.6% dosage and reported an
improvement in the recovery of watertightness and 28 days com-
pressive strength of the HA mortar composites in comparison to
control series. These studies indicate that the incorporation of
PLA in the HA additives can significantly improve the self-healing
capacities due to the presence of calcium lactate (Ca(C3H5O3)2)
which produces six equivalents of calcium carbonate (CaCO3) and
five equivalents of carbon dioxide from one equivalent of calcium
lactate when undergoing aerobic oxidation, as described below
[11].

Ca C3H5O3ð Þ2 þ 6O2 CaCO3 þ 5CO2 þ 5H2O ðaÞ

5CO2 þ 5Ca OHð Þ2 5CaCO3 þ 5H2O ðbÞ
Beside PLA-HA, recent studies showed the benefits upon the

application of other bioplastic sources to be used as additives for
self-healing mortar, such as alkanoate derivatives (AKD) [38]. The
production costs of these bioplastics are several times higher than
the petro-chemical based plastics. According to Stabnikov et al.
[39] a potential strategy to minimize the cost of production associ-
ated with these bioplastics to be incorporated into the self-healing
application of concrete is the use of inexpensive raw materials
from municipal solid waste, liquid waste from municipal wastew-
ater treatment plants, food waste or agricultural waste for the
extraction of AKD healing agents. Vermeer et al. [40] investigated
the influence of the AKD healing agents (2.6% by weight of cement),
comprising of 97.6% alkanoate, 0.39% spores and 0.019% nutrients
in the self-healing performance of the mortar and reported an
improvement in the self-healing efficiency for the first time. Simi-
larly, Rossi et al. [37] studied the influence of AKD healing agents at
2.6% dosage on the recovery of mechanical properties and water-
tightness. These studies indicate that the addition of AKD healing
agents considerably improve the self-healing performances of
mortar specimens in comparison to control. This can be explained
due to the production of carbon dioxide by the alkanoate derivate
organic substrate which is a copolymer composed of hydroxybu-
tyric acid (CH3CH(OH)CH2CO2H) and hydroxypentanoic acid (CH3-
CH2CHOHCH2CO2H) monomers. These monomers can be utilized
by bacteria and completely degraded to CO2 under aerobic condi-
tions, as described below.

CH3CH OHð ÞCH2CO2Hþ 4:5O2 ! 4CO2 þ 4H2O ðcÞ

CH3CH2CHOHCH2CO2Hþ 6O2 ! 5CO2 þ 5H2O ðdÞ
Since recent studies showed the potential benefits of AKDs as

HA for self-healing mortar, it is fundamental to assess the proper-
ties of this newly proposed system also with regard to varying
dosages of HA that is added in the fresh mixture. Furthermore,
assessing the self-healing capacity through various techniques as
a function of healing time is truly relevant to better evaluate the
actual benefits of the system with regard to the durability of the
material. The encapsulation of the AKD healing agents were done
by powder compression technologies that can mimic the charac-
teristics of the HA additive [41]. To assess the effect of these
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bioplastic healing agents on the mortar specimens, quantification
and characterization of the self-healing performance were con-
ducted. The quantification of the self-healing efficiency was stud-
ied by visual observations of crack healing through
stereomicroscope, recovery of watertightness by rapid water per-
meability test and quantification of the calcium carbonate precip-
itates by TGA. For the first time, the characterization of the
precipitated calcium carbonate by the bioplastic healing agents
were investigated by TGA and XRD. Furthermore, a comparative
assessment of the self-healing ratios between various micro-scale
techniques and correlation-variability studies of the crack width
and water flow were performed by statistical analysis.
2. Materials and methods

2.1. Bioplastic healing agents

The PLA-HA were supplied by Basilisk B.V. (Delft, the Nether-
lands), composed of bacterial spores of Bacillus cohnii-related
strains (0.1–2% by weight of the total PLA-HA), organic and inor-
ganic nutrient salts (10.5–43%) and PLA (50–80%). The size of the
PLA-HA was in the range of 0.5 to 1 mm with a density of
1200 kg/m3.

The AKD-HA were composed of spores derived from Bacillus
Cohnii, nutrients (yeast extract), and an organic carbon substrate
(alkanoate copolymer) extracted from wastewater streams as
mentioned in [40]. The 40 g (97.6% by weight of the total HA) of
alkanoate copolymer were mixed with 0.01 g of bacterial spores
‘S’ (0.04%) and 0.81 g of yeast extract ‘YE’ (2%). The obtained mix-
ture was roller compacted to thin sheets by applying heat for 30 s
at 100 ± 10 �C, then grinding the sheets into powders that were
sieved to obtain a sand size (0.5–1 mm). Besides the following pro-
cedure, a freeze-drying method was adopted to eliminate the
agglomeration of the grounded particles. The preparation (encap-
sulation) of the AKD-HA was displayed in Fig. 1.

2.2. Preparation of mortar specimens

The specimens were prepared by using cylindrical plastic
moulds of 60 mm long and with a diameter of 33.5 mm. Five types
of mixtures were investigated for this study. These were - control
Fig. 1. Preparation of AKD-HA particles. ‘‘BHE” indicates t
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mixture (CTRL) without healing agents, mixture with calcium lac-
tate derivatives of 2.6% (PLA 2.6) and 5% (PLA 5.0) dosage by weight
of cement and mixture with alkanoate-based derivatives of 2.6%
(AKD 2.6) and 5% (AKD 5.0) dosage in the mortar mixture. The mix-
ture contained ordinary Portland cement (CEM I 42.5N, ENCI, The
Netherlands), varying sand fractions ranging from 0.125 mm to
2 mm, water, and healing agent. The detailed mix design is in
accordance with EN-196-1 listed in Table 1. For evaluation of the
self-healing efficiency of the mortar mixtures, twelve cylindrical
specimens were cast per mixture. All specimens after casting were
sealed with polyethylene cover at the opening of the air-tight plas-
tic container moulds and were kept for curing in a room with stan-
dard temperature (20–23 �C) and greater than 95% RH for 28 days.
2.3. Experimental procedure

In this study, the self-healing capacity and the precipitation of
calcium carbonate of the five different mortar mixtures were
investigated through different experimental techniques. The
experimental procedure for each series consisted of 12 cylinders
cast from the mortar mixture (2–3 samples casted may be
neglected based on poor crack creation). After 28 days of curing,
the crack induction was introduced as a single stable crack ranging
from 0.04 to 0.8 mm. To prevent the dislodge of the specimens, an
adhesive tape was attached around the curved surface of the cylin-
der. The crack in the specimens was visualized by stereomicro-
scope, followed by rapid water permeability test of the cracked
specimens. From each series of 12 specimens, 1 random specimen
was chosen for TGA and XRD analysis. The precipitated crystals at
the crack mouth of these specimens were quantified using TGA and
characterized using XRD. Two healing durations for crack healing
were implemented – 28 and 56 days of healing in water (full
immersion) accompanied by a similar self-healing assessment pro-
cess. Fig. 2 depicts the experimental procedure for each series.
2.4. Crack calibration

After the curing period, the cracks were introduced in the spec-
imens by tensile cracking. Initially, two (2 mm wide and 3 mm
deep) notches were sawn at diametrically opposite ends of a cylin-
der’s base layer. These notches ran down along the entire longitu-
he healing agent sheets comprising of S, YE and AKD.



Table 1
Mixing proportions of mortar specimens.

Mixture Constituent Amount (kg/m3)

CTRL; PLA 2.6; PLA 5.0; AKD 2.6; AKD 5.0 Cement
Water
Sand
fraction
(mm)
1–2
0.5–1
0.25–0.50
0.125–0.25
w/c ratio

500
250

495
510
315
180
0.5

PLA 2.6; AKD 2.6; PLA 5.0; AKD 5.0 Healing agent
PLA/AKD

Dosage-2.6% Dosage-5.0%
14 26
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dinal stretch of the cylinder’s curved surface. Steel rods were
placed along the created notches and adhered to the surface with
adhesive tape to support the symmetrical notches during tensile
cracking. Compressive loading speed of 0.01 ms-1 was applied
along the placed steel rods by using Instron 8872 servo hydraulic
hand press machine. The load was applied until the cylinders dia-
metrically split along the created notches. Crack widths ranging
between 0.04 and 0.8 mm were obtained. Finally, Perspex spacers
of 2.4 mm wide were placed between the notches to fill the gaps
created by the notches. Besides, the adhesive tape served to hold
the two halves of the specimen together. This was done to provide
a suitable crack width without dislodging the pieces into two
halves. Fig. 3 depicts the crack creation procedure for the upcom-
ing experiments.
Fig. 2. Schematic representation of the experimental p

4

2.5. Crack evaluation by stereomicroscope

The cracks at the specimen ends were evaluated through stere-
omicroscopic observations. The crack images were taken before
and after healing for 28 and 56 days in tap water (full- immersion)
for each specimen. Quantifying the crack in the specimen was
achieved by labeling 10 positions along the crack length perpendic-
ular to the crack path. These markings were equally spaced from
each other along the crack length. The estimated crack width
was obtained by averaging these marked values for each specimen.
The estimated crack width from the top and the bottom face were
used to determine the effective crack width of the specimen using
Equation (1) [42].
rocedure (number of specimens for each series).



Fig. 3. Crack creation for the experimental procedure.
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Effective crack widthðWeffÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðTF � BFÞ23

q

TF þ BF
ðmmÞ ð1Þ

where TF and BF are the top face and bottom face in mm, respec-
tively. To quantify the crack healing capacity of the specimens,
the crack healing percentage was obtained using Equation (2).

Crack healing percentage %ð Þ ¼ ½ðC0 � CtÞ=C0� � 100 ð2Þ
where C0 is the initial effective crack width before healing in mm,
and Ct is the final effective crack width after 28/56 days of healing
in mm.

2.6. Rapid water permeability test

The self-healing efficiency was initially investigated through
stereomicroscopic images. Despite stereomicroscopic observa-
tions, the results should be combined with a crack permeability
test to relate functional property (water permeability) with visual
observations. The permeability of the test specimens was deter-
mined by monitoring the weight of the leaked water through the
cracks at a constant hydraulic water head of 0.1 bar. The test set-
up as proposed by Palin et al. [43] was adopted for water perme-
ability measurements. The coefficient of the water permeability
(k) was obtained using Equation (3).

Water permeabilitycoefficientðkÞ ¼ c � QðtÞ=tðg=secÞ ð3Þ
where Q(t) is the weight of water transported through surface of
specimen in g as a function of time, t is the duration of the test con-
ducted for the water to flow through the cracks of the specimen in
sec, and c is the coefficient depending on the thickness of the spec-
imen, hydraulic head and nominal crack length. Here c is assumed
as 1. The recovery of water tightness (RWT) due to the self-
healing effect was calculated by using Equation (4).
5

RWT %ð Þ ¼ ½ðq0 � qtÞ=q0� � 100 ð4Þ
where q0 is the initial water flowing through the cracks before heal-
ing period and qt is the final water flowing through the cracks after
a healing period of 28/56 days, measured in cm3/sec.

2.7. Crack width and water flow

A crack flow model was proposed in which the water perme-
ability (k) as a function of effective crack width (Weff) were
depicted for the observed values (experimental data) and the
predicted values of the model. The predicted values were calcu-
lated using Poiseuille’s Law, as stated in Equation (5).

Water permeabilityðqÞ ¼ n� DP � l�Weff
3=12� g

� dðg=secÞ ð5Þ
where DP is the differential water pressure between crack inlet and
outlet in Nm�2, l is the nominal crack length across the face of the
cylindrical specimen in m, w is the crack width in m, d is the crack
depth which is the distance between the two faces of the cylindrical
specimen in m, and g is the dynamic viscosity of the water in Ns
m�2. The water flowing through these cracks have a roughness
and tortuosity that reduces the flow of water through these cracks.
This effect is accounted by the reduction factor n.

2.8. Investigation of precipitated crystals at the crack mouth

The investigation of the self-healing product i.e. the precipitates
sealing the cracks (CaCO3 crystals) were subjected to XRD analysis
(Philips PW 1830-XRD, Netherlands). The sample preparation for
the XRD analysis was done by initially scrapping out the precipi-
tates in the crack by using a scalpel. These scrapped materials were
quenched using methanol inside a desiccator to provide longer



Fig. 4. Crack widths at the TF and BF as a function of increasing healing period. The
left bar indicates the TF, and the right bar indicates the BF for each mortar series.

Table 2
Number of specimens for each reference crack widths of TF and BF.

Series Number of specimens

TF BF

Ref. crack widths 0.19 mm–0.40 mm 0.4 mm–0.6 mm 0.33 mm–0.62 mm

CTRL 4 4 9
PLA2.6 1 4 6
PLA5.0 3 6 8
AKD2.6 4 7 7
AKD5.0 6 4 7

Number of specimens at each healing duration were same except for BF at 56 days
of healing, PLA5.0 had 7 specimens.
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storage, thus promoting the hydration stoppage by solvent
exchange. After the hydration stoppage, the material was ground
by hand in an agate mortar-pestle, and methanol was added to pre-
vent agglomeration and promote the fineness of the particle with
sizes around 10–30 mm. Besides, sample spinning was done to
ensure more particles to diffract at a given angle and reduce the
error in the measured intensities. The powdered sample was
placed in the aluminum holder by front loading and was subjected
to a CuKa radiation with tube settings at 45 kV and 40 mA. The
samples were scanned in the 2hrange of 5–70� with a step size of
0.030� 2h and at a rate of 3 sec per step for data collection.

TGA was used as a complimentary technique to XRD for charac-
terization of calcium carbonate precipitated crystals. Moreover,
TGA was implemented for quantification of the calcium carbonate
crystals. TGA and differential thermogravimetric (DTG) scan were
performed simultaneously using a NETSCH STA 449 F3 Jupiter
machine with a temperature interval of 40 �C–900 �C under a argon
atmosphere. The heating rate was 10 �C/min. The sample prepara-
tion for TGA involved grinding the precipitated product (CaCO3) by
hand mortar-pestle under argon gas atmosphere, followed by pre-
treatment of the sample using a three-step procedure. This
involved using isopropanol (exchange of pore water by iso-
propanol), followed by the removal of isopropanol by diethyl ether
and short drying at 40 �C to evaporate any remaining diethyl ether.
The sample was then kept for shorter durations in a closed con-
tainer under light vacuum conditions. The weight of the scrapped
sample varied between 16 and 52 mg. CaCO3 decomposes above
600 �C to calcium oxide (CaO) and carbon dioxide (CO2). The
amount of CaCO3 present in the cracks can be obtained by deter-
mining the weight loss of CaCO3 from the TGA curve and using
Equation (6).

Amount of CaCO3in the crack mouth MCaCO3ð Þ
¼ WL �mCaCO3=mCO2 mgð Þ ð6Þ

where WL is the weight loss of CaCO3 in mg, mCaCO3 and mCO2 are
the molecular masses corresponding to 100 g/mol and 44 g/mol,
respectively. To quantify the self-healing efficiency in terms of mass
% of CaCO3 precipitates formed before and after the healing period,
Equation (7) was adopted.

Self - healing efficiency %ð Þ ¼ ½ðM%CaCO3ð56Þ

�M%CaCO3 28ð ÞÞ=M%CaCO3ð28Þ�100
ð7Þ

where M%CaCO3(28) and M%CaCO3(56) are the mass % of the CaCO3 pre-
cipitates formed at 28 and 56 days of healing, respectively.

3. Results

In the following sections, the results of this study will be shown
and elaborated. Section 3.1 presents the analysis of the crack width
at different healing periods followed by Section 3.2 which elabo-
rates the flow of the water through these cracks and the recovery
of water tightness of the specimen. Section 3.3 elucidates the
parameters influencing the water permeability of the cracked spec-
imens and the variability in the water flow and crack width. In the
end, Section 3.4 provides the details on characterization of the pre-
cipitated products by the healing agents.

3.1. Stereomicroscope observations

3.1.1. Crack healing capacity at the TF and BF
Fig. 4 illustrates the crack width obtained at the TF and the BF of

the specimens for each series as function of the healing period.
From Fig. 4, initial reference crack widths were chosen to compare
6

the crack closure efficiency between different series at different
healing periods. At 28 days of healing, two reference initial crack
width ranges of TF were chosen. In the first case, ranges from
0.19 mm to 0.40 mm were chosen in which CTRL, PLA2.6, PLA5.0,
AKD2.6 and AKD5.0 series comprised of four, one, three, four and
six specimens, respectively. In the second case, ranges from
0.4 mm to 0.6 mm were adopted. The number of specimens in
these range were four, four, six, seven and four for CTRL, PLA2.6,
PLA5.0, AKD2.6 and AKD5.0, respectively. In the case of 56 days
of healing, same reference initial crack width ranges of TF were
chosen with same number of samples. In the BF, the reference ini-
tial crack width ranges of 0.33 mm to 0.62 mm were chosen in
which CTRL, PLA2.6, PLA5.0, AKD2.6 and AKD5.0 had nine, six,
eight, seven, and seven respectively for 28 days of healing. At
56 days of healing, same reference initial crack width range was
chosen but the number of samples varied for PLA5.0 which was
seven in this case. Table 2 highlights the number of specimens
for each reference crack widths at TF and BF.

Table 3 enlists the average self-healing capacity at the TF and BF
for each mortar series. According to the results obtained, the aver-
age self-healing performance increased at higher healing durations
for all the mortar series. CTRL series reported an increase in aver-
age self-healing ratio from 39% and 34% at TF and BF, respectively,
for 28 days of healing to 68% and 53% at TF and BF respectively for
56 days of healing. Meanwhile, the bacteria containing series, espe-
cially PLA5.0 and AKD5.0 reported the maximum average self-
healing efficiency at 28 and 56 days of healing. For PLA5.0, the
self-healing efficiency observed at 28 days of healing were 68%
and 49% for TF and BF respectively whereas at 56 days of healing,
these self-healing efficiencies reached 92% and 87% for TF and BF,
respectively. Similarly, for AKD5.0, the self-healing efficiency
increased from 73% to 92% for the TF and 57% to 76% for the BF,



Table 3
Average self-healing capacity of TF and BF at different healing periods for each mortar series.

Series Healing Duration (days)

28 56

TF BF TF BF

CTRL 39% 34% 68% 53%
PLA2.6 53% 32% 69% 67%
PLA5.0 68% 49% 92% 87%
AKD2.6 63% 50% 84% 76%
AKD5.0 73% 57% 92% 76%

Fig. 5. Crack healing percentage against initial crack widths at TF for different healing periods: (a) 28 days and (b) 56 days.

Fig. 6. Crack healing percentage against initial crack widths at BF for different healing periods: (a) 28 days and (b) 56 days.
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as the healing period increased. Moreover, from the obtained val-
ues of self-healing efficiency at TF and BF, the self-healing at the
BF was lower in comparison to the TF.

To distinguish the self-healing performance at individual crack
widths for TF and BF obtained using image analysis application-
ImageJ, self-healing efficiency was plotted against the initial crack
widths of the TF and BF for different healing periods, as shown in
Fig. 5 and Fig. 6, respectively.

According to Fig. 5 (a), for crack widths less than 0.4 mm,
PLA5.0, PLA2.6, AKD5.0, AKD2.6 and CTRL reported the best self-
healing performance of 94.6%, 94%, 93.4%, 78% and 88% for crack
widths 0.19 mm, 0.23 mm, 0.25 mm, 0.36 mm and 0.23 mm
respectively. At crack widths greater than 0.4 mm, PLA5.0 and
PLA2.6 had higher self-healing efficiencies of 88.5% and 63.1% for
crack widths 0.83 mm and 0.86 mm, respectively. However, for
crack widths ranging between 0.4 and 0.6 mm, AKD5.0 had
achieved the highest self-healing efficiency of 86% at a crack width
of 0.46 mm in comparison to the other bacterial containing series
and CTRL specimens. Overall, the self-healing performance of
7

PLA5.0 at 28 days of healing was comparatively higher for most
of the specimens in comparison to the other mortar series. In
Fig. 5 (b), for crack widths less than 0.4 mm, a complete self-
healing efficiency was achieved for CTRL, PLA2.6 and PLA5.0 at
crack widths of 0.23 mm whereas for AKD2.6 and AKD5.0, 100%
self-healing performance was reported at crack widths of
0.37 mm and 0.25 mm, respectively. However, PLA5.0 also
achieved a complete crack closure for crack widths 0.19 mm and
0.27 mmwhereas AKD5.0 also achieved a 100% self-healing perfor-
mance at 0.22 mm and 0.26 mm. For crack widths greater than
0.4 mm, a complete crack closure was only observed for PLA5.0
at a crack width of 0.46 mm. Overall, for PLA and AKD at 5% dosage,
a 100% self-healing efficiency was achieved for four different crack
widths and three different crack widths, respectively. Meanwhile
for CTRL and PLA/AKD at 2% dosage achieved a complete crack clo-
sure for only one time.

According to Fig. 6 (a), for crack widths less than 0.7 mm,
PLA5.0, AKD5.0, AKD2.6, CTRL and PLA2.6 reported the best self-
healing performance of 82.3%, 75.1%, 69%, 69.5% and 67.9% for



Table 4
Average self-healing capacity of effective crack width at different healing periods for
each mortar series.

Series Healing Duration (days)

28 56

CTRL 30% 61%
PLA2.6 44% 70%
PLA5.0 60% 92%
AKD2.6 56% 82%
AKD5.0 69% 90%
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crack widths 0.53 mm, 0.62 mm, 0.33 mm, 0.35 mm and 0.62 mm
respectively. For crack widths greater than 0.7 mm, PLA5.0 had a
higher self-healing performance of 67.9% at a crack width of
0.76 mm in comparison to PLA2.6 and AKD2.6 which reported a
high self-healing performance of 44% and 67.8% at crack widths
of 0.8 mm and 1.2 mm respectively. Overall, the highest self-
healing performances of PLA5.0 and AKD5.0 were achieved for dif-
ferent crack widths in comparison to other mortar series. In Fig. 6
(b), for crack widths less than 0.7 mm, only PLA5.0 achieved a com-
plete crack closure at a crack width of 0.53 mm whereas for crack
widths greater than 0.7 mm, PLA5.0 and AKD2.6 reported a self-
healing efficiency of 93% and 90% at a crack width of 0.8 mm and
1.2 mm, respectively. Hence the self-healing performance
improved for both the TF and BF as the healing period increased.
3.1.2. Crack healing capacity of the obtained effective crack width
Fig. 7 illustrates the effective crack width obtained for each

mortar series as a function of the healing period. These effective
crack widths were calculated using Equation (1). The initial effec-
tive crack widths of the CTRL series ranged from 0.21 to
0.61 mm. PLA2.6 and PLA5.0 had crack widths ranging from 0.36
to 0.7 mm and 0.30 to 0.8 mm, respectively, while AKD2.6 and
AKD5.0 had crack widths ranging from 0.3 to 0.63 mm and 0.34
to 0.51 mm, respectively. At 28 days of healing, a diminishing trend
in the effective crack widths were observed. For CTRL series the
effective crack widths were in the range of 0.06 to 0.47 mm. In
the case of PLA2.6, the effective crack widths were in the range
of 0.04 to 0.43 mm. PLA5.0 had effective crack widths in the range
of 0.09 to 0.39 mm. For AKD2.6 the crack widths were in the range
of 0.12 to 0.22 mm whereas AKD5.0 had crack widths in the range
of 0.05 to 0.24 mm.

This diminishing trend was further enhanced at 56 days of heal-
ing. In the CTRL series, the crack widths reduced to the range of 0 to
0.32 mm. Similarly, for PLA2.6, the cracks widths were in the range
of 0 to 0.22 mm. In PLA5.0, the crack widths were in the range of 0
to 0.14 mm. AKD2.6 had crack widths in the range of 0 to 0.12 mm
whereas AKD5.0 had crack widths in the range of 0 to 0.08 mm.

Table 4 enlists the average self-healing capacity of effective
crack widths for each mortar series. According to the results
obtained, the self-healing performance at the effective crack
widths improved with the increasing healing period for all the
mortar series. In the CTRL series, the average self-healing efficiency
increased from 30% at 28 days of healing to 61% at 56 days of heal-
ing. In the case of bacteria containing series especially PLA and AKD
at 5% dosage, maximum self-healing efficiency of 60% and 69% was
reported for PLA5.0 and AKD5.0 at 28 days of healing respectively,
which further increased to 92% and 90% at 56 days of healing.
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Fig. 7. Effective crack width as a function of increasing healing period.
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Hence an improved self-healing performance was more significant
for PLA5.0 and AKD5.0.

To distinguish the self-healing performance at individual effec-
tive crackwidths, self-healing efficiencywas plotted against the ini-
tial effective crack widths for different healing periods, as shown in
Fig. 8. For initial effective reference crack widths ranging between
0.28 and 0.4 mm, highest self-healing performance at 28 days
was achieved for CTRL, PLA2.6, PLA5.0, AKD2.6 and AKD5.0 corre-
sponding to self-healing efficiency of 78%, 88%, 89%, 67% and 86%
at crack widths of 0.28 mm, 0.36 mm, 0.36 mm, 0.36 mm and
0.39 mm, respectively. At 56 days of healing, best self-healing effi-
ciency was reported in which CTRL specimens achieved a 100% self-
healing for effective initial crack width of 0.28 mm. In addition, for
reference effective cracks ranging from 0.36 to 0.4 mm, all series-
containing healing agents, achieved 100% crack closure. In contrast,
CTRL specimens exhibited a self-healing ratio of 72% and 77% for an
effective crack width of 0.39 and 0.33 mm, respectively. These find-
ings suggest that the occurrence of complete crack closure is more
frequent for small effective crack widths. Moreover, bacteria con-
taining series especially PLA5.0 and AKD5.0 had achieved a com-
plete crack closure three times in comparison to other mortar
series which achieved only one time. Fig. 9 shows the stereomicro-
scopic observations of the crack healing capacity for cracks in the
range of 0.36 to 0.4 mm at 56 days healing period.

The stereomicroscopic observations reveal that except for CTRL
series, no indication of cracks on the cracked specimens for PLA
and AKD series were reported at 56 days of healing. Thus, a com-
plete crack closure could be observed for PLA and AKD series at
56 days healing period for cracks in the range of 0.36 to 0.4 mm.

Series containing healing agents displayed much higher self-
healing ratios for initial reference effective crack widths in the
range of 0.4 mm to 0.8 mm. At initial effective crack width ranging
between 0.4 and 0.5 mm, CTRL specimens displayed a maximum
self-healing ratio of 72% for crack width of 0.40 mm compared to
AKD2.6 which exhibited a maximum self-healing ratio of 90% for
a crack width of 0.45 mm at 56 days of healing. At crack widths
ranging between 0.5 and 0.6 mm, higher crack closure ratios of
50.45% and 100% were achieved at 28 and 56 healing days respec-
tively, for PLA5.0 compared to CTRL, which showed just 37% and
69% at 28 and 56 healing days, respectively. Moreover, a complete
crack closure for PLA5.0 was reported for two times for a crack
width of 0.52 mm and 0.55 mm at 56 days of healing. Fig. 10
depicts the stereomicroscopic images for cracked specimens of
CTRL and PLA5.0 at different healing periods.

The stereomicroscopic observations reveal that for PLA5.0
cracked specimens, crack healing could be observed especially at
the TF and BF due to filling of precipitated products by the healing
agents. However, for CTRL cracked specimens only TF indicated the
filling of the crack mouth whereas for BF crack filling could not be
observed. For crack widths ranging between 0.6 and 0.8 mm, a
higher sealing efficiency was obtained for series containing healing
agents. PLA2.6 obtained a self-healing ratio of 54% and 77% at 28
and 56 days of healing, respectively for initial effective crack width
of 0.79 mm. PLA5.0 achieved a self-healing ratio of 56% and 88% at
28 and 56 days of healing, respectively, for initial effective crack



Fig. 8. Crack healing percentage against initial effective crack widths for different healing periods: (a) 28 days and (b) 56 days.

Fig. 9. Stereomicroscopic images of cracked specimens before and after 56 days of healing for initial effective crack widths of 0.39 mm, 0.36 mm, 0.36 mm, 0.36 mm and
0.34 mm for CTRL, PLA2.6, PLA5.0, AKD2.6 and AKD5.0 respectively. Top image of each mortar series corresponds to 0 days healing and bottom image corresponds to 56 days
healing.
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width of 0.62 mm. AKD2.6 achieved the best self-healing ratio of
75% and 100% at 28 and 56 days of healing, respectively, for
0.63 mm. On the contrary, at 28 and 56 days of recovery, CTRL
specimens reached the lowest self-healing levels corresponding
to 19% and 63%, respectively, for initial effective crack width of
0.61 mm at 28 and 56 days of healing, respectively.

3.2. Rapid water permeability test

3.2.1. Recovery of water tightness
To quantify the self-healing efficiency, recovery of water tight-

ness was calculated using Equation (4). Fig. 11 depicts the range of
self-healing efficiencies for different mortar series at different heal-
ing periods. The average self-healing efficiency of each mortar ser-
ies was reported. AKD5.0 had the highest average self-healing
ratios of 55.8% for initial effective crack widths (0.34–0.51 mm),
followed by PLA5.0 (0.30–0.79 mm) with average self-healing ratio
of 50%, AKD2.6 (0.30–0.63 mm) with average self-healing ratios of
47% and CTRL (0.21–0.61 mm) with an average self-healing ratio of
45% at 28 days of healing. Meanwhile, PLA2.6 reported the lowest
average self-healing ratio of 38.5% at 28 days healing period. At
56 days of healing period, an average increase in the self-healing
ratios were observed for all data series. However, this trend in
9

the self-healing ratios were different compared to the obtained val-
ues at 28 days of healing. These values pertained to 71% for PLA5.0,
followed by 65% for AKD5.0, 57% for AKD2.6 and 54% for CTRL spec-
imens. PLA2.6 again recorded the lowest average self-healing ratio
of 49% at 56 days of healing. Nevertheless, PLA5.0 and AKD5.0
recorded the best average performance at 56 days of healing com-
pared to 28 days. To interpret these results further from Fig. 11,
80% of the samples in PLA5.0 had better self-healing efficiency
for 56 days of healing compared to 50 percentiles of the CTRL spec-
imens. However, as the PLA dosage decreased to 2.6 percent, only
30% of the samples had better self-healing efficiency than the 50
percentiles of the CTRL specimens. Furthermore, for AKD series, a
similar trend was observed in the self-healing performance. At
2.6% dosage in AKD, 27% of the samples had higher self-healing
efficiency compared to 50 percentile of CTRL specimens whereas
at 5.0% dosage, 55% of the samples had a better self-healing effi-
ciency in comparison to 50 percentile of CTRL specimens.

To distinguish the recovery of water tightness at individual
crack widths, scatter plot was presented, as shown in Fig. 12.

For initial effective reference crack widths between 0.28 and
0.4 mm, CTRL series reported the highest recovery of water tight-
ness of 97% for a crack width of 0.28 mm whereas PLA2.6,
PLA5.0, AKD2.6 and AKD5.0 corresponded to 41%, 72%, 60% and



Fig. 10. Stereomicroscopic images of cracked specimens at 0, 28 and 56 days of healing for initial effective crack width of (a) 0.5 mm for CTRL and (b) 0.52 mm for PLA5.0.

Fig. 11. Recovery of water tightness at different healing periods for each mortar series.

R. Roy, E. Rossi, J. Silfwerbrand et al. Construction and Building Materials 297 (2021) 123793
78% of recovery in water tightness for initial effective widths of
0.36 mm, 0.30 mm, 0.36 mm and 0.34 mm at 28 days of healing,
respectively. Similarly, at 56 days of healing, CTRL series reported
the best recovery of water tightness of 99% followed by PLA5.0 of
91%, 87% for PLA2.6, 82% for AKD5.0 and only 65% for AKD2.6. In
the case of initial reference effective crack widths ranging between
0.5 and 0.56 mm, 80% recovery of water tightness was achieved for
CTRL specimen for crack width of 0.50 mm in comparison to
PLA2.6, PLA5.0, AKD2.6 and AKD5.0 which achieved a recovery of
water tightness of 46% (0.54 mm), 48% (0.55 mm), 26%
(0.56 mm) and 48% (0.51 mm) respectively at 28 days healing. Dur-
ing 56 days of healing, the recovery of water tightness of CTRL
specimens increased to 82% whereas for PLA5.0, the self-healing
efficiency increased to 72%, 68% for AKD5.0, 52% for AKD2.6 and
10
39% for PLA2.6. For initial effective crack widths ranging between
0.6 and 0.68 mm, AKD2.6 reported best recovery of water tightness
of 89% and 95% at 28 and 56 days of healing respectively for effec-
tive crack width of 0.63 mm. In contrast, CTRL series recorded the
lowest recovery of water tightness of 6.6% and 11% at 28 and
56 days of healing, respectively, for initial effective crack width
of 0.61 mm.

3.3. Statistical analysis

3.3.1. Correlation between crack width and water flow
A relationship between water flow and effective crack width

was proposed by Edvardsen et al. [44]. This relationship is pre-
sented in Equation (5) which states that the theoretical calculated



Fig. 12. Recovery of water tightness against initial effective crack widths for different healing periods: (a) 28 days and (b) 56 days.

Fig. 13. Crack flow model for CTRL series at (a) 0 (b) 28 and (c) 56 days of healing.
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water flow q is proportional to the third power of the effective
crack width w in the specimen, i.e., as the effective crack width
of the specimen increases, the waterflow increases dramatically.
This theoretical crack flow model does not depend on the period
of healing but is based on certain assumptions. These assumptions
are parameter l is assumed to be equal to the crack length across
the end face of the specimens (0.03 m) and parameter d is assumed
to be equal to the crack depth between the end faces of the spec-
imens (0.051 m). Small variations in the crack depth between the
specimens due to casting, demoulding, and sawing are neglected.
For all the data series at different healing durations, Dp was equal
to 10,000 Pa (1 m of water column). Besides to account for the
effects of the internal crack geometry for smaller crack widths, a
reduction factor n was applied which was estimated as 0.031 and
was obtained by rearranging the Equation (5) with substituted ini-
tial water permeability experimental values for q. Thus, a non-
linear function was obtained. Fig. 14 represents the crack flow
model for the CTRL series at different healing periods.

According to Fig. 13, high R2 constant values of 0.99 was
accounted at different healing periods for the theoretical model
due to the accounting of the internal crack geometry. Nevertheless,
low R2 values for the experimental data were reported. These vari-
ability in the result might not only arise from internal crack geom-
etry but also from the variability due to the test method adopted.
These include operator sensitivity, small changes in the environ-
mental conditions, small changes in the water head, accuracy of
the scale, small particles which detach from the crack wall and
either block a certain part of the crack or were flushed out. This
trend of low R2 values were also identified in the bacteria contain-
ing series. Table 5 provides the correlation coefficients between the
water flow and the effective crack width for the observed values in
the bacteria containing specimens at 0, 28 and 56 days of healing.
11
3.3.2. Variability in crack width and water flow: coefficient of
variation, standard deviation and mean

The variation in the water flow for initial effective crack width in
the observed values of different mortar series can be explained by
the concept of coefficient of variation (COV). The COV measures
the relative event dispersion which is equal to the ratio between
the standard deviation and themean expressed by the Equation (8).

COV ¼ r
l

ð8Þ

where r is the standard deviation and l is the mean value of the
observed data. According to Table 6 (a), the COV for the initial effec-
tive crack widths of the mortar series were in the range of 13–30%.
These variations were quite large in comparison to the literature
[45]. Moreover, the variation in the effective crack width increased
as the healing period increased, as shown in Tables 6 (b-c). This indi-
cates that the degree of self-healing in the mortar series is not equal
for the same initial effective crack widths. In the case of quantifica-
tion of crack healing capacity by stereomicroscope, PLA5.0 exhibited
self-healing efficiency of 88% and 100% for the same initial effective
crack width of 0.55 mm which verifies that the degree of self-
healing may not be consistent for the same initial effective crack
width.

Similarly, in the case of water flow through these cracks, a huge
variation in the water flow was reported at higher healing periods.
This can be partly explained by the high variations of the effective
crack widths. Besides, the variations in the water flow in some
cases were comparatively higher than their corresponding effec-
tive crack width variation. However, the variation in the crack
width is not the sole factor for the recorded high variations in
the water flow. This will be explained in more detail in the next
sections.



Fig. 14. Comparative assessment of self-healing efficiency by water permeability (WP) test and stereomicroscope (S). The WP-Exp stands for experimental data set and WP-
Theo stands for theoretical data set for WP.
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Fig. 14 (continued)

Table 5
Correlation coefficients (R2) for observed values of crack flow model in bacterial containing series.

Correlation (R2)

PLA2.6 PLA5.0 AKD2.6 AKD5.0

0 days 0.16 0.22 0.46 0.25
28 days 0.33 0.54 0.36 0.44
56 days 0.56 0.45 0.10 0.81

Table 6a
Variation in effective crack width and water flow at 0 days healing.

Variation in effective crack width (Weff) and water flow (q) at 0 days healing

CTRL PLA2.6 PLA5.0 AKD2.6 AKD5.0

Weff (mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s)

m 0.39 1.63 0.57 1.71 0.51 1.14 0.41 0.95 0.43 0.96
r 0.12 0.69 0.09 0.62 0.12 0.58 0.09 0.37 0.05 0.37
COV 0.30 0.42 0.16 0.36 0.23 0.50 0.24 0.39 0.13 0.38

Table 6b
Variation in effective crack width and water flow at 28 days healing.

Variation in crack width (Weff) and water flow (q) at 28 days healing

CTRL PLA2.6 PLA5.0 AKD2.6 AKD5.0

Weff (mm) q (g/s) Weff (mm) q (g/s) Weff(mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s)

m 0.27 0.87 0.32 1.07 0.20 0.59 0.18 0.57 0.13 0.43
r 0.15 0.56 0.11 0.60 0.10 0.36 0.03 0.35 0.05 0.23
COV 0.54 0.64 0.34 0.56 0.50 0.61 0.18 0.61 0.37 0.54

Table 6c
Variation in effective crack width and water flow at 56 days healing.

Variation in crack width (Weff) and water flow (q) at 56 days healing

CTRL PLA2.6 PLA5.0 AKD2.6 AKD5.0

Weff (mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s) Weff (mm) q (g/s)

m 0.15 0.76 0.17 0.96 0.05 0.37 0.07 0.46 0.04 0.34
r 0.09 0.46 0.07 0.56 0.05 0.33 0.04 0.24 0.03 0.20
COV 0.59 0.60 0.42 0.58 1.00 0.90 0.55 0.53 0.84 0.58
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3.3.3. Variability in water flow with same effective crack width:
coefficient of variation, standard deviation and mean

According to the previous section, a huge variation in the water
flow was observed for the mortar series besides its effective crack
width variation. Nevertheless, variation in the crack width alone
cannot account for the variation in the flow. In the case of identical
13
crack widths, a significant variation in the water flow was still
observed. Similar examples can be found in Table 7. These varia-
tions illustrate the importance of internal crack geometry. For
equal effective crack width, the internal structure of the crack
might differ causing variation in the water flow rate. Moreover,
in accordance with Table 7, for larger effective equal crack widths,



Table 7
Variation in water flow with equal effective crack width.

Variation in water flow with equal effective crack width

CTRL-0 PLA2.6–0 AKD2.6–0 AKD5.0–0 PLA2.6–28 AKD2.6–28 PLA5.0–56

Weff

mm
q
g/s

Weff

mm
q
g/s

Weff

mm
q
g/s

Weff

mm
q
g/s

Weff

mm
q
g/s

Weff

mm
q
g/s

Weff

mm
q
g/s

1 0.41 1.32 0.54 1.31 0.30 0.91 0.39 1.61 0.34 1.87 0.22 0.47 0.00 0.03
2 0.42 1.46 0.55 2.60 0.30 0.25 0.39 0.60 0.34 0.89 0.23 1.27 0.00 0.23
m 0.42 1.39 0.55 1.96 0.30 0.58 0.39 1.11 0.34 1.38 0.22 0.87 0.00 0.13
r 0.00 0.10 0.00 0.91 0.00 0.46 0.00 0.71 0.00 0.69 0.00 0.57 0.00 0.14
COV 0.00 0.07 0.00 0.46 0.00 0.79 0.00 0.64 0.00 0.49 0.02 0.65 0.00 1.00

Series Name-healing duration.

Table 8
Variation in water flow with equal effective crack width.

Series Crystallite size (mm)

CaCO3

Healing duration 28 56

CTRL 17.39 17.30
PLA2.6 20.12 26.83
PLA5.0 23.32 23.60
AKD2.6 21.78 23.40
AKD5.0 25.26 25.51
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the variation in the water flow was comparatively lesser than the
variation in the water flow for smaller effective equal crack widths.
From Table 7, it was reported that for larger crack widths like
0.42 mm and 0.55 mm, the obtained COV in the water flow was
lower corresponding to 0.07 and 0.46 respectively in comparison
to smaller crack widths whose COV was greater than 0.46. This
can be confirmed with the results obtained for the recovery of
water tightness at 56 days of healing, PLA2.6 exhibited two differ-
ent self-healing efficiency of 54% and 27% for the same initial effec-
tive crack width of 0.54 mm.

3.3.4. Comparative assessment of recovery of water tightness and
crack healing capacity by regression analysis

The data from the self-healing quantification results revealed
that the self-healing efficiency from the light microscopy and
water permeability had quite a few variations for the same speci-
mens of the mortar series. This is because in stereomicroscopic
measurements, the crack healing capacity is calculated based on
efficient self-healing of the crack width, while in the case of a
water permeability test, the self-healing capacity is measured in
terms of resistance to water flow due to self-healing of cracks. In
the quantification of the crack healing capacity by stereomicro-
scope, the best self-healing efficiency of the bacteria containing
series obtained were 100% for PLA5.0 and AKD5.0 at a crack width
of 0.3 mm and 0.34 mm respectively for 56 days healing period.
However, the best recovery of water tightness by rapid water per-
meability test corresponded to 91% and 82% for PLA5.0 and AKD5.0
respectively at 56 days of healing. This means that even though the
effective width of the crack is 100% sealed, the resistance to water
flow may not be 100%.

To understand the correlation between self-healing efficiencies
by stereomicroscope and rapid water permeability test, regression
analysis was conducted as shown in Fig. 14 (a-j). In this study, the
Fig. 15. XRD spectrum at (a) 28

14
theoretical and experimental values of the self-healing efficiencies
from the permeability test were compared with the self-healing
efficiency by stereomicroscope. In the experimental data, the trend
indicated that the data points are spread out further from the trend
(low R2 values) line compared to the theoretical model. This
implies that the prediction interval for the experimental case is
broader compared to the theoretical counterpart. Thus, in the
experimental data, precision of predicting the self-healing effi-
ciency of the water permeability from the self-healing efficiency
by stereomicroscope is quite low compared to the theoretical case.
Hence when evaluating self-healing efficiency, the data obtained
from a singular experimental technique might not provide the pre-
cise predictions of self-healing efficiencies for other experimental
techniques. Moreover, most of the series except PLA2.6, PLA5.0
and AKD2.6 at 56 days of healing exhibited p-values higher than
the significant level. This implies that there is insufficient evidence
to conclude that a non-zero correlation exists between the
self-healing efficiencies. Hence in this scenario, a change in the
self-healing efficiency by stereomicroscope may not provide a
corresponding accurate change in the self-healing efficiency for
and (b) 56 days of healing.



Fig. 16. TGA and DTG profiles for each mortar series at 28- and 56-days healing period. Ca represents the calcite peak and the weight loss and Ar/Vr represent the
aragonite/vaterite peak and the weight loss.
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the water permeability test since the parameters used for assessing
the self-healing efficiency in both experimental techniques are
quite different.

3.4. Characterization of precipitated crystals by healing agents at the
crack mouth

3.4.1. X-ray diffraction analysis
The CaCO3 precipitated in the vicinity of the cracks were iden-

tified by using X-ray diffraction analysis. According to Fig. 15 (a-
b), the XRD patterns obtained for different series were almost sim-
ilar at 28 and 56 days of healing. The presence of CaCO3 in the
cracks were confirmed by the XRD spectra indicating the presence
of calcite, aragonite and vaterite at certain 2h positions. At 28 days
of healing, high intensity of calcite peak was observed at 2h posi-
tions of 29.40�, followed by 39.45� and at 50�. These peak positions
almost coincide with the pure calcite crystals from the XRD refer-
ence database. Besides, strong aragonite and vaterite peaks were
also observed at 2h positions of 20.86�, 42.4� and 53�. After 56 days
of healing, similar peak patterns were observed, thus indicating the
presence of calcite, aragonite and vaterite.

In this study, the maximum crystallite size of calcium carbonate
obtained was differentiated for different mortar series having dif-
ferent self-healing mechanisms by using the Scherrer method
[46]. The crystallite size D was obtained using Equation (9) from
the XRD data.

D ¼ kk
bDcosh

ð9Þ

where D is the particle size in nanometers, k is the wavelength of
the radiation (1.54056 Å for CuKa radiation), k is a constant equal
to 0.94, bD is the peak width at half-maximum intensity and h is
the peak position. Table 8 provides the details of maximum crystal-
lite size of CaCO3 found in the crack mouths at different healing
periods for each mortar series.

According to Table 8, the maximum crystallite sizes obtained at
28 and 56 days of healing for the bacteria containing series were
comparatively higher than the CTRL series. The sizes of the crystal-
lites varied from 20 to 27 mm compared to CTRL series which had
maximum crystallite sizes of 17.39 mm and 17.30 mm at 28 and
56 days of healing, respectively.

3.4.2. Thermogravimetric analysis
To investigate the production of CaCO3 by the healing agents,

TGA was adopted to quantify the self-healing action by the healing
agents. Although the exact source of Ca2+ ions used by the bacteria
during self-healing is unknown, it has been suggested that calcium
hydroxide is likely to be the most significant source [47]. In addi-
tion, the availability of carbonate ions (CO3

2�) at the vicinity of
the cracks depends on the dissolved organic carbon concentration
by the bacterial substrate (calcium lactate or alkanoate copolymer
in this case). Therefore, these Ca2+ ions are attracted by the bacteria
due to their negatively charged surface (CO3

�2), indicating nucle-
ation point around the cell walls thus precipitating calcium car-
bonate [48]. Bacteria produced CaCO3 has three anhydrous
crystalline forms; calcite, aragonite and vaterite. Among the three
crystalline polymorphs, the thermodynamically most stable one is
calcite and the least stable ones are aragonite and vaterite [49]. To
confirm this proposition, TGA studies conducted by [50] reported
that dissociation of calcite takes place between 650 and 950 �C
whereas aragonite and vaterite dissociate between 530 and 650 �C.

Fig. 16 presents the thermogravimetric (TGA) and derivative
thermogravimetric (DTG) profiles of each mortar series at different
healing periods. From the DTG profiles, two predominant peaks can
be observed for CaCO3 in the range of 580 to 900 �C. These two
16
peaks correspond to aragonite/vaterite at (580–780 �C) and calcite
at (780–900 �C). In the CTRL series, the peaks of calcite (Ca) were
not that pronounced compared to aragonite/vaterite (Ar/Vr) peaks
at 28- and 56-days healing. However, for bacteria containing series,
both peaks of calcite and aragonite/vaterite were clearly prominent
in the DTG profiles.

To differentiate the self-healing performance between each
mortar series at different healing periods, mass percentage of
CaCO3 was calculated using the TGA profiles and Equation (6) at
each healing period. From Fig. 16, it was reported that the increase
in the mass % of CaCO3 was only reported for CTRL and AKD5.0 as
the healing period increased. In the CTRL series the mass % of
CaCO3 was reported to be 3.74% (0.75% Ca and 2.99% Ar/Vr) which
increased to 4.06% (0.79% Ca and 3.27% Ar/Vr) at 56 days of healing.
Thus, using Equation (7), a self-healing efficiency of only 8.55% in
terms of increase amount of CaCO3 was reported in CTRL series
from 28 to 56 days healing. Meanwhile in the AKD5.0 series, the
mass % of CaCO3 obtained was 4.86% (1.38% Ca and 3.48% Ar/Vr)
at 28 days healing. After 56 days healing, the final mass % of CaCO3

was 5.44% (1.55% Ca and 3.89% Ar/Vr) which led to a self-healing
efficiency of 12%. In the case of PLA series and AKD2.6, a decrease
in the mass % of CaCO3 was observed beyond the 28 days of heal-
ing. The mass % of CaCO3 at 28 days of healing for PLA2.6, PLA5.0
and AKD2.6 were 5.16%, 6.1% and 5.62%, respectively. This implies
that PLA at 5% dosage had the best self-healing performance at
28 days healing. Nevertheless at 56 days of healing, the mass %
of CaCO3 decreased to 5.02%, 5.45% and 4.76% for PLA2.6, PLA5.0
and AKD2.6, respectively. Hence a decrease in the self-healing per-
formance was reported for the above-mentioned series after
56 days of healing.
4. Discussion

4.1. Effect of healing duration on self-healing capacity

From the results obtained from the stereomicroscopic observa-
tions and the rapid water permeability test, the crack width and
the water flowing through these cracks reduced as the healing per-
iod increased. Moreover, at higher healing periods (56 days heal-
ing), the crack healing capacity obtained was comparatively
higher than the ones obtained at 28 days of healing for the mortar
series especially for the healing agent added series. In addition, a
complete crack closure was achieved at 56 days of healing for
the mortar series at different initial crack widths and was more fre-
quent (five times in PLA5.0 out of 12 samples, three times in
AKD5.0 out of 9 samples and only one time in CTRL out of 9 sam-
ples) for the bacterial containing series. In terms of recovery of
water tightness at 56 days of healing, the self-healing capacity
increased from its 28 days healing period for all the mortar series.
This can be accounted to two following reasons. According to
Huang et al. [51], a small amount of unhydrated cement particles
was present inside the crack and due to a relatively prolonged
amount of water exposure after 56 days of healing, the resulting
water-to-cement ratio inside the crack was very high. This led to
accelerated hydration and thus an enhanced formation of healing
products in the crack mouth leading to autogenous healing.
Another reason stated by Tziviloglou et al. [27] was the more avail-
ability of carbonates in the water and exposure to oxygen with
increased healing period, thus promoting bacterial activity leading
to the increased production of CaCO3 (autonomous healing).
Besides, the crack healing capacity at the BF was comparatively
lower than the TF because it was hypothesized that the amount
of dissolved oxygen concentration is less at higher depths since
most of the dissolved oxygen is available at the water surface
due to diffusion [52].
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4.2. Effect of crack width on self-healing capacity

The stereomicroscopic observations revealed that for smaller
crack widths ranging between 0.2 and 0.4 mm, the frequency of
obtaining higher crack healing capacity was more (100% self-
healing achieved for total of nine times out of 20 samples within
the same crack width range) compared to the larger crack widths
greater than 0.4 mm (100% self-healing achieved for total of three
times out of 27 samples with crack widths greater than 0.4 mm). In
the case of smaller crack widths both autogenous and autonomous
self-healing played a significant role in crack healing. However, in
the case of larger crack widths, only autonomous healing was
prominent because according to the literature, a complete crack
closure in fresh water was achievable only up to 0.2 mm by auto-
genous healing [7]. Hence to enhance the autogenous healing, bac-
teria mediated self-healing was introduced which completely
healed a crack width of 0.63 mm by the AKD2.6 series. Similarly,
in the case of recovery of water tightness, the frequency of obtain-
ing higher self-healing efficiency was more evident for smaller
crack widths. However, for an initial crack width of 0.63 mm,
AKD2.6 reported its best recovery of water tightness. This can be
explained due to the fact of the tortuosity and the roughness of
the cracks which may hinder the degree of self-healing as stated
by Shin et al. [53].
4.3. Effect of healing agent dosage on self-healing capacity

According to the average self-healing capacity obtained from
the stereomicroscopic observations and the water permeability
test, healing agents at 5% dosage had reported the best average
self-healing capacity for PLA and AKD in comparison to 2.6%
dosage. A possible explanation can be the increased concentration
of the organic substrate (calcium lactate in PLA and alkanoate
copolymer in AKD) results in more production of CO2 and CaCO3

governed by reaction mechanisms explained in the Introduction
section. Similar inferences were obtained by De Belie et al. [54],
in which increasing the organic carbon substrate concentration
(Ca2+ and CO3

2� ions) directly resulted in higher yield of CaCO3.
4.4. Effect of healing duration on variability of crack width and water
flow

The variability results from the statistical analysis revealed that
for increasing healing period, the variation in the crack widths
increased. Similarly, in the case of water flow through the cracks
at higher healing periods exhibited huge values of COV in compar-
ison to water flow variation before healing. Two possible explana-
tions can be given for such outcomes:

(1) The degree of self-healing is unequal between different
specimens of mortar mixture due to varying internal
microstructure and crack geometry. In addition, according
to Rossi et al. [37] the distribution and the composition of
the healing agent particle might be non-uniform since these
healing agent particles are added during the mixing process
which might lead to non-uniform self-healing in the crack
mouth.

(2) As the healing period increases, the crack walls come more
closer in contact with the amount of water flowing through
these cracks. Hence the influence of internal geometry of the
crack becomes more pronounced on the flow of water
through the cracks. A similar inference was reported by Mul-
lem et al. [45] in the variation of water permeability results
of self-healing concrete.
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4.5. Inconsistency in self-healing capacity from various experimental
techniques

The crack-healing capacity from the stereomicroscopic observa-
tions reported that for PLA5.0 and AKD5.0, a complete crack clo-
sure was reported for a crack width of 0.3 and 0.34 mm,
respectively thus, accounting to 100% self-healing. However, the
results from the rapid water permeability test reported only 91%
and 82% self-healing efficiency for the same effective crack widths.
One possible explanation can be accounted to the test conditions
adopted for the permeability test. In this test, the same specimens
undergone repeated water permeability test to evaluate the perfor-
mance at 28- and 56-days healing which might lead to flushing out
of the components from the crack mouth which are responsible for
self-healing. Another possible explanation to this phenomenon can
be accounted due to the presence of layer of calcium carbonates on
the crack surface which are not enough resistant to a continuous
pressure coming from the water column leading to leakage of
water through these cracks.

4.6. Evaluation of the CaCO3 precipitation by healing agents

From the XRD results, strong peaks of calcite, aragonite and
vaterite for the bacterial containing specimens indicated the influ-
ence of microbial induced calcium carbonate precipitation. Besides
for PLA2.6 and PLA5.0, the crack width investigated for the XRD
analysis was greater than 0.5 mm, indicating a strong influence
of the autonomous healing by the healing agents. Moreover, the
larger crystallite sizes of the calcium carbonate in the bacteria con-
taining series compared to the CTRL series displayed a stronger
influence of the autonomous healing especially for larger crack
widths. Thus, confirming that majority of these crystals are pro-
duced by the healing agents.

In the TGA analysis, less mass % of CaCO3 was reported for the
PLA and AKD2.6 series after 56 days of healing. As the healing per-
iod increases, the alkalinity of the matrix increases due to the pro-
duction of lime (cement hydration) [55]. In the case of PLA series,
the high alkalinity of the matrix after 56 days of healing may pos-
sess limited compatibilities. After 56 days of complete immersion,
the Ca2+ ions in the pore solution decreases due to the formation of
calcium carbonate precipitation by bacteria. This leads to dissolu-
tion of hydration products such as lime (leaching of calcium ions)
which causes an increase in the pore volume, resulting in the loss
of CaCO3 precipitate formed in the smaller pores prior to 56 days of
healing [37]. However, in AKD series, the healing agents are more
compatible in high alkaline environment, since the CaCO3 precipi-
tates formed in the pores are lesser in comparison to PLA (which
also acts as a source of Ca2+ ions) series. This leads to an optimum
concentration of calcium ions in pore solution which promotes the
stability of lime [40]. Hence in the case of AKD2.6, the diminishing
self-healing effect could be attributed to the lack of alkanoates pre-
sent to precipitate the required CaCO3 at 56 days of healing.

5. Conclusions

In this study, an alternative non-toxic biodegradable bioplastic
healing agent, to the already-developed healing agents made of
lactic acid derivatives (PLA) were investigated for the self-healing
efficiency of the mortar specimens. The self-healing by these alter-
native healing agents known as alkanoate derivatives (AKD) in the
mortar specimens were quantified and characterized and the fol-
lowing major conclusions were drawn:

� The average self-healing capacity in terms of crack sealing and
recovery of water tightness were highest for PLA5.0 and AKD5.0.
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� The maximum completely healed crack width corresponded to
0.63 mm by AKD2.6, followed by PLA5.0 of crack widths corre-
sponded to 0.55 and 0.52 mm.

� A complete crack closure was observed for all the mortar series
in the crack widths ranging from 0.28 to 0.4 mm. CTRL, PLA2.6,
PLA5.0, AKD2.6 and AKD5.0 achieved a complete crack closure
at an initial effective crack width of 0.28 mm, 0.36 mm,
0.36 mm, 0.36 mm and 0.39 mm, respectively.

� PLA5.0 achieved five times complete crack closure, followed by
AKD5.0 at three times, AKD2.6 at two times and CTRL, PLA2.6
one time each for different initial effective crack widths.

� Stereomicroscopic images displayed a complete filling of the
cracks for the bacteria containing series at 56 days healing.

� In the CTRL series, 97% recovery of water tightness was obtained
for an initial crack width of 0.28 mm. In the bacteria containing
series, AKD2.6 reported the best recovery of water tightness of
95% at a crack width of 0.63 mm followed by PLA5.0 with a
recovery of water tightness corresponding to 91% at a crack
width of 0.30 mm.

� Variation of the crack width and water flow increased at higher
healing periods due to the influence of internal crack geometry.

� Indication of calcium carbonate precipitation by the healing
agents were confirmed by the XRD and TGA analysis. In TGA
analysis, the mass % of CaCO3 increased in the PLA and
AKD2.6 only up to 28 days healing period whereas in AKD5.0
and CTRL, the mass % of CaCO3 increased up to 56 days healing
period.
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