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Microstructural characterization of crack-healing enabled by 
bacteria-embedded polylactic acid (PLA) capsules 

Shan He *, Zhi Wan, Yu Chen, Henk M. Jonkers, Erik Schlangen 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, 2628 CN, Delft, the Netherlands   
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A B S T R A C T   

The current study investigates short-term and long-term crack-healing behaviour of mortars embedded with 
bacteria-based poly-lactic acid (PLA) capsules under both ideal and realistic environmental conditions. Two sets 
of specimens were prepared and subjected to different healing regimes, with the first set kept in a mist room for 
varying short durations (i.e., 1 week, 2 weeks, 3 weeks and 8 weeks) and the second set placed in an unsheltered 
outdoor environment for a long-term healing process (i.e., 1 year). Alteration of microstructure because of self- 
healing was characterized by backscattered electron (BSE) imaging and energy dispersive X-ray spectroscopy 
(EDS) via crack cross-sections. Results show that visible crack healing enabled by bacteria began after 2 weeks in 
a humid environment. The healing products initially precipitated at crack mouths and gradually moved deeper 
into cracks, with the precipitated calcium carbonate crystals growing larger over time. After 8 weeks, healing 
products can be found even a few millimetres deep inside cracks. Observations of crack healing in a realistic 
environment revealed significant differences compared to healing under controlled conditions. While no healing 
products can be found at crack mouths, a substantial healing process was observed throughout the entire crack 
depth. It is likely that the environmental actions such as rainfall and/or freeze and thaw cycles may have worn 
away the healing products at crack mouths and thus led to a deeper ingress of oxygen into cracks, which pro-
moted the activation of healing agents and associated calcium carbonate precipitation deep inside a crack.   

1. Introduction 

Micro-cracking is a common occurrence in reinforced concrete 
structures and can be caused by various factors, including mechanical 
loading, early-age shrinkage, thermal effects, and freeze-thaw cycles, 
etc. If micro-cracks form a continuous network or develop into larger 
cracks, they may substantially decrease the durability of concrete by 
reducing the resistance of concrete against the ingress of aggressive 
substances. Nevertheless, not all micro-cracks pose a threat to the 
integrity of structures. Studies have shown that small cracks in concrete 
can self-heal under certain conditions, a phenomenon known as 
“autogenous healing” [1,2]. This healing occurs through a combination 
of different chemical, physical, and mechanical processes [3,4], with the 
precipitation of calcium carbonate being the most significant factor. 

Although all concrete contains inherent healing capacity, this 
autogenous healing mechanism is only efficient for small cracks and can 
hardly be relied upon. To promote the healing performance of concrete, 
research has been carried out over the last decade either to stimulate the 
autogenous self-healing capacity (e.g., via the use of mineral additives 

[2,5], crystalline admixtures [6,7], or superabsorbent polymers [8]), or 
to develop novel autonomous self-healing mechanisms (e.g., via the 
application of micro- [9], macro- [10], or vascular-encapsulated poly-
mers [11], minerals, or bacteria [12]). Among all self-healing ap-
proaches, the use of encapsulated bacteria as a healing agent has the 
greatest potential for long-lasting and active crack repair, while at the 
same time representing the most applicable healing agent to be used in 
full-scale concrete elements. 

Jonkers et al. [12] first introduced a bacteria-based agent, which 
consists of bacterial spores and an organic mineral precursor compound 
for providing autonomous healing potential to concrete under aerobic 
conditions. The bacteria spores activated by crack-induced ingress of 
water can germinate into active vegetative cells, which then convert 
mineral precursor to calcium carbonate through aerobic metabolism. 
The calcium carbonate crystals can then fill the cracks, resulting in the 
regain of functional properties (e.g., water tightness). Different carriers 
for encapsulating the bio-agents have been developed, including light-
weight aggregate [13], microcapsules [14], bio-granules [15] and 
polymeric substrates [16,17]. Recently, Mors and Jonkers [17] have 
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reported a bacteria-embedded poly-lactic-acid (PLA) capsule to improve 
the autonomous self-healing capacity of cementitious materials. The 
advantage of this capsule is that the PLA serves not only to protect the 
bacteria as a shell but also to provide the carbon source. It has been 
proved that the incorporation of PLA can significantly improve the 
self-healing capacity due to metabolic conversion of organic calcium 
salts by bacteria to calcium carbonate and carbon dioxide [18,19]. The 
metabolically produced carbon dioxide can react further with the 
alkalinity provided by the concrete matrix in the form of calcium hy-
droxide to produce more calcium carbonate. 

Despite the prevalence of results on the performance of bacteria- 
based self-healing concrete, several key questions remain unanswered. 
Firstly, previous investigations have primarily evaluated crack healing 
by measuring the closure rate of surface-level cracks, with little atten-
tion paid to the extent of healing deeper within the cracks. Some re-
searchers have even suggested that self-healing occurs only at the crack 
mouth [18–20], which appears inconsistent with the documented im-
provements in concrete durability resulting from bacteria-mediated 
limestone formation [21,22]. Secondly, as bacteria can only induce 
precipitation of calcium carbonate under specific environmental con-
ditions, previous investigations have typically been conducted under the 
conditions that are ideal for bacterial growth but not realistic for most 
concrete structures. Research is thus necessary to evaluate the efficacy of 
self-healing under realistic environmental conditions. Thirdly, it is 
crucial that the healing agents containing bacteria should protect the 
bacteria during concrete mixing and hardening, while also being able to 
release the bacteria when cracking occurs. In the case of the PLA 
capsule, it functions through alkaline hydrolysis of PLA capsule to 
release bacteria when water enters a crack. However, the presence of 
water during concrete mixing also triggers the hydrolysis process, which 
may potentially damage the properties of concrete and therefore needs 
to be determined. This is important to ensure that the healing agent does 
not negatively affect the structural integrity of the concrete while at the 
same time can function as intended to promote self-healing. 

To answer the above-mentioned questions, the current study inves-
tigated the crack-healing behaviour of mortar embedded with bacterial 
healing agents (i.e., PLA capsules), in both short-term and long-term, 
under both ideal and realistic environmental conditions. Two sets of 
specimens were thus prepared and subjected to different healing re-
gimes, with the first set kept in a mist room for varying short durations 
(i.e., 1 week, 2 weeks, 3 weeks and 8 weeks) and the second set placed in 
an unsheltered outdoor environment for one year as a long-term healing 
investigation. Each set contained specimens with and without healing 
agents. To enable the observation of crack healing along crack depth, 

evolution of microstructure due to self-healing was characterized by BSE 
and EDS via the crack cross-sections, which also allows the examination 
of the PLA particles embedded in the mortar matrix. In the following 
sections, the design of the experimental program will first be introduced, 
followed by a detailed explanation of the sample preparation procedure, 
and the methods used to observe crack healing. Then, the progression of 
crack healing along crack depth for specimens with and without healing 
agents will be presented, starting with the short-term results, and 
concluding with the long-term results. Finally, the behaviour of indi-
vidual PLA capsules during the healing process will also be discussed. 

2. Materials and tests 

2.1. Design of experiments 

The experimental program of the current study has been designed 
such that the progress of crack healing over time can be observed at 
different crack width and under different healing regime. To facilitate 
the observation of healing at different crack width, the current study 
used dogbone-shaped specimens made of strain-hardening cementitious 
composite (SHCC) as shown in Fig. 1a and b. SHCC is a fibre-reinforced 
cement-based composite that exhibits multiple cracking behaviour 
under tension. This unique behaviour typically leads to the formation of 
closely spaced fine cracks with parallel crack walls. Unlike the V-shaped 
cracks created by bending tests, the parallel-wall cracks are beneficial 
for the investigation of healing due to the relatively uniform crack width 
along its depth. In addition, because of the inherent variability of the 
tensile properties, the cracks formed in the dogbone specimens usually 
have varied crack widths. The range of crack width that can be observed 
in a single dogbone specimen can be from a few microns to several 
hundreds of microns (Fig. 1c) and thus allows the observation of crack 
healing from the same specimen but at different crack width. 

To study the crack-healing process under varying conditions, two 
sets of dogbone specimens were prepared as illustrated in Fig. 2. After 
cracking the specimens, the first set was kept in a mist room with 
saturated moisture and allowed to heal for various durations (ranging 
from one week to two months) as a short-term healing study. The second 
set was placed in an unsheltered outdoor environment and allowed to 
undergo a longer-term healing process for one year. Based on the 
meteorological history of the city (Delft) in which the experiments were 
carried out, there were 110 days with precipitation more than 1 mm and 
20 days with daily low temperature below zero degree Celsius (Fig. 3). 
The specimens for long-term healing have thus experienced a consid-
erable number of wet-dry cycles and freeze-thaw cycles. Specimens with 

Fig. 1. Photograph of (a) a dogbone specimen of SHCC after uniaxial tension test and (b) a self-healed dogbone specimen; and (c) crack width distribution of the 
SHCC material adopted in the current study (calculated based on more than 8 specimens). 
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and without healing agent were both prepared for each set of 
experiments. 

Microstructural characterization of crack healing was then carried 
out with segmented dogbone specimens as shown in Fig. 4a, with each 
segment having 3–5 penetrating cracks. The segments were then epoxy 
impregnated and coated to preserve the healing products precipitated 
both at the sample surface and inside the cracks. Characterization of 
crack healing along crack depth was then performed at the cross- 
sectional surfaces by cutting the epoxy coated segment from its middle 
(Fig. 4b). The detailed sample preparation procedure is given in the 
following sections. 

Fig. 2. Schematic illustration of experimental program.  

Fig. 3. Meteorological history of the experiment location (i.e., Delft, the Netherlands). Data were obtained from the climate archive of Royal Netherlands Meteo-
rological Institute (KNMI) data portal. 

Fig. 4. Photograph of (a) cut segments from a dogbone specimen (gauge zone: 8 cm × 3 cm × 1.3 cm) and (b) epoxy impregnated specimens (3 cm × 1.3 cm × 1 cm).  

Table 1 
Mixture compositions of SHCCs [unit in kg/m3].  

Mixture ID CEM 
III/B 

Limestone 
powder 

Water SP PVA 
fiber 
(2.0 vol 
%) 

Healing 
agent (PLA 
capsule) 

Reference 
SHCC 

1060 530 424 2 26 0 

Self-healing 
SHCC 

1036 518 415 2 26 26  
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2.2. Materials 

Table 1 shows the mixture compositions of SHCC, which was 
developed previously [23]. The SHCC mixture has a water-to-binder 
ratio of 0.4 and a filler-to-binder ratio of 0.5. Blast furnace slag (BFS) 
cement CEM III/B 42.5 N from ENCI (the Netherlands), consisting of 
20–34% clinker and 66–80% BFS [24], was used as binder. Finely 
grinded limestone powder Calcitec® from Carmeuse (Belgium) was used 
as filler. A polycarboxylate-based superplasticizer (SP) MasterGlenium 
51 produced from BASF (Germany) with 35.0% solid content by mass 
was used to reach desired workability. The fibre used in this study is 
8-mm-long polyvinyl alcohol (PVA) fibre from Kuraray (Japan) with 
1.2% by weight oiling coating (fibre type: RECS15-8). The healing 
agents adopted in the current study are the bacteria-based polymeric 
particles produced by Green-Basilisk B.V. (the Netherlands). The parti-
cles are composed of a poly-lactic acid (PLA) derivate matrix, bacterial 
spores of Bacillus cohnii related strain (0.1–2% by weight) and 
growth-requiring nutrients. The capsules have a particle size distribu-
tion between 0.1 and 1.0 mm with a density of 1200 kg/m3. 

2.3. Sample preparation 

To prepare the SHCC dogbone specimens, BFS cement and limestone 
powders were first dry mixed by a Hobart® mixer at low speed for 5 min. 
Water pre-mixed with 80% of SP was slowly added into the mixture and 
mixed until the fresh paste was homogenous and consistent. PLA cap-
sules were then gradually added and mixed for another 2 min, followed 
by the addition of fibres within a duration of 5 min. Meanwhile, the 
remaining 20% SP was added into the mixture to compensate for the 
rheological loss due to the addition of fibres. Afterward, the fresh SHCC 
was cast into dogbone (80 mm × 30 mm × 13 mm in gauge length 
volume) moulds, while moderate vibration was applied to remove 
entrapped air and to improve consolidation. The moulds were then 
covered with plastic sheets and cured at room temperature for one day, 
after which the hardened specimens were removed from the moulds and 
cured in a climate room (20 ◦C and ≥98% RH) for another 27 days 
before tensile testing. 

The hardened dogbone specimens first underwent uniaxial tension 
test to generate parallel micro-cracks within the neck. The uniaxial 
tensile tests were performed by using a servo-hydraulic testing machine 
(Instron® 8872) under displacement control at a rate of 0.005 mm/s. 
The tests were stopped when the applied tensile load dropped to 80% of 
the maximum load, and the load was then released. Directly after the 
generation of cracks by tensile test, the specimens were sawed into 
segments and then stored in different environments to initiate healing. 
The sawing process was carried out with great care to prevent secondary 
damage to the cracked specimen. Crack width measurement of selected 
cracks before and after sawing demonstrated that the sawing had min-
imal influence on the formed micro-cracks. At the end of their respective 
healing program, the specimens were removed from their designated 
environment and then dried in an oven at 40 ◦C for 2 days. Next, the 
segments were epoxy impregnated and coated to preserve the healing 
products precipitated both inside the cracks and at the sample surface 
and. To expose the cross-sectional surfaces, the epoxy-coated specimen 
was cut by a diamond saw from its middle. The exposed cross-section 
was then epoxy impregnated again to aid surface finishing. Afterward, 
the sample was first ground by 4000 grit abrasive papers for 5 min and 
then polished with a synthetic silk polishing cloth (MD-Dac from 
Struers) charged with 3 μm and 1 μm diamond paste for 2 separate 10- 
min-long sessions. An oil-based lubricant (DP-Lubricant Brown from 
Struers) was used to dissipate any heat built-up. Between each grinding/ 
polishing interval, the sample was immersed in an ultrasonic bath for 30 
s to remove debris from the surface. 

2.4. Characterization methods 

The polished cross-sections were characterized by backscattered 
electrons (BSE) imaging and energy dispersive X-ray spectroscopy 
(EDS). BSE analyses were carried out with the concentric backscattered 
(CBS) detector in an FEI QUANTA FEG 650 environmental scanning 
electron microscope (SEM) at high vacuum chamber condition. All 
specimens were coated with a layer of carbon of roughly 10 nm thick 
before BSE examination. Stitched BSE images of large area were taken 
with a commercial software (Maps 3 from Thermo Fisher Scientific). 
EDS elemental mapping was performed with the same SEM equipped 
with a silicon drift detector (SDD) with a NORVAR® light element 
window. The EDS maps were acquired by using the Pathfinder X-ray 
Microanalysis Software (Thermo Fisher Scientific). The combination of 
50 μs dwell time per pixel with an averaging over 50 frames was found to 
provide good results. The resulting acquisition time of a map is around 
30 min per area. All analyses (i.e., BSE and EDS) were carried out at a 
working distance of 10 mm and at an accelerating voltage of 15 kV. 

3. Results and discussion 

3.1. Microstructural features of the specimens 

Fig. 5 shows the typical appearance of a cross-section of the speci-
mens under BSE. In the BSE images, the brightness of each pixel depends 
on the mean atomic number of the underlying phases. This allows 
different phases to be distinguished based on their grayscale. The epoxy 
filled cracks can be easily identified in the graph as dark lines pene-
trating the whole specimen horizontally. The left and right sides of the 
specimen are respectively the top and bottom exposing surfaces of the 
original dogbone specimen as shown in Fig. 4a. In addition to cracks, 
epoxy filled pores could be seen also in dark black, leading to shadowy 
appearance in areas with a high porosity. Embedded fibres and PLA 
capsules, which both contain mainly the element of carbon, can also be 
found as regions in dark back. They can be distinguished by their shape, 
with fibres appearing as either circular or oval and PLA capsules 
appearing an irregular shape. Some large black circles can also be seen, 
which are epoxy filled air voids. 

In the following sections, characterization of the crack healing will 
first focus on the crack mouths located at either left or right side of the 
specimens (marked as red squares, such as Fig. 5b). The extent to which 
healing occurred along crack depth will be determined by shifting the 
focus from the crack mouths to the middle of the specimen. Moreover, 
the microstructure of matrix that surrounds crack-passing PLA particles 
(marked as green squares, such as Fig. 5c) will be analysed to reveal the 
mechanism by which the PLA particles contribute to the healing of 
cracks. 

3.2. Process of crack-healing over time 

3.2.1. Short-term healing under controlled climate 
Fig. 6 shows the BSE images taken at crack mouth from specimens 

amended with healing agent. These specimens were kept in a mist room 
after cracking and were incubated for various short durations (ranging 
from 1 week to 8 weeks) as a short-term healing study. As can be seen, no 
trace of healing was observed after the 1st week, even for cracks as small 
as 7 μm. At the end of the 2nd week, precipitates began to form near 
crack mouths, preferably covering the entrance of the cracks instead of 
filling them. The precipitates formed presumably due to bacterial con-
version of PLA-derived calcium lactate to calcium carbonate. At this 
moment, only cracks smaller than 20 μm were observed to experience 
certain degree of healing (Fig. 6d). Deposition of minerals around crack 
mouths of larger cracks were also observed; but these minerals mainly 
accumulated near the tips of crack walls instead of bridging over the 
crack (Fig. 6c). At the end of the 3rd week, the extent of crack healing 
was noted to progress considerably, with cracks as large as 80 μm being 
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covered fully by precipitates (Fig. 6e). The size of the individual pre-
cipitate was also found to increase from roughly 20–30 μm at the end of 
the 2nd week to around 70–80 μm at the end of the 3rd week. The 
observation by now is in line with our understanding on the charac-
teristic of the aerobic bacterial activity, which is that this biochemical 
reaction through which calcium lactate is converted to calcium car-
bonate depends on the availability of oxygen. Therefore, the precipita-
tion of minerals should start at the locations where oxygen abounds. 

Significant changes were noticed after longer incubation duration (i. 
e., 8 weeks). Not only even larger cracks were found to heal (Fig. 6g), but 
also the precipitates which were previously only grouping over crack 
mouths started to form inside the cracks. As showed by Fig. 7, EDS 
element mappings reveal that the formed precipitate inside the cracks 
was an association of calcium, oxygen and carbon elements, which 
suggests that mineral precipitates were indeed calcium carbonate based. 
Fig. 8 shows a comparison of the crack cross-sections after 3-week 
healing and 8-week healing (extended view of Fig. 6f and h). As can 
be seen, at the end of the 3rd week, the crack walls were still smooth and 
barely any crystals or healing products can be found inside the crack; on 

the contrary, the cracks after 8-week healing appeared to have crystals 
precipitated at both crack walls as deep as 1.5 mm inside the crack. EDS 
element mappings indicate that the precipitates were likely calcium 
carbonate, since no silicon, sulphur and aluminium were detected, 
which rules out the possibility of CSH, ettringite or AFm. The pre-
cipitates appeared to be a mixture of calcite and aragonite, displayed 
primarily as rhombohedra and needle in shape. To further investigate 
the morphology of the precipitates, a healed specimen without epoxy 
impregnation was opened through a crack to examine the crystals 
formed inside. Fig. 9a shows the BSE image of one crack surface with the 
bottom edge being the entrance of the crack. Fibres can also be found 
protruding out from the matrix. As can be seen, a large number of 
crystals can be found on the crack surface (Fig. 9b). Rhombohedral 
crystals with somewhat rounded edges and surface indentations of 
bacteria encased within the growing crystals (Fig. 9c) were observed 
closer to crack mouth. Further away from the crack entrance, needle- 
shape crystals were found to dominate (Fig. 9d). Similar to what was 
seen in Fig. 8, the depth to which the precipitates were found inside a 
crack was within 2 mm. It also appears that the size of crystals was larger 

Fig. 5. Stitched BSE micrograph of a cross-section (scale bar = 3 mm) of a cracked and healed SHCC segment: (a) the bottom left corner (scale bar = 300 μm), (b) a 
crack mouth (scale bar = 100 μm) and (c) a bacteria-embedded PLA particle (scale bar = 200 μm). 

Fig. 6. Progress of crack healing over time at crack mouth in specimens with healing agents. Each image captures a region of 500 μm × 500 μm. Grids are provided 
for easy estimation of crack width and precipitate size. Each cell in grids is 100 μm × 100 μm. The number in each figure is the crack width in the unit of micron. 
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when they were close to the crack mouth. 
The delayed formation of calcium carbonate inside a crack as 

compared to the calcium carbonate formed at crack mouth again high-
lights the importance of the oxygen availability. Since bacteria and 
organic carbon are embedded inside the healing agent capsules, one 
would have expected that healing should occur first inside a crack, 
preferably close to a healing particle. However, as what has been shown 
by the BSE images, the formation of healing products inside a crack 
occurred several weeks later than the healing at crack mouth. The un-
derlying cause may be attributed to a dual-factor phenomenon. Firstly, 
the initial oxygen content inside a crack is limited due to the fact that the 
oxygen can only be supplied via cracks and that the slag containing 
cement-based matrix itself also consumes oxygen when a crack forms. 
This is because that the formation of metal sulphides such as FeS and 
MnS during hydration under anoxic conditions will also react with ox-
ygen whenever oxygen becomes available, through which the S2− ions 
are oxidized into S2O3 

2- (intermediate) and SO4 
2- (stable) ions. Sec-

ondly, the formation of the calcium carbonate at the crack mouth will 
inevitably block the ingress of oxygen, which further limits oxygen 
availability in cracks and decreases the rate of calcium carbonate 
precipitation. 

Figs. 10 and 11 document the autogenous crack healing process of 
the reference SHCC specimens without healing agent. As can be seen, 
evident crack closure occurred after a period of 3 weeks in a humid 
environment. Similar to the bacteria-enabled healing process, healing 
products started to precipitate from the two sides of a crack mouth and 
then gradually bridged over the crack mouth by accumulating more 
crystals. At the end of the 8th week, cracks around 100 μm wide were 
observed to heal completely. The healing product is expected to be also 
calcium carbonate but was formed due to carbonation with the carbon 
dioxide from the environment. By comparing Figs. 10 and 6, it can be 
seen that autogenous healing happens slower than the bacteria-enabled 
healing. The size of the crystals formed due to autogenous healing also 
appear to be smaller than the crystals formed in bacterial samples. Crack 
width was found to be a controlling factor for both autogenous and 
bacteria-enabled healing, as smaller cracks always healed faster than 
larger ones. However, crack width does not seem to influence the size 
and the morphology of the precipitated crystals. Another distinction 
between the two types of healing is the healing condition inside the 
crack. Unlike the specimens with healing agent (Fig. 8), no crystals can 
be observed inside a crack in specimens without healing agent (Fig. 12). 

This agrees with previous study which utilized X-ray computed micro-
tomography to study autogenous healing of cementitious material [25]. 
It was found that, even under the condition of wet–dry cycles, the crack 
is closed by calcium carbonate formation only near the crack mouth. 

3.2.2. Long-term healing under natural exposure 
Fig. 13 shows the microstructure of a specimen with healing agent 

after one year exposure in an unsheltered outdoor environment. As can 
be seen, the distribution of healing products in Fig. 13 is essentially 
different than in specimens that have undergone short-term healing. 
While the most obvious crack closure happened close to crack mouth 
after short-term healing, the precipitation of healing products after a 
long-term healing is found to occur predominantly near a healing par-
ticle. As can be seen from the BSE image, epoxy filled cracks gradually 
disappeared when approaching a healing agent particle. If the healing 
process can only result in the relocation of calcium element, the 
microstructure of an area before and after the precipitation of calcium 
carbonate can then be compared by assessing the silicon mapping and 
the calcium mapping. From the silicon mapping, it can be seen that the 
original boundary of the healing agent was smooth and that several 
cracks passed through the healing agent; and the calcium mapping 
revealed that the outer layer of the particle was consumed and converted 
to a calcium-rich rim, resulting in a rough boundary of healing agent. 
Also, the cracks which were originally passing through the particles 
were filled and even air voids were partially filled by the precipitates. 
This microstructural change indicates that, after one year of outdoor 
exposure, oxygen seems to have entered so deep that there is enough 
oxygen for the bacteria around a particle to become active. The avail-
ability of oxygen is thus no longer governing the metabolic activities of 
the bacteria in this case. In addition, it can also be found that no healing 
products can be seen at crack mouth. Since the specimens were placed 
outdoor for a whole year in a climate where temperature can drop below 
freezing point in winter, it is possible that the environmental actions 
such as rainfall and freeze and thaw cycles may have worn away the 
healing products at the crack mouth [21] and thus led to a deeper ingress 
of oxygen into cracks, which promoted the bacteria to precipitate 
preferably near a healing agent. 

Fig. 14 shows BSE images of 2 different locations in the bacterial 
specimens after long-term healing, both of which show evident healing 
along the crack walls extending several millimetres deep inside the 
cracks. As the thickness of the specimen is 13 mm, the observed 6-mm- 

Fig. 7. EDS elemental mappings of a healed crack mouth after 8 weeks of healing in a mist room from a specimen with healing agents. The location of this mapping is 
marked in Fig. 6 as a white rectangle. 
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deep healing from one side of the specimen means that the entire crack 
path has undergone certain degree of healing. By comparing the silicon 
mapping and calcium mapping, it can be seen that the precipitated 
calcium carbonates have filled the small cracks, narrowed the larger 
ones, and partially filled some voids. It is also interesting to notice that 
all the healing agent particles which were activated by cracks had the 
outer layer converted into calcium carbonate, which may have restricted 
the further hydrolysis of the PLA and thus limited the discharge of 
bacterial spores. This self-limiting feature can have both negative and 
positive consequences. At one hand, it will certainly impede the pace of 
crack-healing by limiting the amount of spores and nutrients released by 
each particle. On the other hand, the preservation of certain portion of 
the particle can produce a repeated healing, when the material is 
damaged again. Therefore, the particle size of healing agent can be an 
important factor and should be designed according to the expected crack 
width and the specific working condition. 

Fig. 15a shows the microstructure of a reference specimen after 1- 

year autogenous healing. The autogenous healing capacity of SHCC is 
evident from the observed crack closure near the crack exit on both the 
smaller and larger cracks. Similar to the specimens with healing agent, 
no precipitates were observed at the crack mouth. This may also because 
of the environmental effects acting upon the healing products. However, 
a key difference between autogenous and autonomous healing is the 
depth to which the crack can be healed. In the bacterial specimen 
(Fig. 14), precipitation of calcium carbonate along the crack walls was 
clearly visible, while obvious narrowing of cracks due to calcium car-
bonate precipitation occurred only within 0.5 mm deep in the reference 
specimen (Fig. 15b). This may be because even if the precipitates at the 
crack mouth were gone, the ingress of carbon dioxide would still be 
blocked by the calcium carbonate formed slightly deeper in the cracks, 
as long as this affected zone is within the carbonation front. Conse-
quently, the availability of carbon dioxide for autogenous healing was 
still limited, resulting in only a very thin layer of calcium-rich pre-
cipitates along the crack walls, as shown in Fig. 15c (processed calcium 

Fig. 8. Comparison of the depth of healing occurred inside a crack after a period of (a) 3 weeks and (b) 8 weeks in a mist room for specimens with healing agent 
(width of field = 1.5 mm). 
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Fig. 9. Morphology of precipitated healing products inside a crack after an 8-week-long healing process.  

Fig. 10. Process of autogenous crack healing at crack mouth in refence specimens without healing agents. Each image captures a region of 500 μm × 500 μm. The 
number in each figure is the crack width in the unit of micron. 

Fig. 11. Zoom-in views of autogenous healing at crack mouth of reference specimens at (a–b) week 3 and (c–d) week 8 (scale bar = 100 μm).  

S. He et al.                                                                                                                                                                                                                                       



Cement and Concrete Composites 143 (2023) 105271

9

mapping depicting only high-intensity calcium signals). 
By comparing the extend of healing observed in the specimens with 

and without healing agents, it can be concluded that the use of aerobic 
bacteria is highly beneficial in terms of crack healing, for that the bac-
teria have changed the governing factor for the yield of calcium car-
bonate deep inside the cracks from the availability of carbon dioxide to 
the availability of oxygen. And since oxygen diffuses more easily in 
concrete than carbon dioxide, this change of limiting factor increases the 
likelihood of calcium carbonate precipitation in deeper cracks. More-
over, the metabolic activities of aerobic bacteria also produce carbon 

dioxide, which can react with calcium hydroxide minerals in locations 
that are not accessible to carbon dioxide from the outside atmosphere. 

Another conclusion that can be drawn from this study is that relying 
solely on the observation of the crack mouth to evaluate crack sealing or 
healing may not be a reliable method. This is evident from the BSE 
images of the crack cross-sections, which show that a complete closure 
of crack mouth can occur even when there is essentially no healing 
occurring inside the crack. Conversely, the absence of healing products 
at the crack mouth does not necessarily indicate a lack of healing inside 
the crack. Certainly, the discussion of healing efficiency should come 

Fig. 12. Comparison of the autogenous healing occurred inside a crack after a period of (a) 3 weeks and (b) 8 weeks in mist room for the reference specimens without 
healing agent (width of field = 1.5 mm). 

Fig. 13. BSE images and EDS mappings of a specimen with healing agents after 1-year outdoor exposure. (Abbreviation: C – crack; F – fibre; V – void; HA – 
healing agent). 
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after the establishment of the demand from healing. 

3.3. Behaviour of bacteria-embedded PLA capsules in cement-based 
matrix 

In the development of all types of self-healing concrete, it is impor-
tant to ensure that the healing agent does not affect too much the 
properties of concrete and at the same time can still function as intended 
to promote self-healing. The PLA capsule adopted in the current study 
functions through hydrolysis of the PLA to release bacteria when water 
enters a crack. However, the presence of water during concrete mixing is 
expected to trigger the hydrolytic degradation of PLA already from the 
start. Depolymerization via hydrolysis leads to the formation of lactic 
acid, which consumes some alkalinity in concrete close to the PLA 
capsule. It is therefore necessary to verify if PLA particles can modify the 
microstrucutre of cement-based matrix surrounding it. 

Fig. 16 shows the BSE images of two PLA particles embedded in the 
specimens at a very early stage after cracking (i.e., at the end of the 1st 
week). As can be seen, a porous zone can indeed be noticed surrounding 
the particles. The thickness of this zone is around 50 μm, which is the 
typical thickness of the interfacial transition zone (ITZ) between a bigger 
inclusion and cement-based matrices [26,27]. In fact, similar porous 
zone can also be seen around the circular air void at the top right corner 
of Fig. 16c and d, which suggests that the influence of the PLA to its 
surrounding matrix is only minor, and that the hydrolytic degradation of 
PLA may have only happened to a very limited extent. Conversely, the 
hydrolysis of PLA during the self-healing process is quite noticeable. As 

shown by Figs. 17 and 3 weeks in a mist room has led to the formation of 
a calcium-rich rim around the particle. It is likely that the reaction be-
tween the lactic acid and the calcium hydroxide in the matrix has led to 
the formation of calcium lactate, which might have been metabolically 
converted into calcium carbonate and filled the cracks next the particle. 
At this moment, the ITZ between the particle and the cement-based 
matrix also appeared to be less porous, probably also due to the 
precipitated calcium carbonate. Fig. 18 shows the typical appearance of 
a PLA particle inside a crack after 8 weeks of healing. By comparing the 
silicon mapping and the calcium mapping, it can be seen that almost 1/3 
of the particle has now been consumed and converted into calcium rich 
precipitates either around the particle or close to the crack mouth. The 
porous zone surrounding the particle is also no longer visible. It is thus 
concluded that the bacteria-embedded healing particles can indeed 
function as intended to promote self-healing, while posing no threat to 
the concrete properties. 

4. Conclusions 

An experimental study was carried out to characterize the bacteria- 
enabled crack-healing behaviour of mortar by BSE and EDS. Healing 
under both short-term ideal condition and long-term realistic condition 
were investigated. Unlike previous studies which usually quantify 
healing by examining the formation of healing products at crack mouth, 
the current study documented the process of both autogenous and 
autonomous healing along crack depth. The behaviour of individual PLA 
capsules during the healing process was also studied. The main findings 

Fig. 14. BSE images of 2 different locations in a specimen with healing agents after 1-year outdoor exposure, showing evident healing along crack depth (width of 
field = 6 mm). 
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Fig. 15. (a) BSE image of a reference specimen without healing agents after 1-year outdoor exposure showing limited healing along crack walls (width of field = 6 
mm) and (b) EDS mapping of calcium element and (c) processed calcium mapping showing only locations where high intensity calcium signal was detected. 

Fig. 16. BSE images of crack-bridging PLA particles after a period of 1 week in mist room as well as their respective binary images highlighting porosity after 
grayscale segmentation. 
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of the current study are:  

1. Apparent crack healing enabled by bacteria began after 2 weeks in a 
humid environment. The healing products initially precipitated at 
the crack mouth and gradually moved deeper into the cracks, with 
the precipitated crystals growing larger over time. After a period of 8 
weeks, cracks as wide as 100 μm were fully filled with healing 
products at the crack mouth. Healing products were also found to 
form a few millimetres deep inside the crack.  

2. Autogenous healing happened slower than the bacteria-enabled 
healing. Only after the end of the 3rd week, healing products star-
ted to precipitate from the two sides of a crack mouth and then 
gradually bridged over the crack mouth by accumulating more 

crystals. Despite a slower speed, cracks of 100 μm wide were also 
observed to heal completely at the end of the 8th week. However, 
healing products were only found at crack mouth, leaving the crack 
depth largely unhealed.  

3. Long-term crack healing in realistic environment was observed to 
fundamentally differ from healing under short-term controlled con-
ditions. Specimens with healing agent were found to have no healing 
products formed at the crack mouth but have a high degree of 
healing through the entire crack depth. It is likely that the environ-
mental actions such as rainfall and freeze and thaw cycles may have 
worn away the healing products at the crack mouth and thus led to a 
deeper ingress of oxygen into cracks, which promoted the aerobic 
metabolic activity of the bacteria inside the cracks. 

Fig. 17. BSE images of a crack-bridging PLA particle after a period of 3 weeks in mist room as well as its EDS calcium mapping.  

Fig. 18. BSE image and EDS mappings of a crack-bridging PLA particle after 8 weeks in mist room.  
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4. Autogenous healing after long-term outdoor exposure was found to 
possess similar characteristics, with the depth of healing increased 
and a loss of healing products at surface. However, the depth to 
which a crack can heal because of autogenous healing is significantly 
less than bacterial healing, which is probably due to the limited 
ingress of carbon dioxide inside the cracks.  

5. The cement-based matrix surrounding a PLA particle was found to be 
porous. This porous zone appeared to be similar to the ITZ commonly 
formed between cement-based matrices and big inclusions such as 
fibres and aggregates, which suggests that the hydrolytic degrada-
tion of PLA may have only happened to a very limited extent during 
concrete mixing and hardening.  

6. During the healing process, the PLA particles were found to be 
consumed and converted into calcium-rich precipitates, potentially 
calcium carbonate. The formed calcium carbonate can not only heal 
the cracks but also densify the matrix surrounding the healing 
agents.  

7. Relying solely on the observation of crack mouths to evaluate crack 
sealing or healing may not be a reliable method. This is evident from 
the BSE images of the crack cross-sections, which show that a com-
plete closure of the crack mouth can occur even when there is 
essentially no healing occurring inside the crack. Conversely, the 
absence of healing products at the crack mouth does not necessarily 
indicate a lack of healing inside the crack. 
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