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Abstract: This article presents the state of the art of the self-healing concrete
process, outlining different methods of carrying out the process in order to un-
derstand the advances made so far and to observe the environmental impacts as-
sociated with the use of these materials—such as increased structural durability

and the reduction in the need for cementitious materials used in maintenance pro-
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cesses related to cracking. Furthermore, the development stages of research on
the two main types of self-healing were assessed: autogenous healing, which was
the origin of studies in the field, and autonomous healing, which involves enhan-
cing healing properties through the use of additives. The studies included in the
article were selected by filtering practical works focused on the healing process
available in two databases (Scopus and Web of Science). The evaluated data
shows that self-healing concrete demonstrates the potential to increase the du-
rability of buildings and consequently reduce the environmental impacts caused
by the construction industry. It was also notable that concretes using biological
agents as healing additives are more advanced than others; this advancement is

also reflected in the preference for autonomous healing among researchers.

Keywords: Sustainability; Self-healing; Concrete; Durability; Cracks.

Resumo: Este artigo apresenta o estado da arte do processo de autocicatrizagio
do concreto, apresentando diferentes formas de realiza¢do do processo de modo
a compreender os avangos realizados até o presente momento, e observar os im-
pactos ambientais gerados pela utilizacdo desses materiais, tais como 0 aumento
da durabilidade das estruturas e da reducio da necessidade do uso de materiais ci-
mentantes empregados nos processos de manutengdes relacionados a fissuragdo,
ademais, foram avaliados os estados de avanco das pesquisas dos dois principais
tipos de autocicatrizacdo, a cicatrizagdo autégena que foi a origem dos estudos
na drea e a autdnoma que consiste no incremento das propriedades de cicatriza-
cdo através do uso de aditivo. os estudos utilizados no artigo foram selecionados
através da filtragem de trabalhos praticos focados no processo de cicatrizacdo
disponiveis em duas bases de dados (scopus e web of science). a base de dados
avaliada demonstra que os concretos autocicatrizantes demonstram um potencial
de aumento da durabilidade de edifica¢des e consequentemente uma reducao dos
impactos ambientais gerados pela construgdo civil, também foi notdvel que os
concretos que fazem uso de agentes bioldgicos como aditivos cicatrizantes estdo
mais avangados que os demais, esse avango também reflete na escolha da cicatri-

zacdo autdonoma pelos pesquisadores.

Palavras-chave: Sustentabilidade; Autocicatrizante; Concreto; Durabilidade;

Fissuras.

Resumen: Este articulo presenta el estado del arte del proceso de autocuracion
del concreto, exponiendo diferentes formas de llevar a cabo el proceso con el fin

de comprender los avances realizados hasta el momento y observar los impactos
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ambientales generados por el uso de estos materiales, tales como el aumento de la
durabilidad de las estructuras y la reduccion de la necesidad de emplear materia-
les cementantes en los procesos de mantenimiento relacionados con la fisuracién.
Ademads, se evaluaron los niveles de avance de las investigaciones sobre los dos
principales tipos de autocuracion: la autocuracién autégena, que dio origen a los
estudios en el drea, y la autonoma, que consiste en el incremento de las propieda-
des de curacién mediante el uso de aditivos. Los estudios utilizados en el articulo
fueron seleccionados mediante la filtracion de trabajos practicos enfocados en el
proceso de curacion disponibles en dos bases de datos (Scopus y Web of Science).
La base de datos analizada demuestra que los concretos autocurativos presentan
un potencial para aumentar la durabilidad de las edificaciones y, en consecuencia,
reducir los impactos ambientales generados por la construccion civil. También se
observo que los concretos que utilizan agentes bioldgicos como aditivos curativos
se encuentran mds avanzados que los demads; este avance también se refleja en la

preferencia de los investigadores por la autocuracién auténoma.
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1 INTRODUCTION

Cracking is a recurring problem in reinforced concrete structures. Although it does not necessarily
indicate a structural risk, this manifestation, largely due to concrete’s low tensile strength, can accelerate the
degradation process. The presence of cracks can act as an entry point for aggressive agents, leading to dete-
rioration reactions such as reinforcement corrosion or the disintegration of the concrete itself (Snoeck; Belie,
2015).

Based on this principle, it is evident that there is a need to address these cracks, which in some cases
can be quite costly or even infeasible due to accessibility challenges. In this regard, self-healing concrete has
enormous potential to revolutionize the construction industry, as its ability to recover without human interven-
tion can resolve issues in areas that are difficult to maintain, while also providing environmental and economic
benefits related to reduced maintenance processes for the structure.

Although self-healing has been a hot topic in the last century, the knowledge about the phenomenon
in concrete is ancient, initially through autogenous healing. However, this phenomenon is difficult to control,
limited to small cracks, and occurs only in the presence of water. Therefore, there is an increasing search for
materials capable of enhancing this healing property, resulting in autonomous self-healing concretes (Tittel-
boom; Belie, 2013).

Using self-healing concrete can generate environmental and economic benefits by increasing the lifes-
pan of concrete elements and reducing maintenance costs, making it a sustainable alternative. This reduction
in maintenance also leads to decreased use of materials like cement, whose production has a significant envi-
ronmental impact (Andrew, 2019). However, the initial cost of producing self-healing concrete is one of the
challenges that needs to be addressed to enable widespread use (Silva et al., 2015).

As highlighted, healing in concrete can occur in two ways: autogenous and autonomous, the main
difference between the two lines is how the healing processes are generated. In autogenous healing, the process
is caused by materials present in the concrete that are not intended for self-healing, it is generated by the
concrete’s components (coarse aggregate, fine aggregate, and cement) or by additives added for other purposes
that inadvertently benefit the healing process. In contrast, autonomous healing is generated through healing
agents deliberately added to the cement matrix with the specific aim of self-healing (Rooij et al., 2013). In
addition to these differences, several factors affect both types of healing or only one, as shown in Figure 1.

Self-healing concrete emerges as a sustainable potential for the construction industry, titulo de secao
ou subsecdo deverd ser seguido de texto. Para as secdes textuais utilizar numeragdo progressiva self-healing
concrete and to produce sustainable, high-performance materials. The performance of different healing agents
is evaluated in various studies. These include the incorporation of bacteria (Krishnapriya; Babu; G., 2015;
Metwally; Mahdy; El-raheem, 2020; Tan et al., 2023), the use of fungi (Luo et al., 2018; Zhang et al., 2021;
Jin; Yu; Shui, 2018), the use of crystallizing additives (Geraldo; Guadagnini; Camarini, 2021; Gojevi€ et al.,
2021; Wang et al., 2021) and the addition of superabsorbent polymers (Chindasiriphan et al., 2022; Mousavi
etal.,2021; Wu et al., 2020), among others.
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Figure 1 — Flowchart highlighting the types of healing and their influencing factors
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Source: Authors.

In addition to comparative studies between reference concretes and healing agents, it is essential to
evaluate different application systems for these elements in the concrete mix, such as the use of internal vascular
networks, the encapsulation of healing agents, or even their immobilization within aggregates or recyclable
materials, to find an effective, sustainable, and economically viable combination.

Sustainability is strongly linked to self-healing concrete, which has the potential to positively impact
the environmental effects of the construction industry, whether by reducing the materials used in maintenance
processes or by utilizing sustainable materials in their production. This relationship between sustainability and
self-healing concrete has only recently been recognized, since then, its growth has been remarkable. This can
be seen in the graph in Figure 2, which shows the relationship between the number of studies highlighting the
connection between self-healing concrete and sustainability before and after 2020.

The research landscape for self-healing concretes is positive, as the number of studies on the topic has
grown over the past few years (Cappellesso et al., 2023). However, there is a challenge in connecting these
research efforts, as each laboratory employs different strategies for executing and evaluating results. In light of
this situation, and aiming to facilitate the interconnection between research and consequently the development
of these sustainable materials, the present article’s objective is to assess the current state of the art in self-
healing concrete research. This includes encompassing the different perspectives presented in the field and

evaluating the positive environmental impacts that these materials can generate.

1.1 Autogenous self-healing

As previously highlighted, autogenous healing is an intrinsic property of concrete, generated by the

material’s constituents without additions specifically aimed at the healing process. However, it is a phenomenon
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Figure 2 — Number of published articles relating self-healing concretes to sustainability
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that is difficult to control and has more restrictive limitations when compared to autonomous healing. As
suggested by Van Tittelboom and De Belie (2013), research that was predominantly focused on the development
of autogenous healing concrete should shift its focus to autonomous healing, as the latter has fewer restrictions
and is not as directly influenced by various factors, such as the age of the crack. This shift in focus can be
observed in the graph in Figure 3.

Even with the shift in focus, research on autogenous healing is still being conducted. For example,
the study by Hana Zakov4, Jirf Pazderka, and Pavel Reiterman (2020) uses crystallizing additives to enhance
the capacity for autogenous healing, while the research by Huang et al. (2021) employs machine learning
techniques to predict the behavior of autogenous healing in concrete. Thus, it is evident that understanding the

mechanisms involved in the autogenous healing process is important.

1.2 Autonomous self-healing

Research on autonomous healing has been growing over the years, especially since 2014, as predicted
in previous studies (Tittelboom; Belie, 2013), where the greatest potential for the evolution of self-healing
concretes was expected to come from research into autonomous healing technologies. This increase in the
number of studies can be seen in the graph in Figure 4.

Despite representing a large sample of research on self-healing, studies focused on autonomous healing
exhibit significant variability due to the lack of standardization in the tests, as highlighted by Litina et al.
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Figure 3 — Publications on self-healing concrete in general and autogenous healing after 2014
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(Litina et al., 2021). Moreover, in addition to the tests, the studies also differ based on the various approaches
to adding materials to the cementitious matrix, as well as the wide range of materials evaluated as healing
agents. Therefore, there is still an evolutionary path to be taken through research to find the combinations
of addition methods and agents that yield the best sustainability results, structural performance, and financial

viability.
2 STUDY METHODOLOGY

In order to carry out a comprehensive state-of-the-art review, it is essential to encompass the most rel-
evant research within the field, incorporating the most robust and reliable findings available. This necessitates
a preliminary screening process to identify and select the studies to be included in the review. Accordingly,
the methodology was structured in two sequential stages: the first aimed at filtering the articles, and the second
dedicated to their detailed evaluation, thereby ensuring the inclusion of studies with direct relevance to the
topic under investigation.

To prioritize high-quality and relevant sources, the Scopus and Web of Science databases were em-
ployed, as these platforms provide reliable and peer-reviewed publications, are internationally recognized by
academic and scientific institutions, and offer extensive global coverage, incorporating research from a wide

range of geographical and institutional origins.
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Figure 4 — Articles published on autonomous self-healing and studies on potential healing agents
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2.1 Systematic literature review

To retrieve the articles from the selected databases, a broad and general search string was developed in
order to encompass the largest possible number of studies related to the topic. While this approach increases the
workload during the screening process, it minimizes the risk of excluding relevant articles due to discrepancies

with a more restrictive search string. The search string employed is presented in Figure 5.

Figure 5 — Search string used for article retrieval

"Concreto autocicatrizante" or "Argamassa
autocicatrizante" or "Self-healing concrete" or "Self-sealing
concrete" or "Self-healing mortar" or "Self-healing paste" o
"Self-healing cimentithous materials” or “Autogenous self-

healing” or “Autonomous self-healing”

Source: Authors.

By applying the search string presented in Figure 5 to both databases mentioned earlier, a total of 2,094
studies related to self-healing concrete were retrieved. The first screening process was carried out within the
databases themselves by applying filters for document type, primary language, and subject area. This step

reduced the selection to 372 articles published in English or Portuguese within the fields of engineering and
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materials science, considering the combined results from both databases.

Subsequently, the articles remaining after the first screening stage were imported into Mendeley, a
reference management software, where the second screening process was conducted. This step consisted of
removing duplicate records, that is, articles indexed in both databases, which reduced the total number of
articles to 227.

Finally, still within Mendeley, the abstracts of the 227 remaining articles were reviewed to verify
whether they addressed the practical effects on the healing process of different self-healing concrete com-
positions. This step eliminated, for instance, studies focused on the production of healing agents rather than
on the healing process generated by the material itself, thereby reducing the total to 87 articles. These were
subsequently organized into reference sheets and used as the basis for the present study. Figure 6 illustrates the

article screening process.

Figure 6 — Filtering process for selecting the articles used in the present study

Web Of Science Web Of Science
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1 data ba ses LS :
1275 165

Studies used in Step 3: Reading Step 2: Removing
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Source: Authors.

2.2 Reading and summarizing of the studies used

In the second stage of the methodology, summary sheets were prepared for the 87 articles approved
in the initial evaluation, with the aim of identifying their objectives, the methodologies employed, and the
conclusions reached. This process was carried out to enable the grouping of similar studies into the thematic

topics to be presented later in this article.
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3 FACTORS THAT INFLUENCE BOTH TYPES OF SELF-HEALING

Various factors make autogenous healing difficult to control, as they interact with different concrete
mechanisms, such as the cement type, exposure environment, and age of crack formation, among others. These
factors also influence autonomous healing; however, in this case, the use of additions facilitates the control of

the desired properties and helps reduce the constraints present in autogenous healing.

3.1 Type of cement and additions

The production of Portland cement is one of the largest contributors to greenhouse gas emissions in
the atmosphere, generating significant interest in the search for more sustainable options that can replace this
material. The possibility of substituting cement with ecologically less impactful materials and its relation to
the phenomenon of autogenous healing was the focus of research (Tittelboom et al., 2012), which evaluated the
effect of replacing cement with supplementary cementitious materials, such as fly ash and blast furnace slag.
The study observed that from the perspective of autogenous healing, these materials are more effective, as they
exhibit greater susceptibility to the occurrence of continuous hydration since even after long periods, they still
contain a significant portion of particles capable of hydrating.

Research is also being conducted on variations in cement type, such as the study by Cappellesso (2018),
which evaluated the performance of autogenous healing for three different types of cement (CPII-F, CPIV,
and CPV ARI). The study concluded that, regarding internal matrix healing, concrete produced with CPIV
exhibited superior performance. In terms of surface healing, observed through optical microscopy, CPV ARI

outperformed the other types.

3.2 Concrete curing and exposure environments

Another property that affects autogenous self-healing is the type of concrete curing, as this stage is
related to the amount of water available in the material and the duration for which self-healing can occur;
without water, there is no self-healing. Shahid, Jaafar, and Yahaya (2014) evaluated the substitution of cement
with palm oil ash under the influence of different curing types, concluding that the kind of curing affects the
behavior of the materials regarding healing. Moreover, it was observed that the curing process with the highest
effectiveness for healing was submerged curing in water; additionally, regardless of the curing type, the longer
the curing period, the greater the self-healing.

Research has been conducted, such as that by Cappellesso et al. (2022), which observed that concrete
using active silica performs better than concrete with crystallizing additives in environments with limited water

availability; however, the performance of concrete with crystallizing additive was superior to the reference
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concrete that had no additions. Exposure environments can affect the properties of materials, as demonstrated
in the study by Esaker et al. (2021), which concluded that aggressive soils can inhibit the healing properties
of concrete. Additionally, observing the effect of curing in concrete exposed to soil, the research by Hamza et.
al. (2024) yielded results indicating that natural soils provide a more favorable environment for healing than

sterilized soils.

3.3 Cracking age

The age of crack formation is directly related to the occurrence of the self-healing phenomenon, as
different times of crack formation may indicate the presence of anhydrous grains and water within the material,
which is an extremely relevant factor for the occurrence of autogenous healing (Tittelboom; Belie, 2013).

n addition to the direct influence on the healing process, the factors can also affect the performance of
other aspects, as evidenced in the study by Arndt (2019), which used test specimens with different ages of crack
opening (3 and 28 days) while evaluating the influence of the water-to-cement ratio on the healing properties
of the material. It became clear that the water-to-cement ratio has much greater significance for cracks opened
at 28 days than for those opened at 3 days.

3.4 Cracking width

The thickness of the crack is a relevant factor when it comes to the structural safety of concrete elements
and also when addressing the efficiency of the self-healing process, as the phenomenon of autogenous healing
is limited to small cracks. Al-Tabbaa et al. (2019) highlight that autogenous healing is generally effective for
cracks with a thickness of less than 0.15 mm.

The thickness of the crack can be the main focus of studies, such as the one conducted by Medeiros
and Di Sarno (2024), where the effects on the self-healing process resulting from cracks generated by different
cracking methods were evaluated. They observed that the nylon string method showed a more positive influence
on cylindrical and cubic test specimens and is a method that is easy to replicate. In the study by Yuan et al.
(2023), the authors utilized different approaches applying Machine Learning to predict the thickness of cracks
in self-healing concrete, both before and after the healing process, finding that the random forest method and
SHAP analysis performed best for predicting the post- and pre-healing thickness, respectively.

4 HEALING AGENTS AND ENHANCEMENT OF HEALING

As previously discussed, autogenous and autonomous healing share some influencing factors. However,

due to the use of additions aimed at healing, which occurs in self-healing concretes, autonomous healing must
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also take into account the influence generated by healing agents, in addition to the concomitant influencing
factors of both types of healing. This includes their effects on healing properties as well as their impact on
mechanical properties and durability.

The range of healing agents studied is quite broad, and even the healing mechanism generated by each
healing agent differs from the others so the entire healing process varies according to the healing agent used.
The healing mechanisms can be seen in Table 1.

Table 1 — Different healing mechanisms of healing agents

Healing agent Healing mechanism References
Crystallizing additives Formation of crystals with different (Shetiya et al., 2024; Park; Choti,
compositions that are responsible for 2021)
filling the cracks
Superabsorbent Providing the availability of water for | (Lefever; Okude; Shiotani, 2023;
polymers the hydration reactions responsible for | Mignon et al., 2019; Gruyaert et
healing the cracksreinforced al., 2016)
Bacteria Inducing the precipitation of calcite, (Chuo et al., 2020; Hu et al., 2022;
which seals the cracks Reeksting et al., 2020)
Fungi Inducing the precipitation of calcite or | (Chiadighikaobi et al., 2024; Luo
other minerals that seal the cracks et al., 2018; Menon et al., 2019)
Substitution of cement Greater availability of materials for (Tittelboom et al., 2012; Medeiros;
with supplementary late hydration reactions Sarno, 2022)
materials

Source: Authors.

Among the healing agents, there is a clear trend towards the use of biological agents, with the use of
bacteria being the most common in studies, accounting for more than 75% of the articles on healing agents, as
can be seen in the graph in Figure 7.

Some materials can be used to enhance autogenous healing, as their properties are not exclusively
healing. Moreover, these materials are often combined with other healing agents to improve autonomous

healing, as is commonly the case with crystallizing additives and superabsorbent polymers.

4.1 Crystallizing additives

Studies on crystallizing additives have different approaches, some more direct, such as the case of
Ziegler et al. (2020), where various methods were used to assess the efficiency of internal and external healing
of concrete with crystallizing additives under the effect of wetting (2 days) and drying (12 days) cycles. For the
evaluation of external healing, visual analysis was conducted using a scanning electron microscope, revealing
that the wetting and drying cycles were not effective in activating hydration reactions on the surface of the con-
crete. For the internal healing of cracks, assessing chloride diffusion, it was observed that after the wetting and

drying cycles, concretes with crystallizing additives exhibited superior performance compared to the reference
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Figure 7 — Published articles on healing agents in percentage
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samples.

Lo Monte and Ferrara (2021) tested the healing properties of ultra-high-performance concrete rein-
forced with fibers alongside the use of crystallizing additives, utilizing optical microscopy and permeability
measurements to assess specimens in terms of maintaining crack openings. The samples approached 100%
healing after 6 months; however, after reopening the cracks, the recovery rates only reached 40%. Park and
Choi (2021) evaluated the performance of different supplementary cementitious materials, such as ground gran-
ulated blast furnace slag, active silica, and fly ash in combination with ordinary Portland cement, along with
crystallizing additives and calcium sulfoaluminate. Their aim was to assess the different self-healing products
generated by the various combinations using X-ray diffraction, thermogravimetry, and optical microscopy. The
authors highlighted that the generation of healing products from the mixture with crystallizing additives was
superior to those from the mixtures with calcium sulfoaluminate.

Shetiya et al. (2024) evaluated the performance of self-healing concrete using crystallizing additives
and conducted various comparative tests with reference concretes without additions. They observed that the
concrete utilizing crystallizing additives exhibited very satisfactory healing performance, which was verified
through thickness and depth tests of the cracks. Additionally, they showed superior performance in mechanical
characterization tests, such as compressive strength, especially in concretes with a higher dosage of additive.
Furthermore, the additives also positively affected the durability of the material compared to the reference

samples.
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4.2 Superabsorbent polymers

Superabsorbent polymers can be used in various ways. Numerous articles (Chindasiriphan et al., 2022;
Snoeck et al., 2014; Snoeck; Debo; Belie, 2020; Lefever et al., 2020; Lefever et al., 2020; Wu et al., 2020;
Zhang; Ma; Liu, 2023) combine superabsorbent polymers with other materials to induce healing in concrete.
Additionally, there are many studies (Summa et al., 2022; Snoeck; Belie, 2015; Snoeck; Belie, 2019; Snoeck,
2018; Mousavi et al., 2021; Lefever; Okude; Shiotani, 2023) that use them independently to enhance the
autogenous healing capacity of the cement matrix. Beyond these two application possibilities, research is also
being conducted (Heede ef al., 2018; Gruyaert et al., 2016; Nielsen et al., 2019) to develop new polymers or
assess the capabilities of different polymers as healing agents.

The combination of superabsorbent polymers (SAPs) with other materials aims to improve the heal-
ing performance of the materials, but it is also important for mitigating the negative effect of superabsorbent
polymers on the mechanical properties of concrete. As explained by Zhang, Ma, and Liu (2023), the addition
of SAPs makes the material more porous, consequently reducing its mechanical capabilities. Table 2 presents
a summary of the materials mixed with superabsorbent polymers by different authors and the effects of these

mixtures on the mechanical properties and healing capacity of the studied concretes.

Table 2 — Different mixtures and their performances

Material mixed with The behavior of Influence on the Reference
superabsorbent mechanical self-healing performance
polymers properties
Rice husk ash Lower than the Significant improvement (Chindasiriphan et al.,
reference concrete 2022)
Magnesium oxide Are better than the | 50% reduction in healing (Wu et al., 2020)
reference concrete time
Crystalline admixture Are better than the Complete crack repair in (Zhang; Ma; Liu, 2023)
reference concrete 90 days
Nanosilica Are close to the 100% healing in 75% of (Lefever et al., 2020)
reference concrete the cracks evaluated
Microfibres Are close to the Great performance when (Snoeck et al., 2014)
reference concrete | exposed to wet-dry cycles
Glass fibers Are close to the Translucent material with (Snoeck; Debo; Belie,
reference concrete good healing capacity 2020)

Source: Authors.

The application of superabsorbent polymers (SAPs) to enhance autogenous healing can be evaluated
from different perspectives, which is essential for the development of the material as a healing agent. The
study conducted by Snoeck and De Belie (2015) assessed the repetitive autogenous healing capacity provided
by SAPs and showed that, despite a decrease from 75% in the first recovery to 66% in the second, the studied
concrete exhibited over 50% recovery in mechanical properties even after the second occurrence of the same

crack. Di Summa et al. (2022) evaluated the environmental and economic impacts of using SAPs in self-healing
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concrete and concluded that the produced concrete yielded positive results, resulting in cost reduction and lower
environmental impacts. Another approach used in the study by Pelto et al. (2017) was the encapsulation of
superabsorbent polymers, which partially compensated for the reduction in the mechanical properties of the
concrete due to decreased swelling of the SAPs during mixing, without compromising the healing capacity.

Overall, the application of superabsorbent polymers (SAPs) has a significant advantage in storing water,
which will later be used for autogenous healing (Lefever; Okude; Shiotani, 2023; Snoeck, 2018). Due to their
water retention capacity, a long-term study (8 years) was conducted by Snoeck and De Belie (2019) to assess
the healing capacity of concrete containing SAP compared to a reference concrete. The results showed that
the concrete with SAP exhibited better ductility after 8 years, with no degradation of the matrix during this
period. In terms of healing, although the value observed after 8 years represented only one-third of the healing
capacity demonstrated at 7 days, it was noteworthy that the concrete with the addition of SAP continued to
show healing after 8 years, albeit at reduced rates compared to its performance at younger ages, with this
capacity likely stemming from the crystallization of calcium carbonate.

There are different application possibilities for absorbent polymers, as well as various types of polymers,
making the evaluation of the use of different polymers in self-healing concrete relevant. The study conducted
by Arn Mignon et al. (2017) aimed to assess the characteristics of methacrylate alginate and acrylic monomers
as superabsorbent polymers (SAPs). Another application for SAPs is their use as a material for capsules to
transport bacteria, which was tested by Nielsen et al. (2019), where the authors inserted endospores of Bacillus
alkalinitrilicus into SAP capsules to verify bacterial activity within the concrete through optical detection of
pH.

Regarding the creation of new polymers, the study by Van Den Heede et al. (2018) evaluates the life
cycle of structures made with self-healing concrete containing fibers and three different semi-synthetic super-
absorbent polymers (SAPs) developed by combining acrylic acid with acrylamide-based SAPs and modified
sodium alginate-based SAPs. The evaluation results were positive, as although the results indicated that the
reference concrete with fly ash had a greater impact on the life cycle, the concrete with the combination of
SAPs and microfibers was also able to produce a positive effect. Another study focused on new materials was
made by Gruyaert et al. (2016), which assessed the use of pH-sensitive SAPs through water flow tests to verify
crack sealing capability. While conventional SAPs performed better in immediate crack sealing, the perfor-
mance of SAPs made with particles between 400 and 600 um was superior in sealing and producing CaCO;

after 28 wetting and drying cycles.

4.3 Bacteria

As demonstrated earlier, bacteria are more frequently addressed in studies than other healing agents,
and their main healing mechanism, as outlined in Table 1, is through the induction of calcite precipitation.
Despite showing good performance in autogenous healing, evaluations of the performance of different bacteria

are still being conducted, along with assessments of various protection techniques for the bacteria to increase
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their survival rate in the alkaline environment of concrete. Additionally, there is a need to achieve better cost-
effectiveness for biological concrete by finding cheaper methods for producing bacterial colonies. Among the

different types of bacteria, studies are more focused on Bacillus bacteria, as shown in Figure 8.

Figure 8 — Percentage of studies on Bacillus bacteria compared to other bacteria

Web os Science Scopus

Other .
Bacillus

44,8%

bacteria
55,2%

Source: Authors.

Although Bacillus bacteria stand out among the various types of bacteria used, this does not result in
less variability among healing agents, as there is a wide range of Bacillus bacteria that can be utilized, as shown
in Table 3.

Although Bacillus bacteria are the focus of various studies, they are not the only ones evaluated as
healing agents; other bacterial species have also been assessed, such as Sporosarcina bacteria. Sporosarcina
pasteurii has been the subject of several studies that evaluated its ability to produce self-healing and its effect
on mechanical properties (Zaerkabeh et al., 2022; Yan et al., 2023; Xu et al., 2019; Chen; Chen; Tang, 2020),
its capacity to regenerate mechanical properties after cracking (Chen et al., 2022) and the variations in its
properties when exposed to moisture cycling. Additionally, Sporosarcina aquimarina was encapsulated in
expanded perlite and assessed for its healing production capability (Amjad et al., 2023), yielding positive
results that enhance its potential use in self-healing concrete.

In general, one of the main concerns regarding the use of bacteria is their survival and subsequent
development within concrete. As demonstrated by Hind and Ali (2023), the survival rates of bacteria are
significantly higher when they are surrounded by some form of protection rather than being added directly
to the concrete. By examining Table 3, it is also possible to see that the concern for bacterial protection has
indeed stood out among research topics, and this protection is not limited to encapsulation, as the development
of vascular networks is also a possibility for transporting these bacteria within the concrete.

One of the challenges of implementing self-healing concrete is its economic viability. Thus, vari-
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Table 3 — Different healing mechanisms of healing agents

Healing agent Healing mechanism References
Bacillus Subtilis Evaluation of adverse effects between the (Hind; Ali, 2023)
direct addition of bacteria and their
encapsulation
Bacillus Cibi Evaluation of different encapsulation (Orozco; Urbino, 2022)
techniques and the various benefits
regarding bacterial survival
Bacillus Sphaericus Encapsulation in a new alkali-activated (Risdanareni et al., 2023)
aggregate to assess survival gains
Bacillus Cereus Bacterial immobilization in wood ashes to (Reyad; Mokhtar, 2023)
evaluate survival benefits
Bacillus Cohnii Incorporation with mineral salts to improve (Rodriguez et al., 2020)
growth and encapsulation in polylactic acid
for protection
Bacillus Pseudofirmus | Coating of bacteria with expansive clay for (Veliyev; V, 2023)
protection
Bacillus Megaterium Influence on the performance of (Mauludin et al., 2024)
high-strength concretes
Bacillus Pasteurii Coating with epoxy resin for the protection (Hu et al., 2021)
of bacterial spores
Bacillus Halodurans Assessment of the mechanical performance (Durga et al., 2019)
of bacteria-based concrete
Bacillus Licheniformis Durability of self-healing concrete (Durga et al., 2023)

Source: Authors.

ous studies have been conducted to assess the financial feasibility of biological concrete. As highlighted by
Stanaszek-Tomal (2020), the high cost of the bacterial substrates currently used results in their non-applicability
at an industrial level. To address or improve viability by reducing the costs of bacterial substrates, research by
Hong, Kim, and Park (2019) was conducted. Another approach to this problem was employed by Uguz-
zoni et al. (2023), who utilized life cycle forecasting for structures based on self-healing concrete and found
that, in addition to increased durability, maintenance costs are reduced. These savings could offset higher ex-
penses resulting from the use of healing concrete, along with a reduction in environmental impacts generated
by decreased maintenance processes and consequently a reduction in the use of materials that have negative

environmental effects, such as cement.

4.4 Fungi

Although the use of bacteria is predominant in research on self-healing concrete based on biological
healing agents, fungi possess significant potential (Jin; Yu; Shui, 2018). Fungi are gradually gaining attention

as possible healing agents for concrete. However, since this research is still in its early stages, studies like
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that of Luo et al. (2018) focus on screening different types of fungi, carefully selecting only eco-friendly and
non-pathogenic species. The purpose of Luo et al.’s research was to evaluate which of the screened fungi would
have the greatest capacity to generate calcium precipitation to seal cracks, with Trichoderma Reesei showing
the most potential for use as a healing agent. Meanwhile, the study conducted by Menon et al. (2019) aimed to
evaluate different mutations of the fungus Aspergillus nidulans, as the authors noted that this fungal filament
has the best gene adaptation to environmental pH. They concluded that Aspergillus nidulans (MAD1445) could
develop in concrete but emphasized that further studies are needed to assess any potential negative effects of
the material on the environment and human health before field application.

Among fungi, Trichoderma Reesei has gained prominence in research, being the subject of various
studies (Chiadighikaobi er al., 2024; Wylick et al., 2024; Wylick et al., 2024-2). These studies evaluate the
necessary conditions for the biomineralization of CaCO3 and the prospects for developing self-healing concrete
based on fungi (Wylick et al., 2024), as well as the use of machine learning to predict the mechanical behaviors
of concrete produced with fungi (Chiadighikaobi et al., 2024). They also explore adaptations of techniques
commonly used in bacteria-based concrete, such as the encapsulation of the material (Wylick et al., 2024-2),
in order to improve the survival rates of fungi in concrete.

Although Trichoderma reesei has stood out among fungi, research is also being conducted on other
species, such as the study led by Zhang et al. (2021), which used the fungus Fusarium oxysporum as a heal-
ing agent. This study evaluated the effects of the concrete environment on the fungus’s growth capacity and
observed that the alkaline environment increases the time required for fungal growth.

Regarding advances in research on fungi, Jin, Yu, and Shui (2018) emphasize that studies conducted
on bacteria continue to face limitations. Therefore, the continuation of research on fungi is essential, as they
demonstrate excellent adaptation to deleterious environments, which may favor their development in settings

like that provided by concrete.

4.5 Partial substitution of concrete constituents

Low CO2 emission concrete is increasingly sought after, as the concrete industry is responsible for
about 8% of global CO2 emissions (Andrew, 2019), largely due to the cement production process. As a
primary material in construction, concrete is used extensively; moreover, the need for maintenance directly
affects the demand for material production and, consequently, the carbon footprint of the industry (Albuhairi;
Sarno, 2022). In this context, self-healing concrete emerges as a possibility to reduce concrete consumption
in maintenance, as their healing capacity decreases the need for repairs. Another possibility for reducing the
carbon footprint comes from replacing cement with low-carbon emission industrial by-products (Albuhairi;
Sarno, 2022).

Based on the principle of reducing carbon footprint and producing eco-friendly concretes, the combina-
tion of self-healing concretes with the partial replacement of cement by industrial by-products has gained focus
in various studies (Wang et al., 2021; Chindasiriphan et al., 2022; Medeiros; Sarno, 2022). In the research
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conducted by Medeiros and Di Sarno (2022), the authors evaluated the influence of replacing 50% of cement
with ground granulated blast furnace slag in a bacteria-based self-healing concrete. They observed that the only
drawback of the substitution was the reduction in the material’s initial compressive strength, while the healing
properties were maintained, making its use viable for structures that do not require high strength in the early
stages of curing. Wang et al. (2021) found that crystalline additives provide good healing properties but may
have negative effects when replacing cement with fly ash in percentages greater than 20%. In the case studied
by Chindasiriphan et al. (2022), the authors found that replacing cement with rice husk ash resulted in inferior
healing properties compared to the replacement of cement with fly ash. However, the combination of rice husk
ash with superabsorbent polymers effectively improved the healing properties of the material.

Studies are also being conducted on the healing capacity generated by the replacement of cement with
industrial by-products, without the addition of a complementary healing agent. The research by Shahid, Jaafar,
and Yahaya (2014) used ash from burning palm kernel shells as a cement substitute and concluded that, for
mechanical strength purposes, the ideal replacement proportion is 20%, but for self-healing purposes, the
optimal replacement is only 10%.

A study somewhat different from the others was conducted by Asrat and Ghebrab (2020), where the
authors did not replace cement with industrial by-products but instead replaced fine aggregates with rejected
granular cement grains from milling. This was done to enhance the autogenous healing of concrete, which
proved effective, as good values of strength recovery and reduced permeability after cracking were observed,

indicating the occurrence of healing.

S EFFECTS ON MECHANICAL PROPERTIES AND DURABILITY

Although the focus of studies is mostly on evaluating properties related to concrete healing, assessing
the effects of healing agents on the mechanical properties of uncracked concrete is also highly relevant from an
environmental standpoint. Any reduction in mechanical performance may require increased material consump-
tion or structural oversizing, which directly raises embodied carbon and resource use. Therefore, understanding
the adverse effects caused by different additions or by voids resulting from the presence of capsules or internal
vascular networks within the matrix is essential not only for structural performance but also for ensuring that
self-healing solutions do not offset their own sustainability benefits.

The main focus of these studies is on bacteria, as healing agents like superabsorbent polymers and
crystalline additives already have more consolidated performance data. However, it is not only the chemical
or biological reactions generated by healing agents that can affect the mechanical properties of the material,
geometric modifications, such as pores formed by vascular networks, may significantly influence strength and
stiffness. For instance, Wan et al. (2023) demonstrated that optimized vascular network arrangements can limit
mechanical strength reductions to acceptable levels when up to three channels are introduced. This finding is
particularly relevant because it shows that durability gains do not necessarily require substantial mechanical

penalties, meaning that environmental benefits associated with extended service life can be achieved without
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increasing structural material demand.

The evaluation of bacterial concentration is also critical. Onyelowe et al. (2024), through machine
learning modeling, showed that variations in bacterial content did not cause significant reductions in compres-
sive strength, indicating that biological healing agents can be incorporated without compromising structural
requirements. Similarly, Zaki and Zeyad (2024) reported not only the absence of relevant mechanical losses
but also a considerable reduction in reinforcement corrosion rates. This corrosion mitigation has direct environ-
mental implications, as reinforcement corrosion is one of the main causes of premature structural degradation,
often leading to repair or demolition. By reducing corrosion rates, self-healing systems contribute to service-
life extension, which in life-cycle terms represents a substantial reduction in emissions associated with repair
materials, transportation, and reconstruction processes.

Mechanical recovery after cracking is another key indicator. Studies such as those by Davies, Jefferson
and Gardner (2021), Anglani, Tulliani and Antonaci (2020), Asrat and Ghebrab (2020), Chen et al. (2022),
and Ferrara et al. (2017) demonstrate measurable recovery of mechanical properties after healing cycles. This
partial or significant recovery reduces the need for external repair interventions. In parallel, the recovery of
impermeability, reported by Alghamri, Kanellopoulos and Al-Tabbaa (2016), Al-Tabbaa et al. (2019), Vermeer
et al. (2021), and Wan et al. (2022, 2023), directly limits the ingress of aggressive agents. This reduction in
permeability delays deterioration mechanisms, particularly reinforcement corrosion and freeze—thaw damage,
both of which are strongly associated with high maintenance-related carbon emissions.

Therefore, the improvement in durability observed in works such as Fahimizadeh et al. (2022), Bel-
monte et al. (2022), and Cuenca et al. (2021) should not be interpreted merely as a technical advantage but as
an environmental one. Increased durability translates into longer service life and fewer repair cycles, which,
from a life-cycle assessment perspective, represents a reduction in cumulative energy demand and greenhouse
gas emissions.

Finally, the study by Kandasamy et al. (2024) reinforces this relationship by demonstrating that bac-
terial concrete can simultaneously enhance durability indicators and maintain satisfactory mechanical perfor-
mance. These findings suggest that environmental gains are not achieved at the expense of structural safety.
Instead, when properly designed, self-healing concrete can reconcile mechanical reliability with sustainability

objectives, strengthening its potential as a low-impact construction material.

6 CONCLUSION

After reviewing a wide range of studies, it becomes clear that the environmental relevance of self-
healing concrete is strongly linked to measurable durability improvements and their consequences over the
service life of structures. The literature consistently indicates reductions in permeability, mitigation of re-
inforcement corrosion, and partial to significant recovery of mechanical properties. These factors directly
contribute to extending service life, which is one of the most effective strategies for reducing the environmental

burden of concrete structures.
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From a life-cycle perspective, durability gains represent avoided impacts. Each postponed repair in-
tervention implies savings in cement production, steel replacement, transportation, and construction activities,
all of which are carbon-intensive processes. Therefore, the environmental advantage of self-healing concrete
does not lie merely in the material innovation itself, but in its capacity to reduce the frequency and intensity of
future maintenance actions. However, the environmental balance depends on maintaining adequate mechanical
performance. The reviewed studies indicate that, when properly designed, self-healing systems, particularly
those based on biological agents , do not produce significant mechanical losses and may even enhance resis-
tance to deterioration mechanisms such as corrosion. This compatibility between mechanical integrity and
durability enhancement is fundamental to ensuring that sustainability gains are not offset by increased material
consumption.

Although economic factors may currently limit large-scale adoption due to higher initial costs, the long-
term environmental benefits associated with service-life extension and reduced maintenance frequency position
self-healing concrete as a promising strategy for decarbonizing the construction sector.

Regarding healing mechanisms, autonomous systems demonstrate greater environmental potential than
autogenous healing, primarily due to their higher controllability and broader applicability. Among healing
agents, biological approaches stand out due to their demonstrated capacity to improve durability indicators
without compromising structural performance. Nevertheless, challenges related to encapsulation integrity and
large-scale implementation remain critical barriers that must be addressed before widespread application be-
comes feasible.

Overall, the evidence suggests that self-healing concrete represents not only a technological advance-

ment but also a strategically relevant solution for reducing life-cycle environmental impacts in construction.
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