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Abstract: This paper delves into the critical issue of concrete cracks, a common consequence of environmental
factors and external forces, and their potential impact on the structural integrity of buildings. Recognizing the
urgency of addressing this issue, the concept of self-healing concrete has emerged, aiming to revolutionize the
construction industry by autonomously repairing cracks and minimizing the need for labor-intensive and time-
consuming manual interventions. The paper employs a bibliographic analysis methodology to
comprehensively explore the most significant technologies associated with self-healing concrete, identifying
key research countries/regions and prominent research institutions in this field. Through an examination of
scholarly articles, the analysis seeks to uncover key themes, technologies, and contributors within the self-
healing concrete domain. Insights into the geographical distribution of research efforts and the roles of
influential research institutions are provided, shedding light on collaborative networks and knowledge-
sharing dynamics that drive innovation in this evolving field.

Keywords: Concrete Cracks; Self-Healing Concrete; Innovative Technologies; Bibliographic Analysis;
VOSviewer

1. Introduction

Concrete stands as one of the fundamental building materials, providing the structural backbone
for countless constructions globally [1,2]. However, its prolonged usage inevitably leads to the
development of a myriad of microscopic cracks [3,4]. Left untreated, these cracks have the potential
to progressively widen, presenting an escalating threat to the structural integrity of buildings [5,6].
The occurrence of cracks in concrete is a natural consequence of environmental factors, load stresses,
and various external forces [7,8]. Over time, these cracks can compromise the durability and safety
of structures, prompting the urgent need to address this issue [9,10].

Recognizing the critical importance of tackling concrete cracks, the concept of healing these
cracks has emerged as a pivotal area of research and innovation within the construction industry
[11,12]. Traditionally, repairing concrete cracks involves labor-intensive and time-consuming
processes, incurring significant maintenance costs and exposing structures to potential risks
associated with delayed repairs [13,14]. To overcome this challenge, the development of self-healing
concrete has gained increasing significance [13,15].

Self-healing concrete is ingeniously designed to autonomously repair cracks, minimizing the
need for extensive manual interventions [16]. The rationale behind the development of this
innovative material lies in its potential to revolutionize the construction industry by significantly
reducing maintenance costs and enhancing the longevity of structures [17]. Through the integration
of autonomous healing mechanisms within the concrete matrix, the need for extensive human
intervention and prolonged repair times can be substantially diminished, thereby contributing to
enhanced structural sustainability [18].

This paper adopts a bibliographic analysis methodology to delve into the most significant
technologies associated with self-healing concrete [19]. It aims to identify key research
countries/regions and highlight prominent research institutions in this field [20]. The overarching
goal is to provide a comprehensive overview of the current state of self-healing concrete technology,
drawing insights from existing literature, and shedding light on the critical advancements that have
shaped this domain [21].
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By scrutinizing a vast array of scholarly articles, this analysis seeks to uncover key themes,
technologies, and contributors within the self-healing concrete domain [22]. The geographical
distribution of research efforts will be explored, providing insights into countries and regions that
have played pivotal roles in advancing self-healing concrete technology [20]. Furthermore, the
examination extends to research institutions that have significantly contributed to the development
of self-healing concrete technologies [23]. Recognizing the roles of these institutions is crucial for
understanding the collaborative networks and knowledge-sharing dynamics that drive innovation
in this dynamic field [24].

2. Materials and methods

In 2024, an extensive data collection effort was carried out using the widely recognized
bibliographic database, Web of Science, encompassing various subdatabases [25,26]. This deliberate
choice was made to guarantee the reliability and extensive utilization of the gathered data. Web of
Science was chosen as the primary database due to its esteemed reputation as a trusted resource
widely accepted within the academic community, ensuring the credibility of the collected
information.

The bibliographic analysis followed the methodology of previous studies with slight
modifications [27,28]. For visualizing the results, we utilized the powerful data visualization tool,
VOSviewer. The acquired data files were effortlessly imported into VOSviewer, facilitating the
adjustment of parameters in alignment with specific analysis goals and diverse data sources. It is
worth highlighting that generating maps from web data frequently requires data cleaning procedures
to ensure accuracy and reliability.

Unless explicitly mentioned otherwise, the mapping using VOSviewer adhered to the default
settings established in previous studies [29,30]. In the keyword study, inclusion criteria required a
minimum keyword occurrence of "20." Similarly, for the country study, a minimum of "10"
documents from a specific country were deemed necessary for inclusion. Likewise, in the
organization study, a minimum of "10" documents from a specific organization underwent analysis.
These predefined thresholds ensured that the analysis zeroed in on significant keywords, countries,
and organizations, thereby refining the scope and relevance of the findings.

3. Results

During the keyword analysis (Figure 1), our investigation brought to light a diverse array of
terms encompassing various research aspects. Noteworthy among these were terms directly related
to the mechanical properties of materials, encompassing factors like strength, flexibility, and
resilience. The exploration extended to terms associated with durability, addressing the ability of
materials to withstand wear, decay, or environmental stress over time.

Permeability emerged as another significant keyword, shedding light on the materials' capacity
to allow substances to pass through, a crucial consideration in various engineering and construction
applications. Sustainability, a pivotal concept in contemporary research, was also prominent among
the identified keywords, reflecting the growing emphasis on environmentally friendly and resource-
efficient materials and practices.

Furthermore, our analysis delved into chemical terms that play a crucial role in the composition
and behavior of materials. Notable examples included sodium silicate, a compound with diverse
applications in construction materials, and calcium carbonate, a fundamental component in various
natural and synthetic materials.

In a broader context, our exploration extended to biological terms, adding an interdisciplinary
dimension to the keyword spectrum. One noteworthy term in this category was Bacillus subtilis, a
bacterium with potential applications in biotechnology and material sciences. This inclusion of
biological terms emphasizes the evolving interdisciplinary nature of research in self-healing concrete,
where insights from biology can contribute to innovative solutions in material engineering.

In summary, the keyword analysis uncovered a rich tapestry of terms spanning mechanical,
chemical, and biological dimensions, reflecting the interdisciplinary nature of self-healing concrete
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research. This nuanced understanding of diverse research aspects is vital for advancing the field and
exploring holistic solutions that integrate insights from various scientific domains.
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Figure 1. VOSviewer’s analysis of keywords.

Figure 2 provides a comprehensive analysis of the geographical distribution of research efforts
in the realm of self-healing concrete. It is discerned from the analysis that China and the United States
stand as pivotal players, occupying central positions in the landscape of self-healing concrete
research. These two nations, with their significant contributions and influential roles, underscore
their prominence in driving advancements and innovations in this domain.

Beyond the core contributions from China and the United States, the global research map
unfolds with a rich tapestry of involvement from various countries across different continents.
Russia, Pakistan, Saudi Arabia, Egypt, Iraq, Malaysia, India, Australia, Iran, South Korea, Japan,
Indonesia, Germany, Canada, Turkey, France, Belgium, the Netherlands, England, Wales, Sweden,
Spain, Italy, Brazil, and many others emerge as active participants, each playing a noteworthy role in
the collective pursuit of advancing knowledge in self-healing concrete.

This collaborative engagement on a global scale signifies the interdisciplinary and
interconnected nature of research in self-healing concrete. Scholars from diverse nations contribute
their expertise, share insights, and engage in cooperative efforts to address the challenges and explore
the potentials of self-healing concrete technologies. This collaborative spirit not only enhances the
robustness of research outcomes but also reflects the collective commitment of the international
academic community to push the boundaries of knowledge in this innovative field.

The collaborative environment fostered by scholars from various countries becomes a catalyst
for academic research in self-healing concrete. The exchange of ideas, methodologies, and findings
across borders contributes to a more comprehensive understanding of the complexities involved in
developing and implementing self-healing concrete solutions. The shared commitment to advancing
this technology for the betterment of the construction industry and sustainable infrastructure
underscores the global impact of collaborative efforts in the field.

The analysis depicted in Figure 2 showcases the global distribution of contributions in self-
healing concrete research, with China and the United States at the forefront. The collective
involvement of numerous countries reflects the truly international nature of this scientific endeavor,
highlighting the importance of collaborative efforts in pushing the boundaries of knowledge and
fostering advancements in the field of self-healing concrete.
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Figure 2. VOSviewer’s analysis of countries/regions.

Figure 3 illustrates the primary organizations at the forefront of research in self-healing concrete.
Among these, pivotal academic institutions include Ghent University and Delft University of
Technology. Additionally, significant contributions and crucial roles are observed from prominent
organizations such as Southeast University and Tongji University in China, along with Politecnico di
Milano.

These core universities and organizations play a central role in advancing knowledge and
innovation in the field of self-healing concrete. The collaborative efforts among these entities signify
a global network of expertise, with academic institutions from both Western and Eastern regions
actively contributing to the collective pursuit of excellence in self-healing concrete research.

The synergy among these organizations reflects a collaborative spirit that transcends
geographical boundaries. Through mutual collaboration and knowledge-sharing, these institutions
collectively drive advancements in the understanding and implementation of self-healing concrete
technologies. The cross-cultural and interdisciplinary nature of these collaborations enriches the
research landscape, contributing to the holistic development of self-healing concrete solutions.
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Figure 3. VOSviewer’s analysis of organizations.
4. Discussion

4.1. Revolutionizing Infrastructure: The Rise of Self-Healing Concrete

The ascendancy of self-healing concrete marks a pivotal trajectory in future research,
acknowledging the inherent propensity of concrete to undergo natural cracking over extended
periods, with no variant immune to such fissures. Left unmitigated, these cracks invariably widen,
posing an impending threat to the structural integrity of buildings [31].

In the realm of concrete healing methods, conventional approaches demand substantial
investments in manpower and machinery, incurring significant temporal and financial costs. Over
the past years, there has been a discernible surge in the popularity of self-healing concrete as a viable
alternative, progressively solidifying its status as a prominent and transformative trend within the
construction domain. This paradigm shift stems from the realization that traditional methods, besides
being resource-intensive, may inadequately address the long-term durability and safety concerns
associated with concrete structures [32].

Consequently, the research and development of self-healing concrete technologies have gained
considerable momentum. This burgeoning interest not only reflects a collective desire for more
sustainable and cost-effective solutions in the construction industry but also underscores the pressing
need for innovations that can proactively address the evolving challenges of infrastructure longevity
and safety. The advent of self-healing concrete, with its potential to autonomously repair cracks and
enhance the overall resilience of structures, stands poised to revolutionize construction practices,
ushering in an era of more durable, efficient, and economically viable building materials [33].

4.2. Bacterial Alchemy: Unveiling the Chemical Evolution of Self-Healing Concrete

Table 1 shows some recent progress in the self-healing concrete. The evolving understanding of
self-healing concrete, initially rooted in the chemical mechanisms such as the spontaneous generation
of calcium carbonate, has paved the way for significant advancements in the field [34,35]. The
recognition of the crucial role played by bacteria, particularly Bacillus, in the self-healing process has
prompted researchers to incorporate these microorganisms into concrete, resulting in notable
improvements in healing effectiveness. The enhanced compressive and tensile strength, as well as
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the alteration of bond properties observed with bacterial incorporation, underscore the potential of
biological agents in influencing concrete performance [36].

The utilization of genetically modified Bacillus halodurans in concrete crack repair not only
demonstrates an innovative approach but also showcases the enhanced productivity of calcium
carbonate and the expedited repair process when compared to wild-type bacteria. These findings not
only contribute to the practical application of self-healing concrete but also shed light on the
significance of bacterial activity in influencing the material properties of engineered cementitious
composites (ECC). The observed improvements in compressive and tensile strength, crack patterns,
and microscale fracture toughness in bacteria-incorporated ECC emphasize the multifaceted impact
of biological agents on concrete performance [37].

The integration of bacteria into concrete, whether through spontaneous mechanisms or
deliberate genetic modification, represents a promising avenue for advancing sustainable
infrastructure [38]. The established self-healing capabilities, along with the continuous exploration of
bacterial contributions, not only align with the goal of reducing maintenance and repair but also hold
potential for developing smart and resilient construction materials. As research in this field
progresses, it becomes crucial to address challenges, optimize bacterial activity, and bridge
knowledge gaps, ultimately paving the way for the widespread implementation of self-healing
concrete in real-world applications [39].

Table 1. Technology and main improvement in self-healing concrete development.

Technology Main improvement Reference
Strain-hardening
cementitious composites Bacterial incorporation strengthens concrete; enhances

(SHCC) with bacterial ~ compressive and tensile strength, alters bond properties. 571
addition

Researchers improve concrete crack-repair efficiency using
Genetically modified genetically modified Bacillus halodurans, showing enhanced [38]

bacteria to repair cracks calcium carbonate productivity and shortened repair process
compared to wild-type bacteria

Bacterial incorporation inBacterial incorporation in engineered cementitious composites

engineered cementitious (ECC) enhances compressive and tensile strength, improves  [36]

composites (ECC) crack patterns, and alters microscale fracture toughness.

The article introduces self-healing concrete as a solution for

Self-healing concrete as a . . .. .
sustainable infrastructure, aiming to reduce maintenance and

solution for sustainable
infrastructure

[35]

repair by establishing six robustness criteria to ensure effective
self-healing.

The well-established phenomenon of self-healing in concrete,
observed through the spontaneous formation of calcium
carbonate, provides inherent self-sealing abilities to cracked [34]
structures, contributing to watertightness and the prolonged
service life of infrastructure.

Self-healing in concrete
via spontaneous
formation of calcium
carbonate

5.3. Bio-Innovations in Concrete: Paving the Way for Multi-Functional Structures

Biotechnology, with its extensive applications ranging from pollution removal in water bodies
[40-42] to the development of microbial fuel cells for electricity generation [43-45], is now making
inroads into the realm of concrete. The utilization of beneficial bacteria for self-healing concrete
stands out as a groundbreaking solution for autonomous repair in concrete structures, showcasing
the versatility of biotechnology in addressing challenges in construction materials [38].

Moreover, diverse studies, such as the incorporation of Graphene oxide-titanium dioxide (GO-
TiOz), have demonstrated the capacity to achieve self-sterilization surface in concrete [46,47]. This not
only elevates the visual appeal of concrete surfaces but also presents a pragmatic solution for
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reducing maintenance efforts, contributing significantly to the overall sustainability of construction
materials [48,49].

As we look ahead, the exploration of multi-functional cement materials emerges as a pivotal
direction for the future of the construction industry. Beyond the realm of self-healing properties,
researchers are poised to delve into the integration of additional functionalities, encompassing anti-
pollution measures, self-cleaning capabilities, and increased durability. This diversified approach
aims to make concrete adaptable to a broader range of applications and environmental conditions,
fostering ongoing innovation in building materials [50,51].

The progression toward multi-functional concrete aligns seamlessly with the broader trend of
adopting intelligent, environmentally friendly, and sustainable construction materials. This trajectory
hints at a future where buildings not only exhibit structural strength but also possess inherent
capacities for self-maintenance and adaptability, contributing to a landscape of more innovative and
resilient construction practices [52,53].

5.4. Future Foundations: Integrating Big Data and Machine Learning for Self-Healing Concrete

In the era of big data and machine learning, the successful application of these technologies in
areas such as facial recognition [54,55], autonomous driving [56,57], species distribution prediction
[58], and educational outcomes forecasting [59] has become widespread. Looking ahead, the
integration of big data and machine learning holds significant potential for the field of self-healing
concrete.

By establishing a comprehensive database encompassing various parameters, including the
quantities of individual concrete components, types, and amounts of bacteria, as well as tensile and
compressive strengths, machine learning algorithms can be employed to uncover intricate
relationships between these diverse datasets. This approach allows for the development of predictive
models and insights that can guide further enhancements in concrete quality [57]. For instance, it
opens the possibility of optimizing the composition of concrete mixtures, bacterial strains, and their
respective quantities to achieve superior self-healing capabilities [60].

The marriage of big data and machine learning in the realm of self-healing concrete introduces
a data-driven approach to material science, enabling a deeper understanding of the complex interplay
between components and their influence on concrete performance. As these technologies continue to
advance, their application in optimizing concrete properties showcases a promising avenue for
enhancing the resilience and longevity of infrastructure through informed decision-making and
precision engineering [61].

Conclusion

In conclusion, the exploration of self-healing concrete represents a pivotal research direction that
holds significant promise for revolutionizing the construction industry. Its potential to save both time
and manpower, in contrast to traditional concrete, underscores its importance in addressing the
challenges faced by infrastructure development. The incorporation of microorganisms, such as
Bacillus, offers a promising avenue to enhance the performance of self-healing concrete. Looking
ahead, the prospects of multi-functional concrete and the integration of machine learning into
construction processes emerge as two compelling research directions with vast potential. As we
advance into the future, the synergy of these innovative approaches promises to not only enhance
the durability and sustainability of our structures but also redefine the landscape of construction
technology.
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