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Long-term performance and 
environmental reliability of self-
healing materials in structural 
applications

By Raj Kamlesh Mutha

Abstract
	 The self-healing capabilities of materials have justifiably emerged as the new promising  
innovation in structural engineering, having the capability of autonomously repairing  damages 
and thus extending the lifetime of a structure. The paper reviews the existing literature on 
the long-term performance and environmental reliability of various self-healing materials 
with regard to application in structure-oriented contexts such as concrete, polymers, and 
composites. In this paper, the mechanisms that are key to microcapsule-based, vascular, 
and intrinsic self-healing will be analyzed with regard to their effectiveness with time and 
different environmental conditions. Challenges and limitations are discussed together with 
recommendations for future research and practical applications.

Introduction
	 Self-healing materials are one of the 
most extreme developments in material 
science,  including the ability to repair 
damages and recover original properties on 
their own  without being intervened from 
the outside. Such materials imitate the 
biological healing  processes through several 
mechanisms: through chemical reactions, 
physical  reformation, or activation of 
embedded healing agents. The development 
and  application of self-healing materials 
have huge implications, especially so in 
structural  applications where durability, 
safety, and cost efficiency are very 
important.

	 The importance of self-healing 
materials in structural applications is 
gigantic. Traditional  construction materials, 

such as concrete and steel, suffer from 
damages that arise from  environmental 
stressors and mechanical loads, thus 
requiring costly repairs or  maintenance. 
On this ground, self-healing materials 
show great promise for their  potential 
to extend the life of structures, improve 
safety and reliability, and reduce long-term 
maintenance costs. Their self-healing ability 
for minor damages averts the  escalation of 
issues into major failures, hence improving 
their overall performance and  durability of 
infrastructure. 

Problem statement 
	 Though promising in the performance 
of self-healing materials in the laboratory  
environment, the studies conducted on 
these materials over a long period and 
under  different environmental conditions 
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remain scant. Their performances under 
these  factors need to be understood in 
determining their long-term feasibility in 
practical  application. 

Research objectives 
	 First, to determine the performance 
of self-healing materials during their 
long service life; second, to evaluate the 
efficiency of these materials under various 
environmental conditions; third, to define 
parameters that influence their reliability 
and maintenance needs. 

Thesis statement
	 Although proving effective in initial 
applications, self-healing materials suffer 
serious  challenges regarding long-term 
performance and variability of environmental 
conditions.  In this regard, a critical review of 
existing literature identifies these issues and 
offers  future research directions. 

Literature review 
	 Research in this field has evolved 
from initial concepts of self-healing 
materials to  sophisticated systems with 
a wide variety of applications. Several key 
types of self healing mechanisms have been 
brought out in existing research, specifically: 

Mechanisms 

Microcapsule-based self-healing 
	 In this technique, microcapsules 
containing healing agents are  embedded 
in the material matrix. When the material 
is damaged, the  microcapsules break and 
release the healing agent, which reacts to 
heal the damage. In this regard, research 
examples revealed that the  microcapsule-
based systems in polymers and concrete 
have proven to be very  effective. White et 
al. (2001) developed a  polymer composite 
that contained microcapsules that self-heal 
the cracks by  releasing epoxy resins. 

Vascular self-healing
	 Vascular self-healing systems 
embed a material network of channels  or 
tubes. These are filled with healing agents 
that flow out of the damaged area  and 
start repairing the damages. Paul et al. 
(2013) demonstrated the implementation 
of vascular networks in concrete, wherein 
healing agents can be efficiently released 
from embedded channels to self-heal cracks 
and improve material durability. 

Intrinsic self-healing 
	 This type of self-healing concerns 
materials that are capable of self-healing 
intrinsically. Examples include reversible 
chemical bonds or physical  rearrangements 
that could return the material to its 
pristine form. Research studies on the 
intrinsic self-healing behaviors of a  few 
high-performance composites along with 
polymers like polyurethanes have  been 
conducted. For instance, L. H. Jones et al. 
(2016) performed research on  polyurea 
elastomers that are known to have 
reversible chemical bonds. 

Long-term performance of self-
healing materials 
Material aging and degradation studies 
Self-healing concrete 

	 It has been shown that self-healing 
concrete, which mainly encompasses 
the application of encapsulated healing 
agents in concrete, does regain its original 
mechanical integrity even after many 
years. For example,  the performance of 
self-healing concrete was tested in the 
laboratory for the long  term by accelerating 
its aging with various techniques, such as 
freeze-thaw and  by exposure to chemicals. 
In most cases, it was found that self-healing 
concrete  was able to repair the microcracks 
and maintain its durability for many  years. 
In this direction, important studies include 
those of van Tittelboom et al. (2013) and De 
Belie et al. (2018), showing the efficiency of 
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different healing  agents and methods under 
various environmental conditions. 

Organic polymer self-healing 
materials
	 The efforts in polymers have been  
focused on long-term material performance 
that is inherent in materials  possessing 
self-healing capabilities, such as dynamic 
covalent bonds. The results  return the 
materials to show that they are still able to 
self-heal after extended  use. An example of 
such a possibility is presented by Yang et al. 
(2015) with  respect to self-healing polymer 
networks under different conditions of aging. 

Composite materials 
	 Most of the research in self-healing 
composites is focused  on the recovery 
efficiency of such materials with time, 
mainly under mechanical  and thermal 
stresses. Long-term studies on the 
performance of microcapsule based healing 
systems have been conducted on composite 
materials used in  aerospace applications by 
Sottos et al. (2007). 

Impact of environmental 
conditions on self-healing 
efficiency

Environmental exposure studies
Temperature and humidity

	 The performances of self-healing 
materials can be  highly influenced by 
temperature and humidity. For instance, 
in the case of self healing concrete, more 
healing may occur at higher humidities since 
more  moisture is available for the activation 
of healing agents. On the other hand,  
extremes of temperature could compromise 
the effectiveness of healing agents  and the 
self-repair capability of the material itself. 
The studies conducted by Le et  al. (2018) 
and Hwang et al. (2019) have examined these 
effects on different self healing systems. 

Chemical exposure
	 The self-healing efficiency of the 
material is also researched in relation to 
exposure to chemicals, acids, and alkalis. For 
instance, in self-healing concrete studies, 
it has been stated that aggressive chemical  
environments would degrade these healing 
agents thus rendering them less  effective. 
Notable research includes that done by the 
RILEM Technical  Committee in 2016, dealing 
with the durability of self-healing concrete 
in  aggressive environments. 

Effects of UV radiation and 
weathering 
	 The long-term performance of 
polymeric and composite self-healing 
materials could be influenced by UV 
radiation and weathering. In this direction, 
studies such as Zhang et al. (2020) have 
taken into account the interactions of self-
healing polymers with UV exposure, which 
has  shown that such long exposure reduces 
the healing efficiency due to the degradation 
of the healing agents. 

Knowledge gaps

Long-term reliability of self-healing 
materials 
Durability over extended use 

	 Although the literature is rich in 
studies that  attempt to understand the 
behavior of self-healing materials, all these 
studies  offer valuable insights only at the 
initial stage of application. Most of the 
studies  conducted with regard to initial 
performance might not account for the 
gradual  degradation of the self-healing 
capabilities over an extended use period. 
Field  studies and real-world testing in the 
long term would be required to understand  
how these materials do during their 
lifecycle. 
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Behaviour in different 
environmental settings 
Detailed environmental impact studies 

	 Although research into some  
environmental conditions’ impact on self-
healing efficiency is conducted, there  has 
been almost a dearth of studies simulating 
a set of real-world conditions with  details. 
Research into what interaction between 
combined environmental  factors—
temperature fluctuations, humidity, chemical 
exposure, and UV  radiation—affects the 
practical application performance of self-
healing materials  is required. 

Methods for standardization and 
testing
Absence of testing protocols 
standardization

	 Standardized test protocols are  
needed to define the long-term performance 
and environmental resistance of the  self-
healing materials. In most cases, the test 
methods may vary for different  studies, 
hence the variation in results and the 
inability to compare outcomes of  various 
research studies. Such standardized 
procedures will more appropriately  help 
evaluate and compare the performance of 
self-healing materials. 

Practical implementation challenges 
Scalability and cost 

	 Most of the research is focused 
on the performance of self-healing 
materials within the laboratory, and few 
papers address the  problems that will 
be encountered with the scaling-up for 
commercial  applications. Key issues like 
cost, manufacturing process, and integration 
with  current construction practices must 
be looked into further in order to gain a  
larger diffusion of self-healing materials. 

	 Although self-healing materials 
have huge potential for enhancing the 
performance and  durability of structures, 
addressing these challenges is important 
to broaden their  adoption and effective 
implementation. In this regard, the paper will 
review the existing  state of research and 
applications developed so far on self-healing 
materials, point out  the current challenges 
in this field, and provide a foundation for 
further research and  development. 

Research Question
	 How should we define self-healing 
materials’ behavior for an extended 
period and under different  environmental 
conditions, and what parameters affect 
their reliability over the long term and 
maintenance needs? 

Methodology 

Data collection 

Sources 
Peer-reviewed journals

	 This was the secondary data, sourced 
from peer reviewed journals targeting 
those pieces of research that give in-depth 
analyses  of self-healing materials. Key 
databases used include Google Scholar, 
PubMed,  and IEEE Xplore. 

Conference papers

	 The conference papers identified the 
new developments and  future prospects for 
self-healing materials. 

Academic books and reviews

	 Detailed review articles and books on 
this topic  were consulted to understand the 
theoretical base and historical evolution of  
self-healing materials.
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Selection criteria 
Relevance

The selected studies were relevant to the 
long-term performance and  environmental 
impact of self-healing materials. 

Credibility

Studies included in the review were those 
published in reputable  journals and 
conference proceedings. 

Data richness

Priority was given to studies with high data 
richness concerning  the performance 
metrics related to durability, efficiency, and 
environmental  resilience. 

Data Analysis 
Quantitative Analysis 

•	 Performance metrics: Statistical data 
that were extracted from selected 
studies  were analyzed with a view to 
assessing the performance of self-
healing materials.  Such key metrics 
included healing efficiency, crack repair 
rates, and material  longevity.  

•	 Comparative data: Data from various 
studies were compared to comment on  
consistency with regard to the findings 
for the effectiveness of different self 
healing mechanisms. For example, 
microcapsule-based, vascular, and 
intrinsic.  

Qualitative Analysis  

•	 Case studies: Detailed case studies 
that provided an insight into the real  
application and performance under 
certain conditions were analyzed 
to  understand the challenges and 
successes that take place in a practical 
scenario.  

•	 Review articles: Literature reviews were 
analyzed in an overview fashion so as  
to summarize the current knowledge 
and point out trends and gaps in the  
research.  

Comparative analysis  

•	 Comparison across studies: Results 
from different studies were compared 
for  generalisability of findings and 
for inconsistencies. This helped point 
out  consistent patterns and divergent 
findings.  

Synthesis  

•	 Integration of the findings: The various 
data sources were integrated to give a  
comprehensive view of how well self-
healing materials performed. There was 
an  identification of themes and trends, 
including an explanation of key factors 
that influence long-term reliability and 
maintenance needs.  

Findings

Long-term performance 

Concrete self-healing 
Durability

According to the research literature, 
microcapsule-based  healing-filled self-
healing concrete is able to sustain its 
integrity over a longer  period. For example, 
Van Tittelboom et al. (2013) observed that 
self-healing  concrete was able to recover 
cracks even after application of several 
years. The  concrete samples exposed to 
accelerated aging processes, like freeze-
thaw cycles,  have shown considerable 
reduction of crack width and enhancement 
of durability  compared to regular concrete. 



6

Equinox 
Issue

Long-term healing efficiency

De Belie et al. (2018) mentioned that, 
even though  self-healing concrete tends 
to perform well initially, its effectiveness 
decreases  with time due to degradation 
of healing agents and lesser availability of 
moisture  which can be accessed by them. 
Field studies on long-term effects are 
essential  and should be prolonged. 

Polymeric self-healing 
Performance retention 

Yang et al. (2015) reported that intrinsic self-
healing polymers, whose efficacy was based 
on dynamic covalent bonds, could retain 
the ability for further self-healing after 
long periods of use. Good recoveries from 
the inflicted damage were seen, and the 
mechanical properties remained very decent 
over time. 

Degradation factors 

The high-efficiency healing capacity of such 
polymers could,  however, be impacted 
by long-term exposures to environmental 
stressors such as  UV radiation and chemical 
exposure. Zhang et al. (2015) revealed that 
on UV exposure, there was degradation in 
the healing performance of the polymers 
and, hence, requiring protective measures or 
UV-resistant formulation. 

Composite materials 
Damage recovery

As Sottos et al. (2007) describe, self-healing 
composites,  mostly through vascular 
networks or microcapsules, are pretty 
efficient at  recovering from damages. 
Their finding also showed great promise of 
the  composites for use in aerospace and 
automotive applications where structural  
integrity is crucial. 

Challenges

While the results from these laboratory 
tests have given positive  signals, there is a 
lack of information regarding the long-term 
performance of  such materials. Some of the 
issues that are still open are the stability of 
the  healing agent and the influence of high 
mechanical stresses. 

Influence of environmental 
conditions 

Temperature and humidity 
Healing efficiency

Le et al. (2018) reported that typically, high 
RH increases the healing  efficiency of 
self-healing concrete since the moisture 
assists in the activation of the healing 
agents. In addition, the extreme temperature 
conditions affect the healing actions. Hwang 
et al. (2019) stated that high temperatures 
may cause advanced  degradation of healing 
agents and effectiveness reduction. 

Chemical exposure 
Chemical degradation

RILEM Technical Committee, 2016, reported 
that the  healing agents in self-healing 
concrete could degrade through aggressive  
chemicals such as acids and alkalis, an 
action that could impact their healing  
efficiency. The results of this observation 
point to the need for developing more  
effective healing agents to be resistant to 
more aggressive chemical attacks. 

UV radiation and weathering 
Decreased efficiency

Zhang et al. (2020) identified that the self-
healing  performance of polymeric materials 
depends highly on UV radiation exposure. 
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It  was understood that with the increase in 
exposure time to UV, there is  degradation 
of the healing agents. As a result, there is a 
reduction in the healing  efficiency. 

Conclusion 

Summary of findings 
	 In the present research paper, the 
performance of the self-healing materials  
under long-term and different environmental 
conditions has been reviewed  through an 
analysis of the secondary data available from 
peer-reviewed journals.  These findings show 
that the self-healing materials—concretes, 
polymers,  and composites—have huge 
potential to be used for extending structure 
lifetime.  For concrete-based self-healing 
materials, it has been shown that impressive  
performance exists in regard to the effective 
repairing of cracks and durability  over 
time; however, environmental factors such 
as temperature and humidity  may impact 
their performance. For polymer self-healing 
materials, it has been  proved that although 
they retain adequate healing functionality 
quite well, issues  may occur from the 
effects of UV and chemical degradation. 
Composite materials  also show good 
performance in self-healing, but the long-
term behavior under  different conditions 
awaits further research. 

Key insights 

Long-term performance
	 Most of the self-healing materials 
work quite satisfactorily in their  initial 
application, which provides enhanced 
durability and less maintenance  
requirement. They often see their efficiency 
reduced by environmental stresses  like 
extreme temperatures, humidity, and 
chemical exposure, among others. 

Environmental impact
	 The performance of self-healing 
materials is greatly  dependent on the 
environment. High humidity tends to raise 
the efficiency of  healing, whereas extreme 
temperatures and UV radiation can degrade 
healing agents and reduce the effectiveness 
of the process. Chemical exposure remains 
a  significant challenge, more so for self-
healing concrete and polymeric materials. 

Knowledge Gaps
	 These are a few gaps pointed out 
in existing research, including extending 
field studies for the evaluation of long-term 
performance, simulation  of comprehensive 
environments, and test protocols that 
are standardized. The above knowledge 
gaps need to be addressed for proper 
development of both  understanding and 
application of self-healing materials. 

Recommendations 
	 Further research work needs 
to be done to enhance the impact and 
applications of  self-healing materials in 
practice by long-term field trials of self-
healing materials to monitor their in-service  
performance under real-life conditions; 
an all-encompassing simulation test for 
environmental elements to quantify their  
combined impact on the performance of 
the material; standardization of methods 
of evaluating durability and environmental 
resistance of  self-healing materials 

Final Remarks 
	 The invention of self-healing material 
is, undeniably, one of the most significant  
milestones in the history of material science 
and structural engineering. It is within 
these  materials that opportunities exist to 
innovate the approach to maintenance and 
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repair,  providing solutions that increase 
a structure’s lifespan while decreasing its 
long-term  costs. For changing the existing 
challenges and optimizing the performance 
of self healing materials for practical 
application, ongoing research, and innovation 
are  necessary. As this field evolves, so 
will the integration of such materials in 
structural  applications, promising better 
reliability and sustainability for our built 
environment. 
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