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Abstract. In the ever-evolving wave of technology, smart materials have emerged in the field of civil 
engineering, and their unique characteristics and wide application prospects have gradually become 
the focus of the industry. Not only do they sense and respond to environmental changes, but they 
also show great potential in critical applications such as structural health monitoring, seismic 
reinforcement, and self-healing, providing unprecedented solutions for the maintenance and 
construction of civil engineering. This article elaborates on the properties and classification of smart 
materials, and delves into their specific applications in civil engineering, covering structural health 
monitoring, seismic reinforcement, self-healing, and more. At the same time, the paper analyzes the 
challenges faced by the application of smart materials and looks forward to their future development 
trends. The conclusions of the study show that smart materials are revolutionizing many fields such 
as architecture, improving efficiency and stimulating new applications. In civil engineering, they 
enhance structural safety, maintenance efficiency, and environmental adaptation, such as self-
healing concrete to extend life, smart sensors to monitor health, smart road systems to recover 
energy, and promote green buildings. Despite the challenges of cost and technology maturity, 
multidisciplinary integration, standardization and sustainable development strategies bode well for 
the industry to become smarter, greener and more innovative.  
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1. Introduction 

In the context of globalization and rapid iteration of technology, the field of civil engineering is 

undergoing profound changes. Although traditional materials occupy an important position in the 

development of human society, their inherent limitations are inadequate in the face of complex and 

changing environments and increasing engineering needs [1]. The static nature of traditional materials, 

their lack of self-healing and intelligent responsiveness make it difficult to adapt to the higher 

demands of modern engineering for safety, durability and sustainability. For example, conventional 

concrete lacks a self-healing mechanism after micro-damage, which not only affects the long-term 

stability and safety of the structure, but also significantly increases maintenance costs and 

environmental load. 

The rise of smart materials has injected new vitality into the field of civil engineering. Combining the 

advantages of traditional materials with the intelligence of modern technology, they are able to sense 

changes in the environment and make adjustments accordingly, such as self-healing, temperature 

regulation, and stress adaptation, which greatly improves the performance and service life of the 

structure [1]. In the case of self-healing concrete, for example, through a built-in repair mechanism, 

smart concrete can automatically repair microscopic cracks, effectively enhancing the integrity and 

durability of the structure, significantly reducing maintenance costs and environmental impact. 

The introduction of smart materials not only solves the limitations of traditional materials, but also 

brings a series of innovative applications to civil engineering. These applications not only improve 

the performance of engineering structures, but also promote the development of green buildings and 

sustainable cities. 

However, the comprehensive application of smart materials in the field of civil engineering still faces 

many challenges. How to achieve large-scale production of smart materials, how to ensure their long-
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term stability and reliability in complex environments, and how to seamlessly integrate smart 

materials with existing engineering structures are all key issues to be solved. In addition, cost control 

and market acceptance are also important factors affecting its popularity. 

Therefore, in-depth research on the application of smart materials in civil engineering is not only of 

great practical significance for improving the performance and durability of engineering structures, 

but also has a far-reaching impact on promoting green buildings and sustainable urban development. 

This research will focus on the latest progress, technical challenges and future trends of smart 

materials, aiming to provide scientific basis and technical guidance for the wide application of smart 

materials, and promote the innovation and sustainable development of the civil engineering industry. 

2. Characteristics and Classification of Smart Materials 

Some smart materials can change their state through changes in the external environmen. Some smart 

materials can sense changes in stress, strain, temperature, humidity and convert these physical 

quantities into electrical or other measurable signals, such as piezoelectric materials. There are also 

smart materials that can rapidly change their rheological properties, such as viscosity and yield 

strength, in response to an electric field. This transition is reversible, and when the electric field is 

removed, the material returns to its original low-viscosity state. For example, electrorheological 

materials. Some smart materials can self-heal, being able to repair themselves and restore their 

original properties after damage. 

2.1. Shape Memory Alloy (SMA) 

Since their first discovery, SMA have quickly gained a pivotal role in the field of materials science 

due to their unique and fascinating shape memory effects. The ability of these alloys to return to their 

preset shape at specific temperatures is due to the martensitic-austenitic phase transition mechanism 

within them, which not only gives the alloy super elasticity, but also has excellent shape memory. At 

the mechanical level, the characteristics of SMA are mainly reflected in their unique phase 

transformation process, that is, at lower temperatures, the alloy is martensitic phase, which is prone 

to plastic deformation, and when the temperature rises above the phase transition temperature, the 

alloy quickly recovers to the austenite phase, thus returning to the initial shape. Fig. 1 shows the 

difference between SMA and common metal materials. This process is not only reversible, but also 

retains stable properties and exhibits excellent fatigue strength after multiple cycles of deformation 

and recovery. 

 

(a) Common metal material                            (b) SMA 

Figure 1. The difference between SMA and common metal materials [2] 

The application cases of SMA in many fields still show their incomparable advantages and potential. 

In the field of architecture, the application of SMA in intelligent structures, such as self-regulating 
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windows and building components with automatic tension adjustment, not only improves the energy-

saving performance of buildings, but also gives buildings wisdom and life. In the design of daily 

necessities, such as smart glasses frames, self-tightening laces, the application of SMA makes the 

product both beautiful and practical, and greatly improves the quality of life. In the medical field, 

cardiovascular stents use the temperature responsiveness of SMA to be compressed at low 

temperatures and smoothly sent to the designated position through blood vessels, and then 

automatically return to the dilated state under the action of internal temperature, which greatly 

improves the success rate and safety of surgery. In the aerospace field, SMA are widely used in the 

manufacture of self-adjusting satellite antennas, which ensure the stable performance of the antenna 

at different ambient temperatures and provide a reliable guarantee for satellite communication. 

However, SMA are not without flaws. Its high manufacturing cost and complex preparation process 

limit its application in large-scale industrial production, which has become a threshold for the 

promotion of SMA technology. In addition, the extreme sensitivity to temperature, although it gives 

the alloy a unique memory and deformation ability, also means that the alloy properties can become 

unstable in an environment with inaccurate temperature control, which puts strict demands on the 

application environment of the alloy. 

In summary, SMA occupy a place in the field of materials science due to their unique shape memory 

effects, mechanical properties and wide application prospects. Despite the challenges of cost and 

fabrication processes, it has a wide range of applications in areas such as smart materials, adaptive 

structures, and medical devices. 

2.2. Piezoelectric Materials 

Piezoelectric materials, a miraculous material that can produce electric charge or deformation under 

electric field or mechanical stress, have become indispensable innovative materials in the field of 

science and technology since the first discovery of the piezoelectric effect by the Curie brothers in 

1880 [3]. In modern technology, the application of piezoelectric materials is as unpredictable as magic, 

from the fine-tuning control of precision instruments to the medical application of ultrasound 

equipment, all of which have demonstrated their excellent performance and wide influence. 

In the field of precision instrumentation, the high precision and fast responsiveness of piezoelectric 

materials make them ideal for fine-tuning control. Whether it is the attitude adjustment of the 

spacecraft or the focusing of the precision optical system, piezoelectric materials can ensure the 

stability and accuracy of the system operation, and are the invisible promoters of the precise operation 

of science and technology. In ultrasound imaging technology, piezoelectric materials convert 

electrical energy into mechanical waves to achieve clear imaging of the internal structure of the 

human body, providing important information for disease diagnosis, and greatly promoting the 

development of medical technology [4]. 

2.3. Electrorheological Materials 

Electrorheological materials, a smart material that can rapidly change its rheological properties under 

the action of an electric field. Since it was first reported in the 60s of the last century, this material 

has attracted a lot of attention from researchers because of its immediate response and controllability. 

Under the "command" of the electric field, the electrorheological material acts as a magician, 

changing its viscosity and yield strength instantaneously, as shown in Fig. 2. In the field of mechanical 

engineering, rheotropic materials are ingeniously used in dampers and shock absorbers. When the 

vehicle or machinery is running at high speed or encounters sudden impact, the electrorheological 

fluid can quickly increase the viscosity, effectively absorb and disperse energy, and significantly 

improve the stability and safety of the equipment [5]. In addition, this smart material also shines in 

the field of precision control, whether it is the fine-tuning control of precision machine tools or the 

flexible control of robot joints, electrorheological materials can provide precise and efficient solutions. 
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Figure 2. Changes in electrorheological materials under the action of an electric field [6] 

In military applications, rheotropic materials also play an important role. In the protection system of 

armored vehicles, the electrorheological material can quickly adjust its hardness according to the 

nature of the threat, enhancing the vehicle's protection capabilities. In the aerospace field, the 

application of electrorheological materials makes the control of the aircraft more accurate and the 

response is more rapid, which greatly improves the handling performance and safety of the aircraft 

[7]. With the deepening of research, the performance of electrorheological materials continues to be 

optimized, and their application fields are also expanding. 

2.4. Self-healing Materials 

Self-healing materials, a scientific and technological inspiration derived from nature's self-healing 

mechanisms, are quietly changing the future of materials science. They are able to automatically 

restore structure and function after damage, demonstrating unprecedented intelligence and resilience. 

In the case of self-healing polymers, when the material is damaged, the internally pre-positioned 

repair agent and catalyst are activated, initiating the self-healing mechanism, as shown in Fig. 3. This 

process mimics the natural repair ability of living organisms, realizes the self-repair and functional 

restoration of the material, and greatly improves the service life and safety of the material. 

 

Figure 3. Self-healing material repair process [8] 

In civil engineering, they significantly improve the durability and safety of buildings and 

infrastructure by mimicking the self-healing ability of living organisms to automatically restore the 

integrity and function of structures after damage. In addition, self-healing materials have shown great 

potential in underground pipelines and waterproofing systems. Underground pipes are easily 

damaged by soil pressure and corrosion, and self-healing coatings can repair minor damage in time 

to prevent water leakage and contamination. For waterproofing systems, self-healing materials are 

able to effectively cope with cracks, maintain long-term waterproofing performance, and extend the 

life of the structure. The application of self-healing materials not only improves the reliability of civil 
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engineering structures, but also reduces maintenance costs and extends service life. More importantly, 

it provides new ideas for sustainable construction and promotes the development of green buildings. 

3. Application of Smart Materials in Civil Engineering 

With their unique ability to sense and respond to environmental changes, smart materials have shown 

unprecedented potential in many aspects of civil engineering. These materials can automatically 

adjust their physical or chemical properties to external conditions, significantly improving the safety, 

maintenance efficiency and sustainability of the structure. 

(1) Seismic structures of bridges and buildings 

SMA (e.g., nitinol) and magnetorheological fluids are used in dampers for bridges and buildings, 

where they respond quickly to earthquakes, absorb and dissipate seismic energy, and significantly 

improve the seismic performance of structures. 

(2) Facility and structural maintenance 

Self-healing concrete, which contains microcapsules, which break when cracks appear in the concrete, 

release a healing agent to fill the cracks and extend the life of the structure. 

(3) Structural health monitoring and early warning 

Smart sensors, including fiber optic and piezoelectric sensors, are embedded into the structure to 

continuously monitor the health of the structure, such as stress, strain, and vibration. Once an anomaly 

is detected, the system can provide immediate warnings to avoid potential structural disasters. 

(4) Intelligent temperature control materials 

The application of phase change material (PCM) in the building envelope can absorb and store heat, 

release it when the ambient temperature changes, effectively regulate the indoor temperature, reduce 

energy consumption, and achieve the temperature control goal of green buildings. 

(5) Environment-adaptive architectural coats 

With smart textiles or smart glass, light transmittance and thermal insulation can be automatically 

adjusted according to external light and temperature changes, which not only ensures the aesthetics 

of the building, but also realizes the efficient use of energy. 

(6) Intelligent road systems 

Materials such as conductive concrete and piezoelectric ceramics are used in road construction to 

self-heat roads and avoid icing in winter, while piezoelectric materials can also convert the pressure 

of vehicles passing through into electricity to power road lighting and signal lights. 

(7) Intelligent sealing of underwater structures 

Underwater intelligent sealing materials can sense and respond to changes in the underwater 

environment, automatically adjust their sealing performance, effectively prevent seawater erosion and 

biological adhesion, and prolong the service life of underwater structures. 

(8) Intelligent foundation reinforcement 

The foundation is reinforced with expansive memory polymer, which expands in the groundwater 

environment, enhances the bearing capacity of the foundation and prevents the settlement of buildings, 

especially suitable for the treatment of soft soil foundations. 

The application of smart materials in civil engineering not only solves the limitations of traditional 

materials, but also provides innovative solutions for the safety, maintenance efficiency and 

sustainable development of engineering structures. With the continuous progress of science and 

technology, the application of smart materials in the field of civil engineering will be more extensive, 
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providing strong technical support for the construction of safer, more efficient and greener 

infrastructure. 

4. Challenges and Future Development Trends of Smart Materials in Civil Engineering 

4.1. Challenges 

The product of this cutting-edge technology is gradually penetrating many fields of civil engineering, 

but its wide application still faces many obstacles. 

(1) Cost and economic applicability 

Smart materials, such as SMA, self-healing concrete, have high R&D costs and complex production 

processes, which directly lead to the price of the materials themselves far exceeding those of 

traditional materials. Taking self-healing concrete as an example, special polymers or bacteria need 

to be added in the production process to achieve self-healing function, which not only increases the 

cost of materials, but also increases the difficulty and cost of construction. In budget-sensitive projects, 

such as infrastructure development, large-scale residential developments, high initial investment may 

limit the adoption of smart materials. 

(2) Technology maturity and reliability 

Although smart materials have demonstrated excellent performance in laboratory environments, such 

as the efficient response of magnetorheological fluids in vibration control and the adaptive adjustment 

of smart textiles in architectural outerwear, the long-term stability and reliability of these materials in 

practical engineering applications still need to be verified. For example, there is a lack of sufficient 

data to support the performance degradation of smart materials in extreme climates such as extreme 

heat, extreme cold, and high humidity, as well as whether they can maintain their expected functions 

under continuous dynamic loads. In engineering practice, the reliability of materials is directly related 

to the safety and service life of building structures, so the long-term performance stability of smart 

materials has become a key consideration for their large-scale application. 

(3) Standardization and lack of norms 

Compared with traditional materials, smart materials lack uniform performance standards, design 

guidelines, and construction specifications. This not only adds complexity to the design and 

construction process, but also leads to uncertainty in engineering applications. For example, the lack 

of industry-recognized test methods and evaluation standards for key performance indicators such as 

durability and chemical resistance of smart materials makes the material selection and design process 

difficult. In addition, the lack of specifications also affects the quality control of smart materials, 

increasing engineering risks. 

(4) Challenges of multidisciplinary integration 

The integrated application of smart materials, such as embedding smart sensors into concrete for 

health monitoring, requires not only close collaboration between materials scientists and civil 

engineers, but also expertise in electronics, information science, and more. This interdisciplinary 

convergence places high demands on engineering teams, requiring not only deep professional 

backgrounds, but also the ability to collaborate across disciplines to ensure the efficient and safe use 

of smart materials. Engineering education and training need to keep pace with the times and cultivate 

interdisciplinary talents to meet the challenges posed by smart materials. 

4.2. Future Development Trends 

(1) Technology integration and cost optimization 

With the deep integration of materials science, electronic technology, information science and other 

disciplines, the production cost of smart materials is expected to drop significantly. For example, 
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material costs can be reduced by optimizing production processes, such as using more economical 

3D printing technology to produce SMA, or using industrial waste as a raw material for smart 

materials. At the same time, with the maturity of technology, the performance of smart materials will 

be significantly improved, such as the healing efficiency and durability of self-healing concrete will 

be stronger, and the response speed and temperature control accuracy of smart temperature control 

materials will be higher, which will make it more competitive in economy and practicality. 

(2) Standardization and specification establishment 

In the future, a more complete standard system will be established to provide clear guidance for the 

design, construction and acceptance of smart materials. Standardization will cover performance 

indicators, testing methods, construction processes and other aspects to ensure the quality and 

application effect of smart materials. For example, the development of key performance standards 

such as anti-aging and corrosion resistance of smart materials, as well as quality control specifications 

in the construction process, will greatly reduce the uncertainty of engineering applications and 

improve construction efficiency and safety. 

(3) Sustainable development and green buildings 

Smart materials will pay more attention to environmental protection and sustainability, and promote 

the development of green buildings through measures such as energy conservation and emission 

reduction, resource recycling. For example, smart glass can automatically adjust the light 

transmittance according to the light intensity to reduce the energy consumption of air conditioning; 

Intelligent foundation reinforcement materials can repair foundations and reduce building settlement 

without damaging the environment. 

(4) Intelligent maintenance and health monitoring 

The self-monitoring and early warning capabilities of smart materials will be significantly enhanced, 

such as smart sensors that will be able to monitor small deformations of bridges in real time and 

provide early warning of potential structural damage. This not only improves the efficiency of health 

management of civil engineering structures, but also reduces maintenance costs and safety risks. 

(5) Innovative design and construction 

The properties of smart materials will drive innovation in civil engineering design and construction 

methods. For example, 3D printed concrete technology will enable more complex building forms 

without the need for traditional formwork, greatly increasing construction speed and design freedom. 

At the same time, the application of smart materials will promote the development of buildings in the 

direction of higher performance, more environmental protection and more intelligence. 

Although the application of smart materials in civil engineering faces the challenges of cost, 

technology, standards and interdisciplinary integration, its future development trend points to cost 

optimization, technology maturity, standardization and sustainability, which will promote the 

development of the civil engineering industry in a more intelligent, environmentally friendly and 

innovative direction.  

5. Conclusion 

This paper mainly studies the application of smart materials in civil engineering, and draws the 

following conclusions: 

(1) SMA recovers itself by virtue of its temperature responsiveness. Piezoelectric materials exhibit 

precise control capabilities in the conversion of electricity and force. Electrorheological materials 

rapidly change their rheological properties under the action of an electric field. Self-healing materials 

mimic biological self-healing mechanisms to achieve automatic repair. These smart materials are 

profoundly influencing the fields of construction, medical, aerospace and other fields, with their 

unique properties and wide application potential, driving the innovation and development of 
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engineering technology and materials science. These materials not only improve the efficiency and 

reliability of existing technologies, but also inspire new design and application possibilities, opening 

the way for future scientific and technological advances. 

(2) The innovative application of smart materials in the field of civil engineering has greatly improved 

the safety, maintenance efficiency and environmental adaptability of buildings and infrastructure. 

SMA and magnetorheological fluids enhance the seismic resistance of the structure. Self-healing 

concrete automatically repairs cracks and extends the life of the structure, and smart sensors can 

monitor the health of the structure in real time. PCMs can effectively regulate the temperature of 

buildings, save energy and reduce emissions. Smart textiles and glass to optimize light and thermal 

insulation, smart road systems for self-heating and energy recovery, underwater smart sealing 

materials to enhance protection and extend service life, and smart foundation reinforcement 

technology to prevent building settlement, especially suitable for soft soil foundation treatment. These 

applications not only improve the performance and reliability of engineering structures, but also 

promote the development of green buildings and smart cities. 

(3) In the field of civil engineering, the application of smart materials faces four major challenges: 

the contradiction between high cost and economic applicability, the lack of technical maturity and 

long-term reliability verification, the imperfection of standardization and specifications, and the 

complexity of interdisciplinary integration. However, the future is bright: the convergence of 

multidisciplinary technologies will significantly reduce costs and optimize performance. The 

improvement of the standardization system will provide clear guidance and reduce the uncertainty of 

application. A focus on sustainability will drive the rise of green buildings. The improvement of 

intelligent maintenance and health monitoring capabilities will effectively reduce safety risks and 

maintenance costs. The emergence of innovative design and construction methods will lead the 

construction industry towards becoming more sophisticated, efficient and environmentally friendly. 

In summary, although challenging, smart materials have great potential for future applications in the 

field of civil engineering, which will drive the entire industry in a smarter, greener, and more 

innovative direction. 
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