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Abstract: With advancements in materials and technology, the field of civil engineering has witnessed the introduction of
numerous innovative materials that address the challenges of deteriorating infrastructure. Among these, smart materials have
emerged as a promising solution that warrants extensive research and application. These materials exhibit unique properties due
to their two distinct crystal structures, Austenite and Martensite, which vary with temperature. Unlike conventional steels, smart
materials possess two remarkable characteristics: shape memory and super-elasticity, making them highly suitable for diverse
civil engineering applications such as prestressing bars, self-rehabilitation mechanisms, and two-way actuators. The primary
objective of this research is to explore the potential applications of smart materials in civil engineering by conducting an
extensive literature review, gathering fundamental information, and analyzing their basic mechanical properties. Through axial
tension tests, the force-extension and stress-strain curves of shape memory and superelastic materials were separately measured,
providing crucial validation of previous research findings. Additionally, four beam experiments were carried out to assess the
flexural performance of beams reinforced with superelastic materials. Parameters such as the load-displacement relationship at
midspan, surface strains on the concrete beam, and crack width under varying loads were systematically recorded and analyzed.
While this study serves as an initial step in evaluating the viability of smart materials in structural engineering, further large-
scale experiments involving bigger beams are planned to deepen the understanding of their behavior and potential
implementation in real-world structures.

Keywords: Smart Materials, Structural Engineering, Self-Healing Concrete, Shape Memory Alloys, Piezoelectric Materials,
Adaptive Structures.

L. INTRODUCTION

The rapid evolution of the construction industry has highlighted the need for innovative materials that not only enhance structural
performance but also address sustainability concerns. Conventional construction materials, while effective in many respects, often
face limitations such as susceptibility to environmental degradation, high maintenance costs, and limited adaptability to changing
conditions. To overcome these challenges, the development and application of smart materials have become a focal point of
research in civil and structural engineering. Smart materials are engineered to exhibit unique properties, allowing them to respond
dynamically to environmental stimuli such as temperature, pressure, light, and magnetic or electric fields. This responsiveness
enables smart materials to adapt, self-heal, or sense and respond to changes in their surroundings. These attributes make them
invaluable in creating resilient and sustainable infrastructure, particularly in the face of increasing demands for climate-adaptive and
energy-efficient construction. With the development of material science, many new, high-quality, and cost-efficient materials have
come into use in structural engineering. Smart material is one good example. Since Nickel-Titanium smart material was first studied
in Naval Ordinance Laboratory, it rapidly found applications in many fields such as aerospace, mechanical and biomedical
engineering etc. Today, more and more researchers are focusing on smart materials for their special properties and performance in
civil engineering applications. Smart material can exist in two phases at different temperatures: Austenite, which exists in high
temperature, and Martensite, which exists in low temperature. When the external temperature or stress condition changes, these two
phases will transform to the other phase, depending on what change appears. Smart material exhibits many special properties during
the transformations between these two phases, such as shape memory effect, super elasticity effect, and two-way memory effect, etc.

A. Emergence of Smart Materials in Structural Engineering

In the field of structural engineering, the integration of smart materials has revolutionized the way infrastructure is conceived,
constructed, maintained, and rehabilitated, ushering in a new era of intelligent, resilient, and sustainable structures. Smart materials
such as shape memory alloys (SMASs), self-healing concrete, phase-change materials (PCMs), and carbon nanotubes have provided
groundbreaking solutions to long-standing challenges in the construction industry, addressing issues of durability, safety,
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sustainability, and energy efficiency. Shape memory alloys, for instance, are metallic materials that possess the remarkable ability to
return to their original shape after experiencing significant deformation, making them invaluable in seismic retrofitting applications
where they can absorb seismic energy and restore the structure to its original configuration after an earthquake, thus preserving
structural integrity and minimizing damage. Likewise, self-healing concrete, embedded with microcapsules containing healing
agents or bacteria that precipitate calcium carbonate, is capable of autonomously repairing micro-cracks that develop over time due
to environmental factors or loading conditions, thereby significantly extending the service life of structures, reducing maintenance
costs, and enhancing overall reliability. The advent of self-sensing materials, which are engineered to monitor internal stress, strain,
and other critical parameters, has further enhanced the proactive management of structural health by providing real-time data that
allows engineers to detect potential issues at an early stage, implement timely maintenance interventions, and avoid catastrophic
failures.

Phase-change materials (PCMs) add another dimension to smart structural solutions by offering exceptional thermal regulation
capabilities; these materials absorb, store, and release thermal energy during phase transitions, such as melting and solidifying,
thereby stabilizing indoor temperatures and reducing the demand for heating and cooling systems, ultimately contributing to the
design of energy-efficient and environmentally sustainable buildings. Additionally, the incorporation of carbon nanotubes, known
for their exceptional strength-to-weight ratio, electrical conductivity, and chemical stability, has paved the way for the development
of ultra-strong yet lightweight composites that can be utilized in various structural applications, ranging from reinforcing concrete to
fabricating high-performance structural components. The multifunctionality offered by these smart materials not only improves the
physical performance of structures but also enhances their resilience to environmental stresses, optimizes energy consumption, and
supports the global agenda of creating smarter, greener, and more adaptive built environments.
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Figure 1.1: Eﬁerent Types of Srﬁrt Materials

As research and development in material science continue to progress, the role of smart materials in shaping the future of structural
engineering will undoubtedly expand, driving innovations that redefine traditional design philosophies and construction
methodologies, ultimately leading to infrastructure that is not only more durable and efficient but also capable of self-monitoring,
self-repairing, and responding dynamically to changing conditions throughout their lifecycle.

B. Significance of Developing Smart Materials

The growing momentum toward the adoption of smart materials in structural engineering is largely propelled by the dual
imperatives of performance optimization and environmental sustainability, two objectives that have become central to modern
construction practices in response to escalating demands for durable, adaptive, and eco-friendly infrastructure. Traditional
construction materials, though reliable in many respects, are often characterized by high resource consumption during production
and may lack the inherent adaptability to withstand the evolving and increasingly complex challenges posed by environmental
stresses, dynamic loading conditions, and the necessity for long-term resilience. In contrast, smart materials are engineered to
address these shortcomings by exhibiting properties such as self-sensing, self-healing, energy efficiency, and adaptive behavior,
allowing them to use fewer resources, extend service lifespans, and maintain or even enhance performance under extreme or
fluctuating conditions.
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In regions that are frequently subjected to natural hazards such as earthquakes, hurricanes, and other severe environmental
phenomena, the use of smart materials has proven particularly transformative, offering new possibilities for enhancing the resilience
and robustness of critical infrastructure. A prime example is the application of carbon-fiber-reinforced polymers (CFRPSs), which
have become increasingly popular for the retrofitting and strengthening of existing structures as well as the construction of new
ones. CFRPs are prized for their exceptional strength-to-weight ratio, corrosion resistance, and versatility, qualities that allow
engineers to significantly increase a structure’s load-bearing capacity without adding substantial dead weight, which in turn
minimizes the stress imparted to foundations and load-supporting elements, enhances seismic performance, and reduces
vulnerability to long-term environmental degradation. Furthermore, the lightweight nature of CFRPs simplifies handling,
transportation, and installation processes, leading to reduced construction times and labor costs, while their durability translates into
fewer repair interventions and lower lifecycle costs. This strategic shift toward smart materials thus reflects a broader transformation
within the civil engineering sector, where the focus is not solely on constructing robust structures, but also on designing intelligent
systems that are capable of adapting to changing environmental conditions, ensuring user safety, optimizing energy usage, and
contributing to sustainable development goals.

C. Problem Statement

Challenges of Traditional Materials and the Emerging Need for Smart Materials in Structural Engineering-

Despite the remarkable progress made in construction technologies and structural engineering practices over the last few decades,
the industry continues to face persistent and critical challenges related to material durability, environmental sustainability, and
structural resilience, particularly under extreme and evolving environmental conditions. The structural systems of today must
contend with a complex array of stressors that were either absent or less severe in earlier times, including intensifying climate
variability, increasing urban loads, aging infrastructure, and a growing frequency of natural disasters. In this context, the reliance on
traditional construction materials—such as conventional concrete, steel, and timber—though well-established and extensively
characterized, is proving to be increasingly inadequate in meeting the performance expectations of the modern era. Conventional
materials possess inherent limitations that manifest over time. Concrete, for instance, though versatile and cost-effective, is prone to
cracking due to shrinkage, temperature gradients, and cyclic loading. Steel, renowned for its strength and ductility, is susceptible to
corrosion and fatigue, especially in aggressive environmental conditions such as marine or industrial settings. Timber, while
renewable and aesthetically valued, is vulnerable to biological degradation, moisture infiltration, and fire damage. These
deficiencies result in frequent structural deterioration, leading to increased maintenance and repair costs, interrupted service life, and
a substantial environmental burden due to the continuous consumption of resources for rehabilitation and replacement. The
consequences of relying solely on such materials are particularly severe in disaster-prone regions, where infrastructure must
withstand high-magnitude events such as earthquakes, hurricanes, floods, and tsunamis. In these scenarios, the inability of
traditional materials to adapt, absorb, or recover from stress-induced damage poses significant risks to human safety, economic
continuity, and ecological balance. Furthermore, the environmental cost of infrastructure construction and upkeep using
conventional materials—including greenhouse gas emissions, non-renewable resource depletion, and construction waste
generation—challenges global efforts toward sustainable development and climate change mitigation. These pressing concerns have
paved the way for exploring smart materials as viable alternatives or supplements to traditional construction materials. Smart
materials, broadly defined as materials that can respond dynamically to environmental stimuli such as temperature, stress, moisture,
or electric and magnetic fields, hold transformative potential in structural engineering. Prominent examples include Shape Memory
Alloys (SMAs), which can revert to a pre-defined shape upon heating, providing self-centering capacity during seismic events; Self-
Healing Concrete, which can autonomously seal cracks using embedded bacteria or microcapsules; Carbon Fiber Reinforced
Polymers (CFRPs), offering high tensile strength and corrosion resistance for retrofitting and load enhancement; and Phase Change
Materials (PCMs), capable of modulating indoor temperatures by absorbing or releasing thermal energy during phase transitions.
These materials bring numerous innovative functionalities that directly address the shortcomings of conventional materials. For
instance, self-sensing smart composites can detect internal damage or stress concentrations, enabling real-time health monitoring
and preventive maintenance. Materials with energy-regulating capabilities reduce the energy footprint of buildings by contributing
to passive heating or cooling strategies. Additionally, smart materials tend to exhibit superior mechanical properties, such as higher
fatigue resistance and better long-term stability under cyclic loading. Such attributes make them ideal candidates for mission-critical
structures, such as bridges, tunnels, high-rise buildings, and infrastructure in seismic zones. However, despite the promising
capabilities and growing research interest, the widespread adoption of smart materials in structural engineering remains limited.
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Key barriers include high initial costs, complex manufacturing processes, insufficient field performance data, and a lack of
standardized design codes and guidelines for implementation. The behavior of smart materials under complex environmental
conditions—such as simultaneous thermal, chemical, and mechanical loading—remains partially understood, necessitating further
experimental studies and modeling efforts. Moreover, the integration of smart materials into existing construction practices poses
technical challenges, as it often requires new fabrication techniques, specialized training, and multidisciplinary coordination across
engineering, materials science, and architecture. In light of these challenges, a structured and comprehensive study is essential to
evaluate the full potential of smart materials and establish practical frameworks for their adoption. Such a study should focus on
material characterization, performance optimization, lifecycle assessment, cost-benefit analysis, and real-world application
scenarios. It should also explore strategies for hybrid systems, where smart materials complement traditional materials to achieve
enhanced performance at manageable costs. The development of simulation tools, design methodologies, and guidelines tailored to
specific use cases will be critical for enabling the systematic incorporation of smart materials into modern infrastructure projects.
Ultimately, embracing smart materials in structural engineering represents a paradigm shift—from static and maintenance-heavy
systems to adaptive, resilient, and intelligent infrastructure. This shift aligns with global agendas such as the United Nations
Sustainable Development Goals (SDGs), particularly Goal 9 (Industry, Innovation, and Infrastructure) and Goal 11 (Sustainable
Cities and Communities). As urban populations grow and climate risks intensify, the need for materials that can self-heal, self-
monitor, and self-adapt is no longer a futuristic aspiration but an urgent imperative. This research contributes to that vision by
identifying opportunities, addressing challenges, and charting pathways for the meaningful application of smart materials in the
construction and maintenance of the infrastructure of the future.

D. Materials

SMAs have two unique properties,

1. Shape Memory Effects (SME)

2. Super elasticity

The Shape Memory Effect (SME) refers to the remarkable ability of Shape Memory Alloys (SMAS) to return to their predetermined
shape when subjected to heating. This phenomenon is based on a reversible phase transformation between the martensite and
austenite phases. For instance, if a straight SMA bar in the austenitic phase is cooled below the phase transition temperature, its
crystalline structure transforms into martensite, making it more pliable. If this martensitic bar is then deformed by bending and
subsequently reheated above the transition temperature, it will automatically return to its original straight shape. This self-recovery
characteristic is widely utilized in various engineering applications, including actuators, biomedical devices, and adaptive structural
systems. In contrast, superelasticity (also known as pseudoelasticity) is a unique property of SMAs that allows them to undergo
large inelastic deformations and recover their original shape upon unloading, without requiring thermal activation. This property
arises when an SMA experiences an external stress that induces a phase transformation from austenite to martensite. Upon removing
the stress, the material spontaneously reverts to its original austenitic phase and regains its initial shape. However, if the deformation
recovery is constrained, a mechanical stress is generated within the material, known as recovery stress. This recovery stress can be
effectively utilized in civil engineering applications, particularly in reinforced concrete structures, to counteract the effects of creep,
shrinkage, and thermal strains. The presence of superelasticity makes SMAs suitable for use as passive structural control systems,
seismic isolation devices, and energy dissipation components in infrastructure. By incorporating SMASs into civil structures,
engineers can enhance their resilience against external disturbances, improve durability, and extend service life, making them a
promising innovation for the future of smart materials in construction.

E. Shape Memory Effect (SME)

Shape Memory Effect (SME) is one of the most remarkable and defining characteristics of Shape Memory Alloys (SMAS),
distinguishing them from conventional structural materials and enabling a wide array of innovative engineering applications. SME
refers to the ability of SMAs to undergo significant deformation at a lower temperature (martensitic phase), retain that deformed
shape temporarily, and then recover their original, pre-deformed shape upon heating above a specific transition temperature
(austenitic phase). This behavior is a direct result of a thermoelastic reversible phase transformation between the low-temperature
martensite phase, which is relatively soft and can be easily deformed, and the high-temperature austenite phase, which is stiffer and
represents the original, stable crystal structure. When an SMA is in its martensitic form, external mechanical stress can cause the

martensitic variants to reorient, resulting in a deformed shape.
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However, upon heating, the material transforms back into its austenitic phase, causing the internal structure to revert to its initial
configuration and thereby recovering the original shape without any residual deformation. This phase transformation is not only
reversible but also repeatable over many thermal cycles, depending on the alloy composition, mechanical loading history, and
thermal conditions. SME has profound implications in civil, aerospace, biomedical, and mechanical engineering fields, where it is
exploited for applications such as actuators, self-expanding stents, temperature-responsive dampers, and prestressing systems. In
civil engineering, SME allows structural components embedded with SMAs to "self-heal” or "reset"” after experiencing deformation
due to events like earthquakes or overloads, thus enhancing structural resilience and service life. This self-recovery ability can
significantly reduce maintenance needs and improve safety margins in infrastructure systems. Furthermore, the precise control of
transformation temperatures through alloy design (e.g., NiTi, CuAINi, Fe-based SMASs) allows engineers to tailor SME properties to
suit specific operational environments. Overall, the Shape Memory Effect not only highlights the intelligent behavior of SMAs but
also opens up new possibilities for adaptive, self-regulating, and sustainable engineering systems. When a Shape Memory Alloy
(SMA) is in its twinned martensite phase, it exhibits a symmetric and self-accommodating arrangement of martensitic variants,
which collectively result in no observable macroscopic deformation. However, upon the application of external mechanical stress,
these twinned martensitic variants begin to reorient in the direction of the applied load, leading to a transformation into the
detwinned martensite phase. This process, commonly referred to as martensitic variant reorientation, allows the material to undergo
substantial strain (typically up to 6-8%) without a change in temperature. This stress-induced detwinning is a purely mechanical
phenomenon and is fully reversible under certain conditions. Once the stress is removed, the SMA retains the deformed shape in the
detwinned martensite state unless it is subsequently heated above the austenite start temperature (As). Upon heating, the alloy
transforms back into the austenite phase, and the material recovers its original, undeformed shape, demonstrating the classic Shape
Memory Effect (SME). This behavior is fundamental to many practical applications where SMAS act as mechanical actuators or
passive dampers, responding to stress and temperature variations. The ability of SMAs to deform under mechanical stress in their
martensitic state, and to recover their shape upon heating, makes them uniquely suited for smart structural systems that can adapt,
repair, or reconfigure themselves in response to external stimuli, thereby improving overall durability and resilience.

Upon heating, the detwinned martensite phase of a Shape Memory Alloy (SMA) undergoes a solid-state phase transformation into
the austenite phase, a process commonly referred to as the reverse transformation (Procedure 2). This transition is triggered when
the temperature exceeds the material’s austenite start temperature (As) and continues until the austenite finish temperature (Af) is
reached. During this heating-induced transformation, the SMA recovers its original, pre-deformed shape, even after undergoing
significant prior deformation in the detwinned martensite state. This remarkable phenomenon, known as the Shape Memory Effect
(SME), is enabled by the reversible nature of the martensitic transformation and the unique crystallographic reconfiguration of the
alloy. Once the material has fully transformed into austenite and returned to its original shape, the cycle is completed by cooling the
SMA (Procedure 3). As the temperature falls below the martensite start temperature (Ms) and finally the martensite finish
temperature (Mf), the material undergoes a forward transformation back into its twinned martensite phase. This low-temperature
phase is again ready to be mechanically detwinned upon the next application of stress. This complete thermal-mechanical cycle
highlights the intrinsic thermo-mechanical coupling in SMAs, where deformation and shape recovery are controlled via temperature
and stress. Such behavior is not only of theoretical interest but forms the functional basis for a wide array of practical applications,
including self-deploying structures, biomedical stents, actuators, and adaptive architectural systems, where reversible and
programmable motion is essential.

There are four critical temperature points that define this transformation process:

1) Mf (Martensitic finish temperature) — The temperature at which martensitic transformation is complete.

2) Ms (Martensitic start temperature) — The temperature at which austenite begins transforming into martensite.

3) As (Austenitic start temperature) — The temperature at which martensite begins transforming into austenite.

4) Af (Austenitic finish temperature) — The temperature at which austenitic transformation is complete.

Throughout Procedures 1, 2, and 3, Shape Memory Alloys (SMAs) undergo a complete thermo-mechanical cycle characterized by
distinct phase transformations driven by external stress and temperature fluctuations. Initially, in Procedure 1, when the SMA is in
its twinned martensite phase at a lower temperature, it is subjected to mechanical loading. This induces a martensitic detwinning
process, whereby the internal twinned structure rearranges into detwinned martensite, allowing for significant deformation without a
change in temperature. In Procedure 2, the deformed SMA is exposed to heat, initiating a reverse phase transformation from
detwinned martensite to austenite. As the material temperature rises beyond the austenite start (As) and austenite finish (Af)

temperatures, the SMA recovers its original, undeformed shape through the Shape Memory Effect (SME).
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This unique behavior distinguishes SMAs from conventional materials. Subsequently, during Procedure 3, as the temperature is
reduced below the martensite start (Ms) and martensite finish (Mf) temperatures, the material undergoes a forward transformation
from austenite back to twinned martensite, thus returning to its initial crystallographic configuration and completing the cycle.
However, a critical phenomenon occurs if external constraints or boundary conditions are applied during this cooling phase: as the
SMA transitions from austenite to martensite under restriction, a significant recovery force or residual stress is generated. This is
because the material, in its attempt to revert to the less-energetic twinned martensite configuration, is impeded by the imposed
constraints, leading to internal resistance and a buildup of force. This recovery force can be harnessed in engineering applications
that require prestressing, self-tightening mechanisms, or energy dissipation. For example, in bolted joints, constrained cooling of
SMA washers can maintain clamping force even under dynamic loading or thermal cycling. Similarly, in seismic dampers and base
isolators, this behavior contributes to structural stability and post-event self-recovery. Hence, this ability of SMASs to generate force
upon cooling—combined with their shape memory and pseudoelastic properties—makes them uniquely valuable in smart structural
systems and adaptive devices where reliability, repeatability, and resilience are critical.

This recovery force can be harnessed for numerous civil engineering applications, including:
e  Self-repairing concrete structures, where SMAs can close cracks autonomously upon heating.
e Reinforcement bars in prestressed concrete, where recovery stress improves durability.
e  Seismic-resistant structures, where SMAs enhance resilience by absorbing and dissipating earthquake-induced energy.
By leveraging the Shape Memory Effect (SME), Shape Memory Alloys (SMASs) offer transformative and innovative solutions that
significantly enhance the performance, safety, and service life of civil infrastructure systems. The SME allows SMAs to undergo
large deformations and recover their original shape when exposed to specific thermal conditions, enabling their use in self-healing,
adaptive, and resilient structural components. This property is particularly beneficial in applications such as seismic dampers, base
isolators, prestressing tendons, and vibration control devices, where structures are subjected to unpredictable and extreme loads. The
ability of SMAs to self-restore after deformation, without the need for external mechanical intervention, reduces the risk of
permanent damage and minimizes the need for costly repairs or replacements after seismic or dynamic events. Moreover, the
recovery stress generated during constrained cooling can be utilized for automatic prestressing, maintaining structural integrity in
long-span bridges, high-rise buildings, or retrofitted heritage structures. SMAs also show great promise in the retrofitting and
rehabilitation of existing structures, where their compact size and functionality provide non-intrusive reinforcement. In the long
term, SMA integration into civil structures promotes durability, sustainability, and safety, addressing the challenges posed by aging
infrastructure, increasing urbanization, and climate-induced hazards. Thus, the strategic incorporation of SMAs into structural
systems is not just a novel material innovation but a step forward in the evolution of intelligent infrastructure, where materials
actively contribute to the structure's adaptability and reliability, supporting the vision of smart, resilient, and future-ready civil
engineering.
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F. Application of Tensioning Properties of SMA Utilizing Shape Memory Effect

The application of the tensioning properties of Shape Memory Alloys (SMAs) utilizing the Shape Memory Effect (SME) offers

significant advancements in structural engineering, particularly for prestressing and reinforcement applications. The unique ability

of SMASs to generate large forces when returning to their original shape under temperature changes makes them highly suitable for
use in civil engineering, where controlled tensioning is required to ensure stability and longevity.

a) Prestressing of Concrete Structures: One of the most prominent applications of the tensioning properties of SMAs is in the
prestressing of concrete structures. Prestressed concrete involves the use of external forces to pre-compress concrete, enhancing
its ability to withstand tensile stresses once in service. Traditionally, steel tendons are used for this purpose, but the application
of SMAs as prestressing tendons offers several advantages. When SMAs are initially strained and then heated to transition into
their austenite phase, they exert a restoring force, creating a permanent prestress in the concrete element. This process helps in
reducing the cracking and deformation of concrete under load, significantly improving its performance in bending, tension, and
compression. Unlike traditional steel tendons, which maintain a constant prestress force, SMAs can self-adjust in response to
temperature changes, enabling structures to accommodate variations in loading and temperature without requiring external
interventions. The ability of SMAs to exert a recovering force under temperature changes offers a dynamic and responsive
method for maintaining the required prestress over time, especially in environments where temperature fluctuations may cause
traditional prestressing systems to lose effectiveness.

b) Seismic Retrofitting and Reinforcement: The tensioning properties of SMAs are also highly valuable for seismic retrofitting and
reinforcement of existing structures. In the event of an earthquake, structures are subjected to dynamic loads and deformations,
which can cause damage and reduce their integrity. SMAs, when incorporated into seismic-resistant devices such as dampers or
base isolators, can absorb seismic energy and return to their original shape, effectively mitigating damage. By utilizing the
tensioning properties of SMAs, retrofitting systems can be designed to provide active or passive restoration forces, which help
restore the stability of structures after an earthquake. In applications such as seismic bracing systems, SMA-based devices can
be pre-tensioned to provide additional load-bearing capacity during seismic events. The self-restoring nature of SMAs allows
these devices to return to their original pre-stressed state after an earthquake, ensuring that the structure remains resilient and
functional even after extreme loading conditions.

c) Self-Tensioning and Self-Healing Systems: Another innovative application of SMA tensioning properties is in self-tensioning
and self-healing systems for infrastructure. For example, SMAs can be used in prestressed cables or reinforcement systems in
bridges and other structures. Over time, these cables or reinforcements may experience loss of tension due to external factors
like environmental degradation or material fatigue. By leveraging the Shape Memory Effect, SMA-based tensioning systems
can automatically adjust and restore tension, thereby eliminating the need for manual intervention or replacement of the
reinforcement. In self-healing applications, SMAs can provide a mechanism for repairing or re-tightening components that have
loosened or shifted over time, ensuring that structural integrity is maintained without requiring costly repairs or replacements.
This capability is particularly valuable in the rehabilitation of aging infrastructure, where continuous tensioning and
reinforcement are necessary to extend the lifespan of the structure.

d) Cable Stay Systems for Bridges: In bridge construction, particularly for cable-stayed bridges, the tensioning properties of SMAs
can be utilized to control the tension in the cables. The ability to pre-tension SMA cables and adjust their tension during
temperature fluctuations or load changes provides an advanced and responsive system for maintaining structural stability. The
tensioning of these cables can be done without external mechanical systems, making it a more efficient and cost-effective
solution. The ability of SMASs to recover their shape in response to temperature changes also helps to ensure that the bridge

remains functional and stable under varying environmental conditions.
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1) SMA as a Tendon in Concrete Structures

SMA bars or cables can function as tendons in concrete structures. Research by Deng Z. and Krstulovic-Opara N. highlights the
advantages of SMA tendons over conventional steel tendons:

e No frictional losses due to uniform tension distribution along the tendon length.

e Suitable for curved concrete members and complex tendon profiles.

e No requirement for anchors, making them ideal for tensioning thin concrete members.

2) SMA as an External Tensioning Material in Concrete Structures

Over time, concrete structures experience load-induced deformations and cracking, reducing their service life. External tensioning
elements, such as steel and Fiber-Reinforced Plastic (FRP), are commonly used to counteract these effects. SMAs offer an
advantage as they do not require hydraulic jacks or other tensioning devices. After mounting and anchoring martensitic SMA rods,
heating initiates the shape memory effect, generating tension within the structure. A notable application by Soroushian et al.
involved using corrosion-resistant Fe-Mn-Si-Cr SMA rods to enhance shear resistance in a cracked reinforced concrete bridge
girder. Resistance heating was applied at 1000 Amperes to activate the SMA properties.

G. Retrofitting Structures Using Super Elastic Properties of SMA

Retrofitting structures using the superelastic properties of Shape Memory Alloys (SMAS) represents a transformative advancement
in the field of structural engineering and seismic resilience. Superelasticity, also known as pseudoelasticity, is a phenomenon
observed in certain SMAs—most notably nickel-titanium (NiTi) alloys—where the material undergoes large strains and
deformations under mechanical loading and fully recovers its original shape upon unloading, without the need for thermal
activation. This stress-induced phase transformation from austenite to detwinned martensite and back makes SMAs particularly
well-suited for retrofitting applications in structures subjected to dynamic or repetitive loads, such as those induced by earthquakes,
wind, or traffic. In seismic retrofitting, SMA elements can be strategically integrated into critical parts of a structure, such as joints,
braces, and base isolators. When seismic forces act on a retrofitted structure, the SMA components deform by converting the
austenite phase into martensite, thereby absorbing and dissipating energy. Once the load is removed, the material reverts to its
original austenitic state, recovering its shape and thus restoring the structural configuration. This reversible deformation offers a
self-centering capability, which is crucial in minimizing residual displacements and damages after seismic events—significantly
reducing post-event repair costs and ensuring continued functionality. For instance, SMA-based dampers and braces can be installed
in steel or reinforced concrete frames to provide both energy dissipation and shape recovery. Unlike traditional dampers that may
permanently deform or lose effectiveness over time, superelastic SMA devices can repeatedly undergo cycles of loading and
unloading without fatigue failure, offering exceptional durability. Moreover, SMA ties and wraps can be used to retrofit masonry or
concrete columns and beams, improving their confinement and ductility. These applications enhance the load-bearing capacity and
crack resistance of aging or seismically vulnerable structures, such as historical buildings, schools, and hospitals. Another
significant advantage of using superelastic SMAs in retrofitting is their low maintenance requirement. Since the materials can
autonomously recover after deformation and do not require external energy input for activation, they offer a passive and reliable
solution. Their resistance to corrosion and fatigue further contributes to their longevity, even in harsh environmental conditions. In
conclusion, retrofitting structures using the superelastic properties of SMAs provides a sustainable, efficient, and innovative
approach to enhancing the resilience and durability of existing infrastructure. Their ability to absorb energy, self-center, and endure
repeated loading makes them ideal for critical applications in seismic zones and other high-stress environments. As research and
development continue to improve the performance and cost-effectiveness of SMAS, their integration into retrofitting strategies is
likely to become increasingly widespread, paving the way for smarter and more adaptive structural systems.

1) Real-World Applications

a) Basilica San Francesco, Assisi, Italy: SMA rods were used to connect the historic gable to the main structure for earthquake
resistance. The Basilica San Francesco in Assisi, Italy, stands as a notable example of integrating modern smart materials—
specifically Shape Memory Alloys (SMAs)—into the retrofitting of historic structures. Following significant damage from the
1997 Umbria-Marche earthquake, preservation engineers faced the challenge of reinforcing the centuries-old gable structure
without compromising the architectural authenticity and aesthetic integrity of the Basilica. To address this, SMA rods were
implemented to provide a seismic-resistant connection between the historic gable and the main structural body of the church.
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These SMA rods, installed as passive damping devices, leverage the superelastic behavior of SMAs, which allows them to
deform under seismic loading and then recover their original shape upon unloading. This capability ensures not only energy
dissipation during earthquakes but also a self-centering mechanism that minimizes permanent deformation and prevents
collapse or detachment of critical architectural elements. The installation did not require significant alteration of the original
structure, making it an ideal solution for heritage preservation where minimal intervention is key. The successful retrofitting of
the Basilica San Francesco illustrates how advanced material science and civil engineering can merge with historical
conservation, ensuring the structural safety and longevity of culturally significant monuments in seismically active regions. It
sets a precedent for using SMAs in similar heritage applications around the world.

b) Bell Tower of the Church of San Giorgio, Italy: Steel tendons with SMA devices improved tilt resistance and load limiting to
prevent masonry failure. The Bell Tower of the Church of San Giorgio in Trignano, Italy, serves as another pioneering case
where Shape Memory Alloy (SMA) technology has been applied to protect vulnerable historical masonry structures against
seismic activity and long-term structural deterioration. In this instance, the bell tower exhibited significant tilt and was at risk of
masonry cracking or collapse under dynamic loads such as earthquakes or wind-induced vibrations. To address these concerns
while preserving the tower's original architectural integrity, engineers employed steel tendons integrated with SMA devices as
part of a passive structural control system. The SMA components in this retrofitting system were designed to act as load-
limiting and recentering devices. Under lateral loading—whether due to seismic forces or structural drift—the SMA elements
undergo stress-induced martensitic transformation, allowing them to absorb energy and deform without causing permanent
damage. Once the external load is removed, the SMASs revert to their original austenitic phase, exerting a restoring force that
counteracts the tilt and helps return the structure to its original position. This behavior effectively mitigates the risk of
progressive tilt or localized masonry failure, a common failure mode in unreinforced historical structures. Additionally, this
solution minimized the need for invasive alterations or the addition of rigid structural elements, which is crucial in the
preservation of historical aesthetics. The integration of SMA-based systems with traditional steel tensioning not only enhanced
the seismic resilience of the bell tower but also ensured long-term durability with minimal maintenance, thanks to the corrosion
resistance and fatigue endurance of SMAs.

c) Bridge Seismic Restraint: DesRoches R. proposed using superelastic SMA bars to enhance stability in earthquake-prone simply
supported bridges. In the realm of bridge engineering, one of the most notable applications of Shape Memory Alloys (SMAS) is
in the development of seismic restraints for simply supported bridges, as proposed by DesRoches R. Recognizing the
vulnerability of such bridges during seismic events—particularly the unseating of spans and excessive displacement at
bearings—DesRoches introduced the innovative use of superelastic SMA bars as an effective means to enhance seismic
resilience and control excessive displacements during earthquakes. These SMA bars are strategically installed across bridge
expansion joints or at key support locations where seismic movement is most critical. Due to their superelasticity, the SMA bars
undergo large, reversible strains under earthquake-induced displacements. During seismic excitation, the bars enter a stress-
induced martensitic phase, allowing the structure to deform while absorbing and dissipating energy. Once the seismic forces
subside, the bars revert to their austenitic phase, thereby restoring the bridge components to their original positions without
requiring manual intervention or repair. This self-centering ability greatly reduces residual deformations and the risk of
permanent structural misalignment, which are common challenges in conventional restraint systems. Moreover, DesRoches'
studies showed that superelastic SMA restraints not only provide damping but also limit lateral displacements and prevent
unseating of girders—one of the leading causes of bridge collapse during earthquakes. The use of these materials eliminates the
need for more complex mechanical damping devices, while offering long-term durability, corrosion resistance, and low
maintenance. The successful modeling and experimental validation of this approach laid the foundation for further adoption of
SMA-based devices in bridge seismic protection systems globally. These findings underscore the tremendous potential of
SMAs to transform conventional bridge design into adaptive, self-healing systems capable of withstanding and recovering from
major seismic disturbances with minimal downtime and cost.

d) Concrete Beam Restoration: Sakai et al. demonstrated self-restoration of a cracked concrete beam using SMA wires, showing
significant recovery upon unloading. In a pivotal study on concrete beam restoration, Sakai et al. successfully demonstrated the
self-restorative capability of cracked concrete beams by integrating Shape Memory Alloy (SMA) wires. The experiment
highlighted the ability of SMA wires—particularly those exhibiting the Shape Memory Effect (SME)—to not only reinforce but
also actively repair structural damage in concrete flexural members. During the test, a concrete beam was preloaded to induce
visible cracks. SMA wires, pre-strained and anchored to the beam, were then activated through heating. As the temperature
rose, the wires attempted to return to their original (pre-strained) length, generating recovery stress in the process. This induced
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stress led to a noticeable closing of the cracks and partial restoration of the beam's original profile, even before the applied load
was removed. Upon unloading, the beam showed a significant reduction in residual deflection, demonstrating that the SMA
wires had not only mitigated the damage but also actively contributed to regaining the structural integrity of the member. The
experiment proved that SMA wires can serve a dual function: acting as both passive reinforcement during loading and active
repair agents upon thermal activation. This study by Sakai et al. underscored the potential of SMAs to transform traditional
structural rehabilitation practices by introducing adaptive, self-healing systems that reduce downtime, minimize manual
intervention, and extend the service life of concrete structures. The research paved the way for broader adoption of smart
materials in infrastructure, especially in regions vulnerable to mechanical fatigue, seismic activity, or other recurring stresses.

e) University of Houston Study: A reinforced concrete beam (24" x 4" x 6") with fourteen 1/8" diameter SMA-stranded cables
showed effective crack closure after being subjected to an 11,000 Ibs load. In a notable experimental investigation conducted at
the University of Houston, researchers explored the use of Shape Memory Alloy (SMA) stranded cables for the rehabilitation
and self-repair of reinforced concrete beams. The test specimen was a reinforced concrete beam measuring 24 inches in length,
4 inches in width, and 6 inches in height, which was embedded with fourteen 1/8-inch diameter SMA-stranded cables. The goal
was to evaluate the beam's ability to undergo self-restoration following significant mechanical loading. The beam was subjected
to a concentrated load of 11,000 pounds (approx. 48.9 kN), sufficient to induce visible cracking and structural distress. Once the
load was removed, the SMA cables—pre-tensioned and possessing the shape memory effect—were thermally activated. Upon
heating, the cables attempted to return to their pre-deformed configuration, exerting recovery stress across the cracked sections.
The result was a notable closure of the cracks and a significant reduction in residual deflection, confirming the effectiveness of
SMAs in active structural repair. The study concluded that SMA-stranded cables, when correctly integrated into concrete
members, can function as internal healing mechanisms, reducing the need for external retrofitting or complete structural
replacement. This experiment provided a compelling case for incorporating smart materials like SMAs in next-generation
infrastructure to enhance durability, resilience, and long-term performance under heavy loading and fatigue conditions.

H. Application of SMA as a Connector Between Structural Components

Shape Memory Alloys (SMAs) have found promising applications as connectors between structural components, especially in
environments where flexibility, self-adjustment, and damage mitigation are critical. Unlike traditional mechanical connectors that
are rigid and susceptible to fatigue or loosening under dynamic loads, SMA connectors utilize their unique shape memory and
superelastic properties to maintain integrity and performance over time. When employed as connectors, SMAs can adapt to varying
loads, deformations, and temperature changes by transforming between their martensitic and austenitic phases. This ability allows
them to absorb and dissipate energy during events like earthquakes, wind loads, or vibrations, and then return to their original
shape—restoring the structure’s alignment and connection integrity. A key advantage of SMA connectors lies in their prestressing
capability. When thermally activated, they can apply consistent clamping or tensioning forces across joints, effectively reducing the
need for bulky post-tensioning systems. Their re-centering force after seismic displacement is particularly beneficial in column-
beam joints, bridge bearings, and precast panel connections. For instance, in precast concrete structures, SMA connectors can
automatically realign the panels after differential movement or displacement, improving both safety and serviceability. Moreover,
SMA connectors can reduce maintenance costs and extend the service life of structural systems. They are corrosion-resistant and
fatigue-tolerant, which makes them suitable for harsh environments such as marine, offshore, or industrial infrastructure. Their non-
intrusive integration also enables retrofitting of heritage structures without altering the architectural appearance, making them ideal
for seismic upgrading of historical buildings. Overall, the application of SMAs as structural connectors offers a combination of
mechanical adaptability, long-term resilience, and intelligent self-response that is unmatched by conventional materials.

I.  Problems in Highways and Bridges

One of the significant challenges in highway and bridge infrastructure is differential settlement between bridges and pavements,
leading to bumps or uneven joints at bridge ends. These irregularities create substantial impact loads, particularly for heavy trucks,
resulting in accelerated deterioration of both pavements and bridges. The adverse effects include separation of pavement layers,
joint spalling, fatigue cracking in pavements, and structural damage to bridges. Additionally, such conditions pose safety risks,
potentially leading to vehicular accidents and increased maintenance costs. A related issue is the uneven settlement between bridge
piers or approach spans. Differential settlement not only affects the rideability of bridges but also induces additional internal forces
within the structure. Maintaining bridge joints presents an ongoing challenge for engineers and highway authorities. Traditional
solutions have primarily focused on foundation design improvements, yet they have not completely resolved issues related to joint
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unevenness and settlement. Temperature variations and time-dependent factors such as creep and shrinkage further contribute to
internal restraint forces in indeterminate structures. These forces, either independently or in combination with external loads, lead to
cracking in structures and pavements. Addressing these effects often increases construction costs due to the need for larger section
dimensions and enhanced material properties. Another critical issue pertains to the performance of bridge bearings. Malfunctioning
bearings, caused by material deterioration, dirt accumulation, or mechanical failure, result in excessive stress concentrations near the
bearing regions. This alters the intended force redistribution, compromising the structural integrity and increasing maintenance
demands. Such issues are common contributors to bridge failures. An effective solution to automatically adjust forces among
bearings would significantly mitigate these problems.

1) Concept of Smart Bridges

The integration of smart materials, particularly Shape Memory Alloys (SMA), offers an innovative approach to addressing these
challenges. The two-way memory effect of SMA enables the development of actuators that can dynamically adjust their height,
compensating for differential settlement and structural deformations. Additionally, SMA-based smart strands, embedded within
concrete, can be activated through external heating or internal stress variations to provide self-repair and adaptive prestressing
functionalities. Smart bearings utilizing SMA technology can autonomously adjust their height, counteracting issues related to
settlement, time-dependent deformations (creep, shrinkage, relaxation of prestressed steel), and temperature fluctuations. This
dynamic adaptability enhances structural resilience and reduces maintenance costs. Moreover, prestress forces can be modified as
needed to control cracking in both positive and negative moment zones, ensuring optimal load distribution across the bridge
structure. The combined application of smart bearings and smart strands facilitates real-time internal force adjustments, allowing the
bridge to adapt to varying environmental and load conditions. This innovative approach enhances structural performance, prolongs
service life, and improves overall safety by mitigating the adverse effects of differential settlement, temperature changes, and
excessive vehicular loads.

SMA actuators adjust to handle differential settlement,

temperature and time-dependent effects
Pavement % A
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SMA strands adjust prestress as needed T~
and also allow for the self-repair of cracks

Figure.4.1: Sketch of a smart bridge

1. CONCLUSION

This project presents a comprehensive review of the fundamental properties of Shape Memory Alloys (SMAs) and their applications
in passive, active, and semi-active control of civil structures. Various experimental and analytical studies on SMA-based devices,
such as dampers and base isolators, have demonstrated their effectiveness in enhancing structural resilience against extreme
earthquake loading. In particular, the recentring capability of SMAs significantly reduces repair and retrofitting costs, making them
a promising solution for structural safety and sustainability. Additionally, their application in prestressing offers a viable approach to
accommodating additional loading and compensating for prestress losses over time. Furthermore, the self-repairing ability of
superelastic SMAs can be leveraged to counteract preload losses in bolted joints and fasteners, thereby ensuring the necessary
clamping force to maintain structural integrity. Despite substantial research on the use of SMAs in civil structures, the short- and
long-term deflection behavior of concrete flexural members reinforced with SMASs remains an area requiring further experimental
investigation.
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