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Introduction

The fire resistance of steel structures is a paramount concern in modern building
construction, demanding rigorous investigation and advanced protective strate-
gies. The inherent properties of steel, while offering significant structural advan-
tages, necessitate a thorough understanding of its behavior when subjected to
elevated temperatures during fire events. Reduced strength and stiffness are pri-
mary issues that must be addressed to ensure structural integrity and occupant
safety. This field of study has seen continuous development, with researchers ex-
ploring a variety of passive fire protection methods aimed at mitigating these risks.
These methods encompass a range of materials and techniques designed to insu-
late steel elements, slowing down the rate of temperature increase and preserving
their load-bearing capacity for critical durations. From specialized coatings to ro-
bust encasements, the objective is to enhance the fire resilience of steel-framed
buildings. Furthermore, the advent of sophisticated computational tools has rev-
olutionized the way structural behavior under fire is analyzed and predicted. Ad-
vanced fire modeling techniques enable engineers to simulate complex fire sce-
narios with greater accuracy, leading to more optimized structural designs. This
shift towards performance-based design approaches allows for the tailoring of fire
resistance levels to the specific occupancy, risk profile, and critical functions of
a building, moving beyond prescriptive, one-size-fits-all solutions. The integra-
tion of these multifaceted approaches is crucial for ensuring that steel structures
can withstand fire events effectively, thereby safeguarding lives and property. The
ongoing research in this domain continues to push the boundaries of fire safety
engineering, providing valuable insights and practical solutions for the construc-
tion industry. The fundamental mechanisms of steel’s response to fire, including
the reduction in its mechanical properties, form the bedrock of these investiga-
tions. Understanding these elemental behaviors allows for the development of
more effective protective measures. Various passive fire protection methods are
constantly being refined and evaluated for their efficacy in real-world applications.
Intumescent coatings, for example, expand upon heating to form an insulating char
layer, while spray-applied fire-resistive materials provide a direct barrier against
heat. Concrete encasement offers substantial thermal mass and insulation. Each
method has its own set of advantages and limitations in terms of application, cost,
and performance under different fire conditions. The study of these passive pro-
tection systems is essential for informed decision-making in the design and con-
struction phases. Advanced fire modeling techniques, such as computational fluid
dynamics (CFD) and finite element analysis (FEA), play an increasingly vital role
in assessing and predicting the fire response of steel structures. These tools al-
low for detailed simulations of heat transfer and structural mechanics under fire
exposure. The application of these models is instrumental in optimizing structural
designs for enhanced fire safety. The importance of performance-based design

approaches cannot be overstated, as they enable the achievement of specific fire
resistance levels tailored to the unique needs of each building. This tailored ap-
proach ensures that fire safety measures are not only compliant but also appropri-
ately effective for the intended use and potential risks associated with a structure.
The continuous evolution of research in steel structures and fire safety highlights
the critical need for robust and adaptable solutions in an ever-changing construc-
tion landscape. The fundamental understanding of how steel behaves under ex-
treme thermal loads is continually being refined through extensive research and
experimental analysis. This knowledge forms the basis for developing and imple-
menting effective fire protection strategies. The exploration of various passive fire
protection methods, including intumescent coatings, spray-applied materials, and
concrete encasement, is a critical aspect of ensuring the safety of steel structures.
Each of these methods offers a unique approach to insulating steel elements and
prolonging their structural integrity during a fire. The effectiveness, application
processes, and inherent limitations of these protective systems are meticulously
studied to provide practical guidance for engineers and architects. Furthermore,
the integration of advanced fire modeling techniques into the design process has
significantly enhanced our ability to predict and manage the fire response of steel
structures. These sophisticated simulation tools allow for a more nuanced under-
standing of complex fire scenarios and their impact on structural performance. The
emphasis on performance-based design principles underscores a move towards
more adaptive and efficient fire safety solutions, moving away from rigid, prescrip-
tive standards. This approach allows for the optimization of fire resistance levels
based on the specific characteristics and intended use of a building, ensuring a
more targeted and effective safety strategy. The dynamic nature of fire science and
structural engineering necessitates ongoing research and development in this crit-
ical area of building safety. The mechanical properties of steel undergo significant
degradation when exposed to high temperatures, a phenomenon that necessitates
a deep understanding of its thermal-mechanical behavior. Reduced strength and
stiffness are critical considerations in the design of steel structures intended to
withstand fire incidents. The exploration of passive fire protection methods aims
to counteract these detrimental effects by creating a barrier between the steel and
the heat source. These methods are continuously being evaluated for their effi-
cacy and applicability in diverse construction scenarios. Advanced fire modeling
techniques, including computational fluid dynamics (CFD) and finite element anal-
ysis (FEA), are increasingly being employed to simulate and predict the complex
interactions between fire and steel structures. These sophisticated tools enable
engineers to conduct detailed analyses of structural performance under various
fire conditions. The adoption of performance-based design approaches is central
to modern fire safety engineering, allowing for the customization of fire resistance
requirements based on specific building characteristics and risk assessments.
This strategy promotes a more rational and efficient allocation of fire protection
resources. The continuous advancement of knowledge in this field is essential
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for improving the overall safety and resilience of the built environment. The fire
resistance of steel structures is a complex issue, influenced by numerous factors
including the type of steel, its geometry, and the severity of the fire. Understanding
the fundamental mechanisms by which steel loses its load-bearing capacity under
elevated temperatures is crucial for developing effective protection strategies. Re-
searchers are actively investigating and refining various passive fire protection
methods, such as intumescent coatings and concrete encasement, to enhance the
fire performance of steel elements. These methods are assessed based on their ef-
fectiveness, ease of application, and long-term durability. The role of advanced fire
modeling techniques is becoming increasingly prominent in the field of structural
fire engineering. Tools like finite element analysis (FEA) and computational fluid
dynamics (CFD) allow for detailed simulations of fire scenarios and their impact on
steel structures, enabling engineers to optimize designs for enhanced safety. The
paradigm shift towards performance-based design approaches allows for a more
tailored and efficient application of fire safety measures, ensuring that specific per-
formance objectives are met for different building types and occupancies. This ap-
proach fosters innovation and adaptability in fire safety engineering. The ongoing
pursuit of knowledge in this domain is vital for creating safer and more resilient built
environments for the future. The fire behavior of steel elements is characterized
by a significant reduction in their mechanical properties, such as yield strength
and modulus of elasticity, as temperatures rise. This degradation necessitates
the implementation of robust fire protection measures. A variety of passive fire
protection strategies are employed, including the application of intumescent coat-
ings, spray-applied fire-resistive materials, and concrete encasement, each with
its own set of benefits and drawbacks. The effectiveness and suitability of these
methods are continuously evaluated through experimental testing and simulations.
Advanced fire modeling techniques, such as CFD and FEA, are instrumental in pre-
dicting the thermal and structural response of steel structures under fire conditions.
These computational tools facilitate a deeper understanding of fire dynamics and
their impact on structural integrity. The adoption of performance-based design ap-
proaches allows for a more nuanced and optimized fire safety strategy, moving
beyond traditional prescriptive codes to achieve specific safety objectives tailored
to building use and risk. This flexible approach encourages innovation and allows
for more efficient use of resources in fire protection. The continuous research and
development in this area are critical for improving the safety and longevity of steel
structures. The structural integrity of steel elements under fire conditions is a sub-
ject of intense research and development, driven by the critical need to ensure
safety in buildings. The fundamental challenge lies in the material's susceptibility
to high temperatures, leading to a rapid decrease in strength and stiffness. This
necessitates the application of effective passive fire protection strategies. Various
methods, including intumescent coatings, spray-applied materials, and concrete
encasement, are employed to shield steel components from extreme heat, each
offering distinct advantages in terms of application and performance. The use
of advanced fire modeling techniques, such as finite element analysis and com-
putational fluid dynamics, has become indispensable for simulating complex fire
scenarios and predicting the response of steel structures. These tools enable en-
gineers to refine designs and assess performance more accurately. The growing
adoption of performance-based design approaches allows for the development of
customized fire safety solutions that are tailored to the specific risk profiles and
functional requirements of different buildings, promoting a more efficient and ef-
fective approach to fire protection. The ongoing advancements in this field are vi-
tal for enhancing the resilience of our built environment against fire hazards. The
study of steel structures’ fire resistance is a critical aspect of building safety en-
gineering, addressing the inherent vulnerability of steel to elevated temperatures.
When exposed to fire, steel experiences a significant loss of strength and stiffness,
which can lead to structural failure if not adequately protected. Various passive fire
protection methods are employed to mitigate these risks, including the application
of intumescent coatings, spray-applied fire-resistive materials, and concrete en-
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casement. The selection and application of these materials are based on their
effectiveness, durability, and compatibility with the structural design. Advanced
fire modeling techniques, such as computational fluid dynamics (CFD) and finite
element analysis (FEA), are increasingly utilized to simulate the complex thermal
and structural behavior of steel structures during fire events. These tools provide
valuable insights for optimizing structural design and ensuring adequate fire re-
sistance. The shift towards performance-based design approaches allows for a
more flexible and tailored approach to fire safety, where resistance levels are de-
termined based on specific performance objectives and risk assessments, leading
to more efficient and effective fire protection strategies. The continuous evolution
of research in this area is essential for improving the safety and resilience of mod-
ern buildings. The inherent vulnerability of steel to high temperatures, leading to a
reduction in its mechanical properties, makes the study of fire resistance in steel
structures a critical area of research. Effective passive fire protection strategies
are essential to maintain structural integrity during fire events. These strategies
include the application of intumescent coatings, spray-applied fire-resistive ma-
terials, and concrete encasement, each evaluated for its protective capabilities
and practical application. The use of advanced fire modeling techniques, such as
CFD and FEA, plays a pivotal role in predicting the behavior of steel structures
under fire conditions, aiding in the optimization of structural designs for improved
safety. Performance-based design approaches are gaining prominence, allowing
for the tailoring of fire resistance requirements to specific building needs and risks,
thereby ensuring more effective and efficient fire safety solutions. The ongoing
commitment to research in this field is vital for enhancing the safety and reliability
of steel structures in the built environment. The fire performance of steel struc-
tures is a subject of extensive research, focused on understanding and mitigating
the effects of high temperatures on steel's mechanical properties. Reductions in
strength and stiffness are primary concerns, necessitating robust fire protection
measures. A range of passive fire protection methods, including intumescent coat-
ings, spray-applied materials, and concrete encasement, are employed to enhance
the fire resistance of steel elements. These methods are evaluated for their effec-
tiveness, application suitability, and long-term durability. Advanced fire modeling
techniques, such as CFD and FEA, are crucial for simulating fire scenarios and
predicting structural response, enabling optimized designs for enhanced safety.
Performance-based design approaches offer a flexible framework for achieving
specific fire resistance goals tailored to building occupancy and risk, leading to
more efficient and effective fire safety strategies. The continuous advancement
of knowledge in this field is vital for improving the safety and resilience of steel
structures globally.

Description

The fundamental mechanisms governing the behavior of steel under fire condi-
tions, including the significant reduction in its strength and stiffness, are a central
focus of research in ensuring building safety. This understanding is crucial for
developing effective protective measures. Various passive fire protection meth-
ods are actively investigated and applied to enhance the fire resistance of steel
structures. These include intumescent coatings, which expand upon heating to
form an insulating char layer, thereby delaying heat transfer to the steel [1]. Spray-
applied fire-resistive materials (SFRM) offer another layer of protection by creating
adense, insulating barrier around steel elements, effectively slowing down temper-
ature rise during a fire [7]. Concrete encasement is a well-established method that
provides substantial thermal mass and insulation, significantly improving the fire
resistance of steel columns [4]. The study of composite steel-concrete beams also
examines the interaction between these materials under fire, considering factors
like bond degradation and thermal expansion to assess their load-carrying capac-
ity and deflection during fire events [3]. Hollow structural sections (HSS) made



Sharma P.

J Steel Struct Constr, Volume 113, 2025

of steel are also subject to fire performance analysis, with research exploring the
impact of filling materials such as concrete or water to enhance their fire resis-
tance [6]. The durability and long-term performance of these protective coatings,
particularly intumescent coatings, are continuously assessed under various envi-
ronmental exposure conditions to ensure sustained fire protection over time, with
recommendations for maintenance and reapplication strategies [2]. Advanced fire
modeling techniques, such as Computational Fluid Dynamics (CFD) and Finite
Element Analysis (FEA), are increasingly employed to predict the fire response
of steel structures with greater accuracy. These tools integrate material models,
heat transfer analysis, and structural mechanics to simulate complex fire scenar-
ios, aiding in performance-based fire design [5]. The mechanical properties of
different steel grades at elevated temperatures are also extensively studied, pro-
viding essential data on tensile strength, yield strength, and elastic modulus for
accurate material modeling in fire simulations [10]. The fire behavior of steel con-
nections, critical points in any structure, is another area of focus, investigating
their thermal response and mechanical degradation under fire conditions through
computational tools and experimental data [8]. The principles and applications of
performance-based fire design for steel structures are outlined, emphasizing the
use of advanced simulations and structural analysis to verify the structure’s ability
to maintain load-bearing capacity during a fire event [9]. This comprehensive ap-
proach ensures that fire safety measures are tailored to specific building risks and
performance objectives. The evaluation of concrete encasement thicknesses and
strengths for steel columns provides essential data for specifying appropriate solu-
tions to achieve desired fire resistance ratings [4]. The research into the fire perfor-
mance of composite steel-concrete beams contributes to a better understanding of
their structural integrity in fire scenarios [3]. The ongoing investigation into the fire
resistance of hollow structural steel sections, including studies on filling materials,
aims to provide validated methodologies for designing fire-resistant HSS [6]. The
performance of spray-applied fire-resistive materials is assessed through applica-
tion methods, bond strength, and durability studies, offering recommendations for
optimal application and quality control [7]. The comprehensive analysis of steel
connections’ fire behavior provides valuable insights for connection design in fire-
affected scenarios [8]. The principles and applications of performance-based fire
design enable the development of tailored fire safety solutions based on specific
building risks [9]. The study of mechanical properties of structural steel at elevated
temperatures is crucial for accurate material modeling and selection [10]. The
durability and long-term performance of intumescent coatings are vital for ensuring
sustained fire protection, with research providing recommendations for inspection
and maintenance [2]. The integration of advanced fire modeling techniques is key
to optimizing structural design for fire safety [5]. The fundamental mechanisms of
steel behavior under fire, including reduced strength and stiffness, are continuously
studied to inform protection strategies [1]. The effectiveness of passive fire protec-
tion methods like concrete encasement is evaluated through large-scale testing to
quantify their influence on residual load-bearing capacity [4]. The fire behavior of
composite steel-concrete beams is examined through experimental and numerical
investigations to assess load-carrying capacity and deflection during fire events
[3]. Research on the fire resistance of hollow structural steel sections explores the
impact of different filling materials on enhancing fire performance [6]. The per-
formance of spray-applied fire-resistive materials is evaluated for their application
methods, bond strength, and durability to ensure effective fire protection [7]. The
study of steel connections’ fire behavior provides insights into failure mechanisms
and residual capacity [8]. Performance-based fire design principles and applica-
tions allow for tailored fire safety solutions based on building occupancy and risk
[9]. The mechanical properties of structural steel at elevated temperatures are
critical for material modeling and selection in fire-sensitive applications [10]. Ad-
vances in understanding steel structures’ fire resistance contribute to improved
safety measures and design practices [1]. The durability of intumescent coatings
is crucial for long-term fire protection of steel structures [2]. The fire performance of
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composite steel-concrete beams is investigated to understand the interaction be-
tween steel and concrete under fire [3]. The effectiveness of concrete encasement
for steel columns is evaluated through large-scale fire testing to determine resid-
ual load-bearing capacity [4]. Advanced fire modeling techniques are reviewed
for their role in predicting the fire response of steel structures [5]. The fire resis-
tance of hollow structural steel sections is studied with experimental and numer-
ical approaches [6]. The performance of spray-applied fire-resistive materials for
steel structures is examined through application methods and durability testing [7].
The fire behavior of steel connections is analyzed comprehensively to understand
failure mechanisms and residual capacity [8]. Performance-based fire design of
steel structures is discussed concerning principles and applications for achieving
specific fire resistance levels [9]. The mechanical properties of structural steel at
elevated temperatures are investigated to provide data for material modeling and
selection [10].

Conclusion

Research in steel structures’ fire resistance focuses on understanding steel's be-
havior under high temperatures, including reduced strength and stiffness. Passive
fire protection methods like intumescent coatings, spray-applied materials, and
concrete encasement are evaluated for their effectiveness and limitations. Ad-
vanced fire modeling techniques such as CFD and FEA are employed to predict fire
response and optimize structural designs. The study of composite steel-concrete
beams and hollow structural sections under fire conditions provides insights into
their structural integrity. Durability and long-term performance of protective ma-
terials are assessed, alongside recommendations for maintenance. Fire behavior
of steel connections is analyzed to understand failure mechanisms. Performance-
based design approaches tailor fire resistance to specific building risks, moving
beyond prescriptive standards. Research also investigates the mechanical proper-
ties of various steel grades at elevated temperatures and the impact of strain rates.
This ongoing work aims to enhance the fire safety and resilience of steel-framed
buildings.
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