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Abstract

The increasing complexity of modern buildings and infrastructure demands innovative approaches to fire safety,
particularly in structural materials. This review explores the latest advancements in fire-resistant materials and
passive fire protection systems, focusing on their application in steel, concrete, timber and composite structures.
Key topics include the performance of fire-resistant steels (FRS), intumescent coatings and nano-enhanced
materials under high-temperature conditions. We highlight case studies from densely populated urban centers
like Dhaka, where sustainable solutions are being integrated with fire resilience strategies. Challenges such as
material degradation, environmental impact and cost-effectiveness are critically analyzed, alongside emerging
trends like 3D-printed fire-resistant structures and bio-based flame retardants. By synthesizing global research
and practical implementations, this study provides actionable insights for engineers, architects and policymakers
to enhance fire safety in sustainable urban development.
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1 Introduction

Fire safety in structural design is crucial due to rapid urbanization and upward expansions in densely populated
cities like Dhaka. Fire incidents not only threaten lives but also cause severe economic and environmental losses.
Fire damages conventional materials such as concrete, steel, wood, and undergo significant deterioration which
eventually reducing their stiffness, strength and durability when exposed to elevated temperatures. The thermal
degradation of these materials can lead to buckling, spalling, and combustion, threatening structural stability and
occupant safety (Nguyen et al., 2023). The requirement for materials that are fire-resistant, cost-effective, and
sustainable is of the highest priority when it comes to developing countries like Bangladesh where economic
constraints limit the adoption of new technology, and therefore improved material performance and sustainable
construction practices are needed for fire resilience. Fire-resistant coatings and fire-retardant additives are key
passive fire-protection techniques for high-temperature [(Lucherini and Maluk, 2019), (Wang and Le, 2023)].

The objective of this study is to critically evaluate the fire performance of concrete, steel, timber, and composites
which are key structural materials under elevated temperatures. Additionally, it seeks to investigate recent
advancements that improve their fire resistance through sustainable methods such as the use of silica and
biomass additives, intumescent coatings, and natural fiber composites. This analysis focuses on the challenges
such as the deterioration of materials and the influence on the environment with a particular emphasis on
sustainable solutions that are customized to urban centers and to offer a global viewpoint on fire safety issues.
Potential solutions are discussed by integrating data from case studies carried out in highly populated urban areas
like Dhaka. Concrete stands out as the main building material of interest because of its cost-effectiveness,
availability and potential for enhancements in fire resistance. All of these factors are taken into consideration in
the context of Bangladesh's economic and infrastructure landscape.

2. Literature Review

2.1 Fire Safety Challenges in Structural Materials

Fire safety involves actions taken to ensure that materials maintain their structural integrity to prevent the spread
of fire and allow sufficient time for evacuation during fire emergencies. On the other hand, traditional materials
contend with substantial challenges. Concrete is one of the traditional materials that must face with significant
obstacles in spite of the fact that concrete is naturally resistant to fire (Yumkham et al., 2022). It is prone to
explosive spalling which compromises the structural integrity of the building when subjected to elevated
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temperatures,. The formation of pore pressure due to moisture evaporation leads to spalling which ultimately
results in cracking and a reduction in compressive strength.
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Figure 1. Spalling occurs due to the accumulation of pore pressure during a fire test (McNamee, 2013)

Figure 1 (McNamee, 2013) illustrates how this phenomenon results in surface cracking and a reduction in
compressive strength, ultimately compromising the overall integrity of structural elements. Concrete undergoes
explosive spalling when subjected to high temperatures due to the formation of internal pore pressure as moisture
evaporates. Compared to traditional aggregate, concrete utilizing carbonate aggregate showed lower heat transfer
while preserving the same thickness. The incorporation of carbon aggregate significantly improves the fire
resistance properties of concrete (Tufail et al., 2017) concrete. Table 1 provides a summary of the thermal
response of concrete across various temperature ranges.

Table 1. Effect of temperature on concrete properties (Yumkham et al., 2022)

Temperature Degree Celsius Effect in concrete
100 Simple Dilation
100-150 Evaporable water lost
150-500 Large change in density observed on above 300°C
400-500 Calcium hydroxide is decomposed
Ca(OH),------- > CaO+H,0

Steel loses a large amount of its strength over 600°C causing beams to sag and columns to buckle (Findik, 2022).
At temperatures exceeding 700°C, there is a noteworthy reduction in both yield and ultimate strength in steel.
The equations for scattering and linear reduction pertaining to yield and ultimate strength reductions across
different steel types are presented below as Eq. (1).
kyr =905 - T/ 690 ; structural steel
kyr =720 —T/ 470 ; reinforcing steel
kyr =700 — T/ 550 ; prestressing steel; (1); (Findik, 2022).

This results in the need for expensive fire protection measures such as intumescent coatings. These coatings
contribute to the overall cost of construction and may have an influence on the environment due to the chemical
compositions they contain. Reactive coatings have been thoroughly studied regarding the composition and ratios
of both primary components and supplementary additives that can be incorporated to enhance fire-retardant
effectiveness (Vakhitova et al., 2024).

Composite materials, including fiber-reinforced polymers (FRPs) which represents a significant advancement in
the realm of composite materials and other composites, have excellent strength-to-weight ratios; yet, they are
prone to heat breakdown and combustion which necessitates the use of specialist fire-retardant treatments [(Edah
et al., 2025), (V. K. R. Kodur et al., 2019)]. Timber is a sustainable material; yet, it is highly combustible, and
the use of timber in high-rise structures is restricted due to restrictions regarding fire safety (Ostman et al., 2017).
At temperatures of 300°C and above, the majority of the strength and hardness of wood is significantly
diminished.
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Figure 2. Changing of thermal conductivity of wood with temperature (Shea, 2004)

The thermal conductivity of timber decreases as temperature rises because of moisture loss and cell-wall
degradation. This relationship is illustrated in Figure 2 (Shea, 2004), which shows a noticeable decline in
mechanical strength over 300 °C. Structures generated through 3D printing, often composed of polymers,
encounter challenges in achieving uniform fire resistance because of the diverse properties of the materials
(Geoffroy et al., 2019).

2.2 Innovations in Fire Safety

Recent advancements in fire safety emphasize the improvement of material properties to endure high
temperatures while also considering sustainability and cost-effectiveness. The inclusion of additives such as
silica fume, fly ash, and biomass for instance, rice husk ash enhances the thermal stability of concrete and
minimizes spalling. Silica fume contributes to the enhancement of microstructure, leading to a reduction in
porosity and an improvement in fire resistance. A rise in silica fume content led to a decrease in the likelihood of
explosive spalling in the concrete specimens (Lubloy, 2011). Biomass-based concrete, such as that using rice
husk ash, offers a sustainable alternative by utilizing agricultural waste, therefore Rice husk ash (RHA) shows its
usefulness in industries that concentrate on the production of fire insulating materials (Umasabor & Okovido,
2018). Intumescent coatings create a protective char layer when exposed to high temperatures, effectively

insulating steel from heat.

Storage Application Eco-safety
No sedimentation or syneresis; No sag, running, blistering, peeling; Absence of chemical
no low-temperature reactions no special conditions required for substances prohibited for use in
between IFR components; drying and coating formation; the construction industry;
no growth of microorganisms application with a thicker single layer presence of smoke suppressant
inside the container (up to 1.5 mm) additives

Operational Fire-retardant

Preservation of fire-retardant ability of the coating
during the specified service life if the operating
conditions specified by the manufacturer in
technical documentation were complied with

Providing regulated classes of fire resistance,
which is determined and confirmed by fire tests
according to national legislations

Fig. 3. Schematic of intumescent-coating mechanism and required performance parameters (Vakhitova et al.,
2024).

Figure 3 (Vakhitova et al., 2024) illustrates that the effectiveness of intumescent coatings is contingent upon the
development of a stable, thermally insulating char layer which restricts heat transfer to the steel substrate when
exposed to fire. Composites reinforced with natural fibers, like flax or hemp combined with bio-based flame
retardants, present eco-friendly options compared to conventional FRPs. These materials effectively minimize
carbon footprints without compromising fire resistance.
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2.3 Sustainable Fire Safety: Urban Case Studies

High-rise buildings in Dhaka rely heavily on reinforced concrete due to its affordability and availability but
sustainable fire safety solutions prioritize recyclability, low-carbon materials, and local sourcing. Steel, while
effective requires expensive coatings, making it less viable for widespread adoption in developing countries.
Composite materials, although innovative but face challenges in scalability and cost. At present, innovative
construction materials are under development that aim to enhance performance in terms of weight, strength,
stiffness, ductility, and cost-effectiveness such as fiber-reinforced polymers (FRP), high performance steel.
These new materials are commonly utilized in high-rise buildings and exhibit superior performance at standard
temperatures, however, at elevated temperatures, most of these materials experience rapid degradation in
structural properties, resulting in reduced fire resistance (V. Kodur, 2014).

The Bangladesh Fire Service and Civil Defense (BFSCD) reported that approximately 285,000 fires occurred in
the nation between January 1999 and December 2020, resulting in an estimated financial loss of approximately
Tk 6900 crore. Nationwide, fires claimed the lives of 2308 people between 2004 and 2020 (Abrar et al., 2024).

A case study on Dhaka's high-risk commercial zones, including Elephant Road, Shimanto Square, New Market,
and Dhanmondi, show significant fire safety challenges due to high population density and substandard
compliance (Islam, 2025). Though fire safety provisions are spelled out in building codes but its implementation
has become challenging (V. Kodur et al., 2019). Adequate guidance about acceptable limitations for the
functional and performance dependability of new or existing fire protection systems are lacking in prescriptive
regulations for active fire prevention systems (Farugue, 2024).

3 Results and Analysis

3.1 Comparative Analysis of Structural Materials

The comparative behavior of key structural materials behavior at elevated temperatures shows significant
variations in fire performance shown in Table 1 and Figure 1. Conventional concrete maintains its structural
integrity at temperatures of approximately 1000 °C for a duration of one hour; however, it may experience
spalling with extended exposure. The inclusion of silica fume and rice-husk ash improves the pore structure,
leading to a decrease in vapor pressure and an increase in thermal stability (Lubloy, 2011); (Umasabor &
Okovido, 2018). Steel experiences a significant decline in yield strength once temperatures exceed 600 °C,
necessitating the use of intumescent coatings to preserve load-bearing capacity (Findik, 2022); (Vakhitova et al.,
2024). Timber presents sustainability benefits; however, it shows a significant reduction in mechanical properties
when temperatures exceed 300 °C due to pyrolysis and mass loss shown in Figure 2 (Shea, 2004). Consequently,
the flammability of timber restricts its application in tall buildings, especially in densely populated regions such
as Dhaka. Composite materials like fiber-reinforced polymers (FRPs) exhibit advantageous strength-to-weight
ratios; however, they experience significant thermal degradation without additional flame-retardant treatment
(Edah et al., 2025). Therefore, composites reinforced with natural fibers and bio-based flame retardants exhibit
potential; however, they demonstrate lower fire resistance compared to concrete and necessitate additional
development for use in high-rise applications. Although 3D-printed concrete represents a significant
advancement, it is not yet cost-effective for large-scale applications due to high equipment and material costs.

While the preceding discussion focuses on material-level performance, structural fire safety ultimately depends
on how these materials meet prescribed fire-resistance ratings for different building types. Fire-resistance design
standards classify structural components into performance groups based on occupancy, height, and risk level.
Each group requires a minimum duration of fire resistance to prevent premature collapse during fire exposure.
As outlined in Table 2, the suggested safety factors for fire resistance vary by performance group, with primary
structural elements in high-rise office buildings requiring at least 2.5 to 4.0 hours of fire resistance depending on
classification (e.g., 1.25 x 2 to 2.0 x 2). The recommended safety factors for different component types are
summarized below.

Table 2. Suggested safety factors for fire resistance of structural elements (Goode, 2004)

Components Performance Group
| I 11 v
Primary structural 1.0 1.25 15 2.0
Secondary structural 0.75 1.0 1.25 15
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Table 2 represents urban buildings due to higher fire severity and potential consequences of collapse are typically
categorized in higher performance groups, necessitating the use of advanced fire-resistant materials.

3.2 Challenges in Fire Safety Implementation and Sustainable Solutions

In the context of Dhaka, the factors of affordability and availability establish concrete as the most practical base
material for fire-resistant applications. Modified concretes incorporating industrial by-products and agricultural
wastes align with sustainable-construction goals by reducing embodied carbon. Steel structures continue to offer
significant benefits in applications demanding high strength and design flexibility; however, the cost of coatings
restricts their broader adoption. Natural-fiber composites sourced from jute or hemp offer promising eco-friendly
alternatives but their scalability and long-term fire durability necessitate additional investigation. Overall, the
analysis indicates that sustainable fire-resistant concretes and low-VOC intumescent coatings are the most viable
options for improving fire safety in developing urban environments.

4 Conclusion

The purpose of this review is to emphasize the crucial importance of cutting-edge fire-resistant materials that
enhance the structural safety of urban areas like Dhaka. The results demonstrate that the combination of concrete
with enhanced silica fume and biomass additives offers the most optimal solution regarding cost, sustainability,
and fire resistance. Steel demonstrates significant effectiveness when safeguarded with intumescent coatings;
however, its expense restricts broader implementation in developing areas. Composite and timber systems
exhibit potential with the incorporation of bio-based flame retardants; however, additional investigation is
necessary to confirm their stability under elevated temperatures. Case studies from Dhaka highlight the necessity
of tailoring fire-safety strategies to specific local contexts, with a strong focus on the utilization of sustainable,
low-carbon materials. Ultimately, enhancing fire safety in structural materials relies on the integration of
technological advancements with tailored context-specific economically feasible design solutions that promote
resilient and sustainable urban development.

5 Recommendations

In order to cut down on expenses and emissions the governments and developers of Bangladesh can focus on to
make investments in advanced materials incorporating in concrete for the construction of high-rise buildings.
Building codes in Bangladesh should mandate fire resistant materials. Universities and research institutions in
Bangladesh should collaborate on developing cost-effective, sustainable fire safety solutions tailored to urban
needs.(Goode, 2004)
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