Environmental Advancements in Building Science: Microbial Technologies, Composite
Structures, and Resource-Efficient Materials

This review article examines recent advancements in durable construction technologies, focusing
on three interconnected domains: microbial applications in construction materials, composite
beam structures with post-tensioning, and advanced modeling techniques. The paper synthesizes
findings from over 40 recent studies to provide a comprehensive overview of current research
trends, methodological approaches, and practical applications. Key findings highlight the
significant improvements in material properties achieved through microbial-induced calcium
carbonate precipitation (MICP), with strength increases of up to 80% reported in some studies.
The enhanced structural performance of composite beams with external post-tensioning
demonstrates load capacity increases of 40-55% for draped tendon configurations, while the degree
of shear connection significantly influences overall performance. Advanced modeling techniques,
including spatial grillage models and phase field approaches, offer increasingly accurate
predictions of structural behavior across multiple scales. The integration of these technologies
offers promising pathways toward more durable, durable, and efficient construction practices. This
review identifies research gaps and suggests future directions for advancing durable construction
technologies, emphasizing the need for interdisciplinary approaches that combine biological,
structural, and computational innovations.
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1. Introduction

The construction industry faces unprecedented challenges in the 21% century, including the need
to reduce environmental impact, enhance structural performance, and extend infrastructure
lifespan while maintaining economic viability. These challenges have driven significant research
and innovation across multiple domains of construction technology. This review article examines
three interconnected areas that show particular promise for advancing durable construction
practices: microbial applications in construction materials, composite beam structures with post-
tensioning, and advanced modeling techniques for predicting structural behavior.

The environmental impact of conventional construction materials, particularly Portland cement,
has become a critical concern. Cement production alone accounts for approximately 8% of global
CO2 emissions[1-3]. This has spurred interest in alternative approaches that can reduce the carbon
footprint of construction while maintaining or improving material performance. Microbial-induced
calcium carbonate precipitation (MICP) has emerged as a promising biotechnological approach
that harnesses natural biological processes to enhance construction materials[4,5]. The application
of microorganisms in concrete not only offers potential environmental benefits but also introduces
self-healing capabilities that can significantly extend service life and reduce maintenance
requirements [6].



Simultaneously, advances in structural engineering have led to the development of increasingly
efficient composite systems. Steel-concrete composite beams with external post-tensioning
represent a sophisticated approach to structural design that maximizes material efficiency and
load-carrying capacity [7,8]. These systems are particularly valuable for rehabilitation and
strengthening of existing structures, offering significant performance improvements without the
need for complete replacement [8]. The degree of shear connection between steel and concrete
components has been identified as a critical factor influencing the effectiveness of these systems
[9].

The complexity of modern construction materials and structural systems necessitates advanced
computational approaches for accurate prediction of behavior. Traditional analytical methods often
fail to capture the multifaceted nature of innovative construction technologies, particularly when
dealing with nonlinear behavior, material heterogeneity, and complex failure mechanisms [10].
Recent advances in modeling techniques, including spatial grillage models, phase field
approaches, and multi-scale modeling, offer increasingly sophisticated tools for simulating
structural performance across different scales and loading conditions [11][12] .

While these three domains—microbial applications, composite structures, and modeling
techniques—have typically been studied in isolation, their integration offers particularly promising
pathways toward more durable and resilient construction practices. This review aims to synthesize
current knowledge across these domains, identify synergies and research gaps, and suggest future
directions for advancing durable construction technologies.

The scope of this review encompasses:

1-The fundamental mechanisms, applications, and performance characteristics of microbial-
induced calcium carbonate precipitation in construction materials

2-The design principles, behavior, and strengthening effects of composite beams with external
post-tensioning under various loading conditions

3-The theoretical foundations, capabilities, and limitations of advanced modeling techniques for
predicting structural behavior

4-The potential integration of these technologies to address contemporary challenges in durable
construction

By examining these interconnected domains, this review provides a comprehensive overview of
current research trends, methodological approaches, and practical applications. The synthesis of
findings from recent studies offers valuable insights for researchers, practitioners, and
policymakers working toward more durable construction practices.

2. Microbial Applications in Construction

2.1 Microbial-Induced Calcium Carbonate Precipitation (MICP)

Microbial-induced calcium carbonate precipitation (MICP) represents a groundbreaking
approach to enhancing construction materials through biological processes. This section
examines the fundamental mechanisms, microorganisms involved, and key processes that enable
MICP applications in construction.

2.1.1 Fundamental Mechanisms and Processes



MICP is a biochemical process in which microorganisms facilitate the formation of calcium
carbonate (CaCO:s) crystals through their metabolic activities. The process occurs naturally in
various environments but has been harnessed for engineering applications in recent decades
[13,14]. The precipitation of calcium carbonate occurs when calcium ions combine with
carbonate ions in an alkaline environment, forming solid calcium carbonate crystals that can bind
particles together, fill pores, or heal cracks in construction materials [15-17].

Several metabolic pathways can lead to MICP, with urea hydrolysis being the most widely
studied and applied in construction contexts[18]. In this pathway, microorganisms produce the
enzyme urease, which catalyzes the hydrolysis of urea (CO(NH2):) into ammonia (NHs) and
carbon dioxide (CO2). The ammonia increases the pH of the surrounding environment, while the
carbon dioxide forms carbonate ions (COs?) in water. In the presence of calcium ions (Ca?"),
these carbonate ions precipitate as calcium carbonate [19,20]. Other metabolic pathways that can
lead to MICP include denitrification, sulfate reduction, and photosynthesis [12,21].

2.1.2 Types of Microorganisms Used in MICP

A diverse range of microorganisms has been investigated for MICP applications in construction,
with bacteria of the genus Bacillus being the most commonly employed due to their robust
nature and efficient urease production [22]. Table 1 summarizes the key microorganisms used in
MICP applications, their optimal growth conditions, and primary mechanisms of action.
Bacillus subtilis, extensively studied by Ahmed et al. [23], demonstrates remarkable calcium
carbonate precipitation capabilities in concrete environments. These bacteria can survive in the
highly alkaline conditions of concrete (pH 9-11) and can form endospores that remain viable for
extended periods under harsh conditions. Bacillus sphaericus, another widely used species, has
shown particularly promising results when combined with steel fibers, as demonstrated by Helal
et al.[15].

Sporosarcina pasteurii (formerly known as Bacillus pasteurii) is noted for its exceptionally high
urease activity and has been successfully applied in both bio-cement production and soil
stabilization. Fungi such as Aspergillus fumigatus have also shown potential for MICP, operating
through different metabolic pathways that involve organic acid production.

2.1.3 Biomineralization Processes

The formation of calcium carbonate through MICP involves three distinct biomineralization
processes: Biologically Controlled Mineralization (BCM), Biologically Induced Mineralization
(BIM), and Biologically Mediated Mineralization (BMM).

In BCM, microorganisms exert genetic control over the nucleation, growth, and morphology of
the mineral crystals, often producing minerals with specific crystalline structures and orientations
[28]. This process typically occurs within specialized cellular compartments and results in highly
ordered mineral formations.

BIM, the most common process in construction applications, occurs as a byproduct of microbial
metabolic activities that alter the local microenvironment, creating conditions favorable for
mineral precipitation[24]. Unlike BCM, the microorganisms have limited control over the
crystallization process, resulting in more random mineral formations.



BMM represents an intermediate process where microorganisms provide nucleation sites for
mineral formation on their cell surfaces or extracellular polymeric substances (EPS) [25]. This
process can lead to more controlled precipitation than BIM while requiring less specialized
cellular machinery than BCM.

The role of enzymes, particularly urease and carbonic anhydrase, is crucial in these
biomineralization processes. Urease catalyzes the hydrolysis of urea, while carbonic anhydrase
accelerates the conversion of carbon dioxide to carbonate ions. The efficiency of these enzymes
significantly influences the rate and extent of calcium carbonate precipitation, making them key
targets for optimization in MICP applications.

Figure 1 illustrates the MICP mechanism in self-healing concrete, showing the sequence of water
ingress, bacterial activation, calcium carbonate precipitation, and crack healing. This process
forms the foundation for various applications of microbial technologies in construction materials,
as discussed in the following sections.
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Figure 1. Working principle of microbial concrete [26] .

2.2 Bio-concrete and Bio-cement

Bio-concrete and bio-cement represent innovative construction materials that incorporate
microorganisms to enhance performance characteristics through MICP. These materials offer
potential advantages in terms of strength, durability, and environmental impact compared to
conventional concrete and cement.

2.2.1 Production Methods and Techniques

The production of bio-concrete typically involves incorporating bacterial spores, along with
nutrients and a calcium source, into the concrete mix during casting[5,27]. Several approaches
have been developed for introducing microorganisms into concrete:

Direct addition: Bacterial spores are added directly to the concrete mix, along with nutrients such
as yeast extract, peptone, and calcium sources like calcium lactate or calcium nitrate [2,5].
Immobilization in protective carriers: To enhance bacterial survival in the harsh concrete
environment, microorganisms can be immobilized in protective carriers such as hydrogels,
expanded clay particles, or diatomaceous earth before addition to the concrete mix.

Surface treatment: Bacterial solutions can be applied to the surface of existing concrete structures,
allowing the microorganisms to penetrate and precipitate calcium carbonate within the pore
structure.



Bio-cement production involves cultivating ureolytic bacteria in nutrient-rich media, followed by
the addition of urea and calcium sources to initiate MICP. The resulting calcium carbonate can be
used as a binding agent, either as a partial replacement for Portland cement or as a standalone
material for specific applications such as soil stabilization or crack repair [28,29].

2.2.3 Comparison with Conventional Concrete

When compared to conventional concrete, bio-concrete offers several advantages and some
limitations:

Advantages:

1-Enhanced mechanical properties, particularly tensile and flexural strength

2-Improved durability and reduced permeability

3-Self-healing capabilities that can extend service life

4-Potential reduction in carbon footprint through partial cement replacement

5-Reduced maintenance requirements and associated costs

Limitations:

1-Higher initial cost due to bacterial cultivation and nutrient requirements

2-Sensitivity to environmental conditions that may affect bacterial viability

3-Variability in performance depending on bacterial species and concentration

4-Limited long-term performance data in real-world applications

5-Challenges in quality control and standardization

The environmental benefits of bio-concrete and bio-cement are particularly noteworthy in the
context of durable construction. By enabling partial replacement of Portland cement, these
materials can reduce the carbon footprint of concrete production. Additionally, the extended
service life and reduced maintenance requirements contribute to overall long-term performance by
decreasing the need for repairs and reconstruction.

3. Composite Beam Structures and Post-Tensioning

3.1 Fundamentals of Composite Beam Design

Composite beam structures, particularly those combining steel and concrete, represent a
sophisticated approach to structural engineering that optimizes the properties of different
materials to achieve superior performance. This section examines the fundamental principles,
mechanisms, and design considerations for composite beam systems.

3.1.1 Steel-Concrete Composite Systems

Steel-concrete composite beams typically consist of a steel section (commonly an I-beam)
connected to a concrete slab to form a unified structural element [30,31] This configuration
capitalizes on the complementary properties of the two materials: concrete's excellent compression
resistance and steel's superior tensile strength [32]. When properly designed, composite action
between these materials results in a system that outperforms the sum of its individual components.
The primary advantages of steel-concrete composite systems include:

Increased stiffness and load-carrying capacity compared to non-composite alternatives and
reduced deflection under service loads. Decreased steel section depth for the same span and
loading conditions



Also, improved fire resistance compared to bare steel structures and enhanced vibration damping
characteristics

These advantages make composite beams particularly suitable for applications requiring long
spans, high load-carrying capacity, and minimal structural depth, such as office buildings, parking
structures, and bridges[33].

Current investigations are centered on implementing cutting-edge materials and methodologies to
improve the fatigue durability and robustness of bridge elements, with particular emphasis on
connection points. A notable strategy involves utilizing shape memory alloys (SMAs) within
various components such as bolts [34—36], shear connectors, tendons, and other structural elements
[37]. These alloys offer exceptional superelastic and self-repairing characteristics that help
mitigate damage caused by fatigue. Furthermore, progress in advanced construction materials,
including ultra-high-performance concrete (UHPC) and fiber-reinforced polymers (FRPs), extends
bridge infrastructure lifespan by enhancing energy absorption and resistance to cracking. When
combined with sophisticated analytical frameworks, these innovative approaches play a crucial
role in creating bridge systems that are more enduring and environmentally durable, capable of
enduring extended periods of cyclical loading stress.

3.1.2 Shear Connection Mechanisms and Degrees of Connection

The effectiveness of composite action depends critically on the transfer of longitudinal shear forces
between the steel beam and concrete slab. This transfer is achieved through shear connectors,
which prevent slip at the steel-concrete interface and ensure that the two components act as a single
structural unit [38].

Several types of shear connectors are commonly used in composite construction:

1-Headed stud connectors: The most widely used type, consisting of steel studs with enlarged
heads welded to the top flange of the steel beam.

2-Channel connectors: Steel channels welded to the beam flange with their webs perpendicular to
the beam axis.

3-Perfobond connectors: Perforated steel plates that allow concrete to flow through the holes,
creating a mechanical interlock.

4-Angle connectors: L-shaped steel sections welded to the beam flange

The degree of shear connection (DOSC) is a critical parameter in composite beam design, defined
as the ratio of the provided shear connector capacity to the capacity required for full composite
action [56]. DOSC can range from 0% (no composite action) to 100% (full composite action), with
intermediate values representing partial shear connection.

3.1.3 Partial vs. Full Shear Connection

While full shear connection (DOSC = 100%) maximizes composite action and structural
efficiency, partial shear connection (DOSC < 100%) is often employed for practical and economic
reasons. The effects of varying degrees of shear connection on composite beam performance have
been extensively studied, as illustrated in Figure 2.

Hassanin et al. [7,39-41] demonstrated that increasing DOSC from 40% to 100% resulted in a
46% increase in load capacity and a 22.5% reduction in maximum deflection. Similarly, Hassanin
et al. [58] reported that increasing DOSC from 30% to 100% led to a 35-50% improvement in load
capacity and a 20-25% reduction in deflection.



The relationship between DOSC and structural performance is generally nonlinear, with
diminishing returns as DOSC approaches 100%. This nonlinearity has important implications for
design optimization, as it suggests that an intermediate DOSC (typically 70-80%) may offer the
most cost-effective solution in many applications[42].
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Figure 2. a) Non-Composite b) Fully-Composite c) Partially-Composite [43]

Factors influencing the selection of appropriate DOSC include:

1-Span length and loading conditions

2-Construction constraints and cost considerations

3-Serviceability requirements (deflection, vibration)

4-Fatigue considerations in cyclically loaded structures

Availability of welding equipment and skilled labor

3.1.4 Failure Modes and Design Considerations

Composite beams can exhibit various failure modes depending on their configuration, loading
conditions, and degree of shear connection. Understanding these failure mechanisms is essential
for safe and efficient design. Common failure modes include:

1-Flexural failure: Yielding of the steel section in tension followed by crushing of the concrete in
compression

2-Shear connector failure: Fracture or excessive deformation of shear connectors

3-Longitudinal shear failure: Cracking of the concrete slab due to excessive horizontal shear
4-Local buckling: Instability of the steel section, particularly in the compression flange or web
5-Lateral-torsional buckling: Global instability of the beam due to insufficient lateral bracing
The degree of shear connection significantly influences the failure mode. Beams with low DOSC
typically fail due to excessive slip and shear connector failure, while those with high DOSC are
more likely to exhibit conventional flexural failure [9,44-46].

Design considerations for composite beams include:



1-Appropriate sizing of the steel section and concrete slab

2-Selection and spacing of shear connectors to achieve the desired DOSC

3-Provision of adequate lateral bracing to prevent instability

4-Consideration of construction sequence and temporary loading conditions

5-Detailing for durability and fire resistance

6-Accommaodation of differential thermal expansion between steel and concrete

These considerations are addressed in various design codes and standards, including AISC 360,
Eurocode 4, and AS/NZS 2327, which provide specific guidelines for the design and construction
of composite beam systems [47].

4. Cold-Formed Steel Trusses: Advancing Durable Construction Through Self-Screwed
Connections

The construction industry's growing emphasis on durability has led to significant innovations in
structural systems and materials. Among these advancements, cold-formed steel (CFS) trusses
with self-drilling screw connections have emerged as a promising alternative to traditional hot-
rolled steel structures.

4.1 Manufacturing Process and Environmental Impact

Cold-formed steel sections differ fundamentally from hot-rolled steel in their manufacturing
process. While hot-rolled steel sections are formed from steel billets at extremely high
temperatures, CFS structural members are manufactured by bending flat steel coils at ambient
temperature into the required shapes [48]. This temperature difference in production translates to
significant environmental benefits. Research indicates that CFS structures for 18 m and 24 m span
single-story buildings can result in up to 30% less embodied carbon than equivalent hot-rolled
steel structures. This reduction in carbon footprint aligns with the construction industry's urgent
need to minimize environmental impact, particularly considering that cement production alone
accounts for approximately 8% of global CO: emissions.

The durability advantages of CFS extend beyond manufacturing. Cold-formed steel offers
excellent thermal design capabilities, yields minimal waste during fabrication and installation, and
provides exceptional durability. Perhaps most importantly, CFS is 100% recyclable and can be
reused in future construction projects, creating a closed-loop material cycle that reduces resource
consumption. This infinite recyclability, combined with the material's long service life, makes CFS
an environmentally responsible choice for modern construction projects seeking to minimize
lifecycle environmental impact. Connection methods play a crucial role in the structural
performance and durability of steel construction systems. The discrete nature of screw
connections, compared to continuous welds in hot-rolled steel, can reduce thermal bridging in the
building envelope, contributing to improved energy efficiency. For these reasons, extensive
research efforts have been dedicated to studying CFS roof trusses [48] and their self-screwed
connections [49,50], which are used to assemble and facilitate the interaction between members in
both regular as shown in Figure 3 and irregular CFS roof truss configurations.
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Figure 3. Cold-formed steel truss system in a multi-story commercial building, sho'wcasing the

lightweight and efficient structural framework.

4.2 Structural Efficiency and Performance Benefits

Cold-formed steel trusses offer several performance advantages that contribute to their growing
adoption in durable construction. The high strength-to-weight ratio of CFS—among the highest of
any construction material—allows for efficient material use while maintaining structural integrity.
According to the Steel Framing Industry Association (SFIA), C-shape CFS studs have exceptional
strength relative to their weight, as the bends in the formed steel act as stiffeners that dramatically
increase the material's strength.

The dimensional stability of CFS provides additional benefits for durable construction. Unlike
organic materials, CFS will not warp, split, crack, or rot, resulting in more precise construction
and reduced material waste. This stability also contributes to the material's durability, with
properly installed and insulated CFS structures capable of lasting for hundreds of years with
minimal maintenance requirements. The combination of strength, stability, and longevity makes
CFS trusses particularly valuable for durable construction projects that prioritize resource
efficiency and building longevity.

4.3 Future Directions and Integration with Other Durable Technologies

The evolution of CFS truss systems continues to advance durable construction practices. Current
research focuses on optimizing connection designs, improving fire resistance, and enhancing the
integration of CFS trusses with other durable building technologies. The combination of CFS
structural systems with microbial-induced calcium carbonate precipitation (MICP) for self-healing
capabilities, as discussed in previous sections, represents a promising direction for further
enhancing the durability and durability of construction systems.

Additionally, the development of advanced modeling techniques, such as spatial grillage models
and phase field approaches, enables more accurate prediction of CFS truss behavior under various
loading conditions. These computational advancements facilitate more efficient material use and
structural optimization, further reducing the environmental impact of construction projects.



5. Laminated Glass with Polymer Interlayers: Enhancing Durability in Modern
Construction

The evolution of durable construction practices has led to significant innovations in building
materials, with laminated glass emerging as a key component in eco-friendly architectural design.
This section examines the composition, performance characteristics, and environmental benefits
of laminated glass with polymer interlayers, highlighting its contribution to green building
initiatives and durable construction practices.

5.1 Composition and Manufacturing Process

Laminated glass is a composite material consisting of two or more glass panels permanently
bonded to one or more polymer interlayers using heat and pressure. The chemical bond occurs
due to the union between hydroxyl groups in the polymer and silanol groups in the glass [51].
This bonding process creates a material that combines the transparency of glass with enhanced
mechanical properties, safety features, and environmental performance [52].

The polymer interlayers used in laminated glass can be categorized into several types, each
offering specific performance characteristics:

1. Polyvinyl Butyral (PVB): The most widely used interlayer material, PVB offers
excellent adhesion to glass, optical clarity, and UV filtering properties. It remains the
standard for most architectural applications due to its balanced performance and cost-
effectiveness.

2. Ethylene-Vinyl Acetate (EVA): Provides superior clarity and UV resistance, making it
particularly valuable for applications where preservation of interior materials is essential.

3. lonomer Interlayers: These advanced polymers (e.g., SentryGlas) offer significantly
higher stiffness and post-breakage strength than traditional PVB, allowing for thinner,
lighter glass assemblies with equivalent performance.

4. Thermoplastic Polyurethane (TPU): Combines excellent optical properties with
superior tear resistance and elasticity, making it suitable for applications requiring high
impact resistance.

The manufacturing process for laminated glass involves careful cleaning of the glass panels,
precise positioning of the interlayer material, and application of heat and pressure in an
autoclave. This process ensures complete adhesion between the glass and polymer layers,
creating a unified composite material with enhanced performance characteristics.

5.1.1 Environmental Benefits and Energy Efficiency

Laminated glass with polymer interlayers contributes significantly to durable construction
through several key mechanisms:

Thermal Performance and Energy Conservation

The polymer interlayer in laminated glass functions as a thermal barrier, reducing heat transfer
between interior and exterior environments. This thermal efficiency helps maintain comfortable
indoor temperatures, reducing the energy demands for heating and cooling systems. When
combined with low-emissivity (Low-E) coatings, laminated glass can further enhance its thermal
performance, contributing to overall building energy efficiency.



Research indicates that buildings incorporating properly designed laminated glass can achieve
energy savings of 15-30% compared to those using conventional glazing systems. This reduction
in energy consumption directly translates to lower operational carbon emissions throughout the
building's lifecycle, supporting broader durability goals in the construction industry.

5.1.2 Solar Control and UV Protection

Polymer interlayers can be engineered to filter up to 99% of harmful ultraviolet (UV) radiation
while maintaining visible light transmission. This UV-blocking capability serves multiple
durability functions:

1. Extended Material Lifespan: By preventing UV damage to interior furnishings,
flooring, and artwork, laminated glass reduces the frequency of replacement and
associated resource consumption.

2. Reduced Cooling Loads: Selective filtering of solar radiation helps manage heat gain,
decreasing the energy required for cooling in warm climates or during summer months.

3. Occupant Health Protection: Blocking harmful UV radiation contributes to healthier
indoor environments, aligning with the holistic approach to durability that considers both
environmental impact and human well-being.

5.1.3 Acoustic Performance and Urban Durability

The viscoelastic properties of polymer interlayers, particularly PVB, provide excellent sound
attenuation capabilities. Laminated glass can reduce sound transmission by 3-5 decibels
compared to monolithic glass of the same thickness. This acoustic performance is particularly
valuable in urban environments, where noise pollution represents a significant challenge to
durable development.

By creating quieter interior spaces, laminated glass supports higher-density urban living—a key
strategy for reducing transportation-related carbon emissions and preserving undeveloped land.
The acoustic benefits of laminated glass thus contribute to broader durability goals beyond the
immediate building envelope.

5.2 Integration with Durable Building Systems

Laminated glass with polymer interlayers complements other durable construction technologies,
creating synergistic benefits when integrated into comprehensive green building designs:

5.2.1 Daylighting Strategies

The safety characteristics of laminated glass enable larger glazed areas and innovative designs
such as glass floors, bridges, and skylights. These applications maximize natural daylight
penetration, reducing reliance on artificial lighting and associated energy consumption. Studies
indicate that effective daylighting strategies incorporating laminated glass can reduce lighting
energy use by 40-60% in commercial buildings.

5.2.2 Structural Efficiency and Material Reduction

Advanced polymer interlayers, particularly ionomer-based products, provide enhanced post-
breakage strength and stiffness. This allows for thinner glass assemblies that maintain required
performance standards while reducing material consumption. The resulting lightweight structures
require less supporting framework and foundation material, further decreasing the embodied
carbon of the building.

5.2.3 Compatibility with Renewable Energy Systems



Laminated glass can be integrated with photovoltaic (PV) cells to create building-integrated
photovoltaic (BIPV) systems. These multifunctional assemblies serve as both building envelope
components and renewable energy generators. The polymer interlayer provides the necessary
adhesion and encapsulation for the PV cells while maintaining the structural and safety benefits of
laminated glass.
5.2.4 Contribution to Green Building Certification
Laminated glass with polymer interlayers can contribute significantly to achieving points in major
green building rating systems, including Leadership in Energy and Environmental Design (LEED),
BREEAM, and Green Star. Specific contributions include:
1. Energy and Atmosphere Credits: Through enhanced thermal performance and reduced
HVAC loads.
2. Materials and Resources Credits: When incorporating recycled content or regionally
sourced materials.
3. Indoor Environmental Quality Credits: By providing natural daylight, views, and
acoustic comfort.
4. Innovation Credits: When used in novel applications that demonstrate exceptional
environmental performance.
The alignment between laminated glass performance characteristics and green building
certification requirements makes it an increasingly popular choice for projects targeting high
durability ratings.

5.3 Future Directions and Research Opportunities
The development of laminated glass with polymer interlayers continues to advance, with several
promising research directions that may further enhance its durability profile:

1. Bio-based Polymer Interlayers: Research into interlayers derived from renewable
resources rather than petroleum-based feedstocks could significantly reduce the embodied
carbon of laminated glass.

2. Enhanced Recycling Processes: Developing more efficient methods for separating glass
from polymer interlayers at end-of-life would improve the circular economy potential of
laminated glass.

3. Smart Glazing Integration: Combining laminated glass with electrochromic or
thermochromic technologies could create dynamic glazing systems that automatically
adjust to changing environmental conditions, further optimizing energy performance.

4. Structural Applications: Ongoing research into the load-bearing capacity of laminated
glass with high-performance interlayers may expand its use in primary structural elements,
potentially replacing more carbon-intensive materials like steel and concrete in certain
applications.

6. Conclusion

This comprehensive review has examined the intersection of three innovative domains in durable
construction technology: microbial applications in construction materials, composite beam
structures with post-tensioning, and advanced modeling techniques. Through detailed analysis of



the literature, comparison of performance metrics, and critical evaluation of methodologies,
several important conclusions can be drawn.

The application of microbial-induced calcium carbonate precipitation (MICP) in construction
materials has demonstrated significant potential for enhancing both mechanical properties and
durability. Experimental evidence indicates compressive strength improvements of up to 47%
and tensile strength increases of up to 80% with optimal bacterial concentrations, particularly
when using Bacillus sphaericus species. The self-healing capability provided by these biological
systems offers a promising approach to addressing the durability challenges that plague
conventional concrete structures, potentially extending service life and reducing maintenance
requirements.

Composite beam structures with external post-tensioning represent a well-established technology
that continues to evolve through refinement and optimization. The degree of shear connection
(DOSC) has been identified as a critical parameter influencing performance, with quantitative
analysis showing load capacity improvements of 32.5-46% when transitioning from partial to full
shear connection. The configuration of post-tensioning tendons significantly affects performance,
with draped tendons providing 40-55% load capacity increase compared to 25-35% for straight
tendons. These findings provide valuable guidance for optimizing composite structural systems
for specific applications and requirements.

cold-formed steel trusses with self-drilling screw connections offer a compelling alternative to
traditional hot-rolled steel structures for durable construction. Their reduced embodied carbon,
excellent strength-to-weight ratio, infinite recyclability, and efficient connection methods
contribute significantly to green building objectives. As the construction industry continues to
prioritize environmental responsibility, CFS trusses are positioned to play an increasingly
important role in creating more durable, durable, and resource-efficient buildings.

Laminated glass with polymer interlayers represents a significant advancement in durable
construction materials. Its unique combination of safety, energy efficiency, acoustic performance,
and design flexibility makes it an ideal component in green building designs. As the construction
industry continues to prioritize environmental responsibility and energy efficiency, laminated
glass with polymer interlayers is positioned to play an increasingly important role in creating more
durable, resilient, and comfortable built environments.

The integration of laminated glass with other durable technologies, such as the cold-formed steel
trusses discussed in the previous section, demonstrates the potential for comprehensive approaches
to green construction that address both structural efficiency and building envelope performance.
By combining these innovative materials and systems, the construction industry can make
significant progress toward reducing its environmental footprint while creating buildings that
better serve both occupants and the planet.
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