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Abstract: Green infrastructure that minimizes environmental impacts, enhances resource utilization, and promotes
long-term social and economic development is made possible by sustainable structural engineering and construction
management. The construction industry uses vast amounts of raw materials, energy, water and land and contributes
to carbon emissions, waste and degradation in the environment. Hence, the infrastructure development in the
modern world demands sustainable plans, eco-friendly materials, efficient structure design, green construction
methods, and life-cycle management. Sustainable structural engineering is about the creation of safe, resource
efficient, resilient, long lasting and low carbon structures through optimized structural systems, low carbon
materials, recycled materials and energy efficient design. Construction management is crucial in the implementation
of sustainability in a project, from project planning and cost control to waste reduction, site management, digital
monitoring, green procurement, safety management, and stakeholder coordination. This paper will discuss the
approaches that can be taken for the integration of sustainable structural engineering and construction management
in green infrastructure development. The study underscores the need for the implementation of low carbon concrete,
use of recycled aggregates, optimization of steel use, modular construction, BIM, LCA, lean construction, waste
management, integration of renewable energy and design for climate resilience. The paper also highlights a number
of barriers, including the high upfront cost, lack of awareness, limited technical expertise, weak policy
implementation and measuring sustainability performance. Finally, the review has identified that only a multifaceted
approach — combining engineering design, construction management, environmental assessment, policy support, and
technological innovation — can lead to sustainable infrastructure.

Keywords: Sustainable construction; Structural engineering; Construction management; Green infrastructure; Low-
carbon materials; Life-cycle assessment; Building information modelling; Resource efficiency

1. Introduction

Infrastructure is among the major measure of economic growth and social development. Roads, bridges, building,
water supply, drainage system, transportation facility, energy system, public structures etc., sustain every day life
and industrial development. But the building of infrastructure traditionally requires vast amounts of natural
resources and can also have a substantial environmental footprint. Cement, steel, aggregates, bricks, timber, water
and energy are applied on a large scale in the construction industry. It is also associated with construction and
demolition waste, dust, noise, greenhouse gas emissions and land-use change. Hence, sustainable solutions have to
be adopted to minimize the adverse impacts of construction activities. Sustainable structural engineering prioritizes
creating structures that are both safe and sustainable, while also being economical and environmentally responsible
(Choobdarian & Biondini, 2025). The design of a sustainable structure must meet strength and serviceability
requirements, as well as minimize the use of materials, carbon emissions, improve durability, and contribute to long
service life. Low-carbon concrete, supplementary cementitious materials, recycled aggregates, optimized steel
reinforcement, high performance materials and prefabricated elements and durable design principles can enhance the
sustainability of structural systems. However, construction management is also critical as even a good design of a
sustainable building can not accomplish environmental goals if construction is improperly managed. Construction
management involves planning, scheduling, procurement, resources allocation, quality control, safety management,
cost control, waste management and communication among stakeholders. Green construction management is the
process of using resources efficiently, minimizing waste, controlling pollution and delivering projects by
sustainability principles (Tiza, 2023). Both sustainable structural engineering and construction management are
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necessary to develop green infrastructure. It covers energy systems, buildings, and infrastructure that lower
environmental impact, are energy efficient, conserve water, manage waste, benefit public health and are resilient to
climate related risks. Green infrastructure can run the gamut from energy-efficient buildings and sustainable roads,
to stormwater management systems, green roofs, permeable pavements, low-carbon bridges, smart drainage
systems, eco-friendly campuses, and resilient public facilities. The last few years have seen several cutting-edge
technologies emerging which have enhanced the potential for sustainable building. BIM assists in visualizing the
design, calculating quantities, avoiding design clashes, managing construction timelines, and decreasing mistakes in
construction. LCA can be used to assess the environmental impacts of materials and construction activities, through
the entire life cycle, from initial raw material extraction to demolition. Lean construction keeps waste minimised and
boosts productivity. Construction monitoring and decision making can be aided by digital tools, sensors, drones, and
artificial intelligence (Umar et al., 2024). These changes are transforming the design, construction, operation and
maintenance of structures. This paper will discuss structural engineering and construction management strategies for
sustainable development of green infrastructure. The paper covers the key aspects of sustainability, engineering
design strategies, construction management practices, green technologies, applications, challenges and future
directions.

2. Sustainable Structural Engineering for Green Infrastructure

Structural engineering starts at the design stage and is sustainable. The structural engineer needs to choose materials,
systems and design approaches which minimize impact to the environment without compromising safety and
longevity. Conventional structural design is primarily concerned with strength, stability, serviceability and cost.
Sustainable structural design includes these considerations and also embodied carbon, energy use, waste generation,
durability, repairs needed, and end-of-life reuse and recycling. Selection of materials is among the most crucial
issues in sustainable structural engineering. Reducing the amount of cement in concrete is important because cement
is a significant contributor of carbon emission. Use of additional cementitious material like fly ash, ground
granulated blast furnace slag, silica fume, metakaolin, calcined clay, rice husk ash in some proportion can help to
minimise environmental impact. CDW-derived recycled aggregates can replace the use of natural aggregates.
Sustainable construction can also be done using industrial by-products and local materials. Another key strategy for
optimization is structural optimization. Material savings can be achieved in efficient structural systems without
compromising safety. Unnecessary material can be saved by optimized beam, slab, column, truss, shell and frame
systems. In some instances, high-strength materials can result in smaller sized members and better durability. But
the price that the environment pays to make high strength materials also needs to be taken into account. Thus,
sustainable structural engineering can't be achieved by reducing materials alone, it must also be thought of in terms
of life. Durability is an important sustainability criteria. The fewer the repairs, replacements and lower the life-cycle
cost, the longer the service life of a structure. Durable design is related to the following: adequate concrete cover,
corrosion protection, crack control, waterproofing, drainage, quality materials, and resistance to aggressive
environments (Choobdarian & Biondini, 2025). Special attention should be given to structures that are exposed to
marine environment, industrial pollution, freeze-thaw or chemical attack. With low durability, early deterioration
can result in costly maintenance and environmental impacts. Green infrastructure also needs to be designed to be
climate resilient. Building structures nowadays have to resist the most extreme events like floods, cyclones, heat
waves, heavy rainfall and variation in temperature. Resilience to natural hazards and climate-related risks should be
taken into account in sustainable structural engineering. Resilient infrastructure minimises destruction, enhances
protection and enables quicker recovery from disasters. Prefabrication and modular construction promote sustainable
development by minimizing material waste, quality control, and construction period. Manufactured parts can be
produced in a controlled environment and will have greater dimensional accuracy and less impact on the site. It is
particularly valuable in the construction of buildings, bridges, classrooms, hospitals, and temporary buildings
(Thotakura et al., 2022).
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Figure 1. Sustainable structural engineering strategies for green infrastructure
Construction management is a critical component in the execution of a project for achieving sustainability. With the

®

use of sustainable materials and design, if the construction is not done well, it can result in waste, delays, cost
overspending, pollution and quality issues. Thus, sustainable construction management should be adopted while
planning a project and until its completion. The first strategy is to be sustainable in planning projects. Project teams
should be clear in their planning about the sustainability goals they want to achieve. These can involve carbon
emissions reduction, waste minimisation, water conservation, energy efficiency, local materials, minimisation of site
pollution and worker safety. Project schedules, budgets, procurement plans and quality control procedures should
include sustainability goals. Green procurement is also one of the important construction management strategies.
Materials need to be chosen from a range of options that have good environmental, durability, availability, low cost,
and recyclability. Emissions of transportation can be minimized by using locally sourced materials. Using recycled
and certified materials can enhance sustainability. When it comes to contractors and suppliers, there should be a
focus on their capacity to adhere to environmental requirements (Mishara, 2024).

3. Construction Management Strategies for Sustainability

Construction management plays a major role in achieving sustainability during project execution. Even if
sustainable materials and designs are selected, poor construction practices can lead to waste, delays, cost overruns,
pollution, and quality problems. Therefore, sustainable construction management must be applied from project
planning to completion. The first important strategy is sustainable project planning. During planning, project teams
should define sustainability objectives clearly. These may include reducing carbon emissions, minimizing waste,
conserving water, improving energy efficiency, using local materials, reducing site pollution, and improving worker
safety. Sustainability goals should be included in project schedules, budgets, procurement plans, and quality control
procedures. Green procurement is another important construction management strategy. Materials should be selected
based on environmental performance, durability, availability, cost, and recyclability. Locally sourced materials can
reduce transportation emissions. Recycled and certified materials can improve sustainability. Contractors and
suppliers should be evaluated based on their ability to meet environmental standards (Mishara, 2024).

Waste management is one of the big issues in construction projects. The construction and demolition wastes contain
concrete, bricks, timber, steel, plastics, glass, soil, packaging wastes and unused wastes. Reduce, Reuse, and Recycle
should be the principles of sustainable construction management. Reduced landfill disposal can be achieved by
accurate quantity estimation, through proper storage, material reuse, waste segregation and recycling. One way is to
use demolished concrete as recycled concrete. There is a need for energy and water management, too. Energy is
used at construction sites for equipment, lighting, transportation and temporary facilities. Energy can be saved by the
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use of efficient equipment, correct scheduling, renewable energy and fuel monitoring. Water is utilized for curing,
cleaning, dust control and for worker facilities. Site sustainability could be enhanced through the use of rainwater,
controlled water use, and wastewater re-use. Lean construction promotes sustainability by eliminating waste,
increasing productivity and minimizing unnecessary activities. Lean concept is centered around creating value,
making the flow more efficient, optimizing the use of resources, and creating continuous improvement. Lean
construction practices can help reduce waste in various forms, including poor planning, waiting time, rework,
overproduction, unnecessary movement, and excess inventory (Araujo Silva Duarte, 2025). The BIM is one of the
tools helpful for sustainable construction management. BIM can be used to visualize the structure, estimate
quantities of materials, identify design issues, plan construction phases and coordinate various disciplines. It
decreases the number of mistakes, rework, and waste of materials. The connection of BIM to 'life-cycle assessment'
and cost analysis can further aid decision making for 'green'. Safety management is a component of sustainability.
Sustainable building should not only safeguard the environment, but should also create a safe working environment
and safe community. Social sustainability is enhanced when safety plans are appropriate, training is provided,
protective equipment is used and hazards are controlled and site supervised. A green infrastructure project should be
designed to benefit the community, be environmentally responsible, and be economically viable.

Table 1. Sustainable construction management strategies and their benefits

ISSN NO: 0886-9367

and energy monitoring

electricity consumption

Strategy Description Sustainability benefit Reference
Sustainable planning Defining green objectives | Improves resource | (Jit & Gupta, 2024)
during project planning efficiency and project
direction
Green procurement Selecting eco-friendly and | Reduces  environmental | (Addy et al., 2025)
durable materials impact
Waste management Reducing, reusing, and | Minimizes landfill | (Suseelan &  Vadivel,
recycling construction | disposal 2026)
waste
Energy management Using efficient equipment | Reduces fuel and | (Akhtar et al., 2025)

Water management Conserving and reusing | Reduces freshwater | (Sharma & Sharma, 2026)
water at site demand

Lean construction Eliminating unnecessary | Improves productivity and | (Dawudu, 2020)
activities and rework reduces waste

BIM integration Digital  planning and | Reduces errors, delays, | (Chang & Lunevich, 2026)
coordination and material wastage

Safety management Protecting workers and | Improves social | (“Health and safety,”
nearby communities sustainability 2023)

Quality control Ensuring correct material | Improves durability and | (Pilarczyk &  Zeidler,
use and workmanship service life 2026)

Green monitoring

Tracking carbon, waste,
water, and energy
indicators

Supports measurable

sustainability performance

(Balasubramanian, 2020)
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The major sustainable construction management strategies and associated benefits for green infrastructure
development can be summarized as shown in Table 1. Construction management is a crucial part in making
sustainable design concepts a reality. Minimisation of environmental impacts during project construction requires
effective project planning, management of resources and project monitoring. Green procurement guarantees that the
material's carbon footprint, durability, recyclability and resource efficiency is taken into consideration when
choosing the material. Waste management strategies are aimed at minimizing the construction waste by optimizing
materials, reusing and recycling them when possible, and disposing of them properly. Lean construction principles
enhance productivity by eliminating unnecessary activities, decreasing delays and minimizing waste of resources.
BIM can play a role in promoting sustainable construction management practices, by facilitating coordination
between stakeholders, mitigating design mistakes and minimising material usage. Energy & water management
practices reduce the consumption of resources by efficiently using equipment, integrating renewable energy,
conserving water and implementing recycling methods. Safety management is crucial for worker and community
safety, which makes it a key component of social sustainability. This points out that sustainable construction
management needs a number of different strategies, not one. Coordinating designers, contractors, suppliers, project
managers and regulatory authorities is key to making it successful. Together, they have a positive impact on the
environmental performance, economic efficiency, quality of construction and overall project sustainability.

4. Green Materials and Technologies in Structural Construction

The use of green materials and green technologies is a key component of the development of sustainable
infrastructure. Conventional materials could be sources of increased carbon emissions, resource consumption and
waste production if not considered for their environmental footprint. Thus, the structural industry shows growing
interest in materials with minimal carbon footprint, recycled content, renewability, and durability. Low-carbon
concrete is one of the most vital green materials. Concrete is mainly composed of cement but production of cement
is highly energy consuming. Hence, the use of SCEM as part of the cement content can reduce the embodied carbon.
The most common use of fly ash and GGBS in concrete is to enhance the workability, durability and long-term
strength of the concrete. The addition of silica fume will add strength and density, and binders made from calcined
clay and limestone are becoming more popular as sustainable options. Recycled aggregates are also of significance.
CDW can be recycled to coarse and fine aggregate. They can be used in concrete, road base, pavement applications,
and non-structural applications. Recycled aggregates help to reduce natural aggregates extraction and waste
disposal. Quality control is important though as recycled aggregates can be less strong and have a higher water
absorption than natural aggregates. One other important structural material is steel. Sustainable steel usage involves
optimization of reinforcement design, minimizing wastage in cutting and bending, utilization of recycled steel and
corrosion protection. Steel is highly recyclable and will promote circular construction (Choong et al., 2022). Wood
and engineered wood products can also be used as responsible renewable structural materials. Prefabrication,
modular construction, 3D printing, smart materials, sensor-based monitoring, Green Roofs, permeable pavements,
solar integrated structures, rainwater harvesting systems and energy-efficient building envelope are examples of
green technologies. The technologies are designed to boost performance, minimize waste, and promote long-term
sustainability. Life cycle assessment is significant to assessment of green materials. Even if a material is
environmentally friendly in use, it could be environmentally damaging when its produced or maintained. Thus,
evaluating sustainability should be done during the entire life cycle from raw material extraction, manufacturing,
transportation, construction, operation, maintenance, demolition, to recycling (Department of Civil and
Environmental Engineering, Lamar University, USA et al., 2024).
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Figure 2. Green materials and technologies used in sustainable construction

The main green materials and the advanced technologies for sustainable construction practices are shown in Figure
2. To achieve green infrastructure, the traditional mode of construction needs to be replaced with sustainable
materials and digital technologies. The figure has a focus on low-carbon concrete, the use of industrial by-products
and alternative binders in concrete to reduce the emissions of greenhouse gases. Furthermore, recycled aggregates
and recycled steel are also valuable materials in sustainable construction, as they help to minimize the need for
natural materials and encourage the use of waste. Further highlights the contribution of green construction
technologies to the efficiency and environmental performance of a project. Prefabrication and modular construction
can help minimize material wastage, enhance quality control and shorten construction time. Examples of digital
technologies that can support smart construction management include Building Information Modelling (BIM),
Internet of Things (IoT), Artificial Intelligence (Al), and digital twins, which facilitate more effective planning,
monitoring, resource optimisation and decision making. The use of sustainable materials combined with digital
technologies allows greater control of construction activities and the overall performance of a project. These
technologies help to ensure precise quantity estimation, minimize construction inaccuracies, keep track of progress
in real-time, and plan maintenance seamlessly. Thus, in addition to material innovation, the use of advanced
technological solutions for efficient use of resources and sustainability of infrastructure is shown in Figure 2 as an
important aspect of sustainable construction.

5. Life-Cycle Assessment and Performance Evaluation

Sustainable infrastructure needs to be assessed over the full life cycle of the infrastructure. Life-cycle assessment
(LCA) is a tool for determining the environmental effects of a product, structure, or system from the extraction of
raw materials through their end-of-life disposal or recycling. It enables engineers and managers to determine that
point; the stage that is most significant to the environment, and the place where they can make the greatest impact.
Structural engineering LCA looks at embodied energy, embodied carbon, material use, travel, construction energy,
maintenance, repair and operation, demolition, and recycling. Concrete can be high in embodied carbon because of
cement production, for instance, and steel can be high in production energy but high in recyclability. Different
design and material options can be compared using life-cycle assessment. Evaluation of green infrastructure should
be done based on structural, environmental, economic and social indicators. Strength, stability, serviceability,
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durability, resilience and safety are all structural performance characteristics (Firoozi & Firoozi, 2025).
Environmental performance measures are carbon emissions, energy use, water use, waste production and material
efficiency. The economic performance encompasses initial cost, maintenance cost, repair cost, life-cycle cost and
operational savings. Social performance encompasses considerations of worker safety, occupant comfort, public
health, accessibility and community benefit. The use of sustainability rating systems can complement performance
evaluation. Green building and infrastructure rating systems rate projects for energy, water, material, indoor
environment, site, innovation and resource management. These rating systems push project teams to take specific
measures to promote sustainability on a measurable scale. Digital monitoring can enhance the process of evaluating
performances. Sensors are able to record the structural health, temperature, humidity, vibration, cracks, corrosion,
energy use, and water use. Information gathered from sensors can help to inform maintenance planning and avoid
early failures. The integration of SHM and digital twins is expected to enhance the management of infrastructure
over time (Kaur et al., 2025).

Table 2. Sustainability performance indicators for green infrastructure

Performance area Indicator Purpose

Structural performance Strength and stability Ensures safety under loads

Durability Resistance to deterioration Extends service life

Resilience Ability to withstand hazards Reduces disaster-related damage

Environmental performance Embodied carbon Measures carbon impact of materials

Energy efficiency Operational energy consumption Reduces long-term energy demand

Water efficiency Water consumption and reuse Conserves water resources

Waste reduction Quantity of construction waste Reduces landfill impact

Economic performance Life-cycle cost Evaluates long-term cost efficiency

Social performance Worker safety and public health Improves social sustainability

Digital performance Monitoring and maintenance data Supports smart infrastructure
management

Table 2 shows key sustainability performance indicators for assessing green infrastructure projects. Multiple aspects
need to be taken into account for sustainability assessment: Structural performance, environmental impact, economic
feasibility, social responsibility, integration of digital and climate resilience. Strength, stability and durability are
structural performance indicators that help to keep infrastructure safe and functional over time. Environmental
indicators measure the environmental impact of construction activities and operational phases such as generation of
carbon emissions, energy use, water use, etc. Material efficiency indicators measure the effective use of materials by
the use of recycled content, waste reduction and optimised material selection. Economic performance indicators not
just on initial investment but on life-cycle cost as well. In this way, the maintenance, repair, operation and
replacement costs throughout the service life are take into account. Social performance indicators consider worker
safety, user comfort, accessibility and community benefits. Digital performance indicators assess the role of
technology like BIM, IoT and digital twins in the tracking and management of infrastructure. Resilience indicators
are used to assess the resistance of structures to climate risks and natural hazards. The table shows that a holistic
framework of technical, environmental, economic, social and technological aspects is needed for sustainability
evaluation. These baseline measures enable engineers, researchers and policy makers to measure project
performance and to create plans for sustainable and resilient infrastructure development.
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Figure 3. Life-cycle assessment framework for sustainable infrastructure

The life-cycle assessment framework adopted for assessing the sustainability performance of infrastructure projects
is shown in Figure 3. Unlike the traditional approach which only takes into account the initial construction cost and
performance, LCA takes into account the entire life cycle of the building, starting with the extraction of materials,
their production, transportation, construction, operation, maintenance, demolition and recyclability. The framework
starts at the raw material stage and considers environmental impacts of the use of resources. In the production of the
material, energy use, carbon emissions and production effects are taken into account. Fuel usage, emissions, waste
generation and resource usage are assessed during the transportation and construction phases. The operation and
maintenance stage takes into account energy efficiency, durability, need for repairs and service life performance of
the structure. Demolition and recycling processes at the end of the structural life cycle decide the opportunities of
material recovery and re-use. The final sustainability assessment combines the environmental measures (carbon
footprint, energy consumption, water usage, waste generation and life cycle cost). The method allows different
materials, designs and construction methods to be assessed based on their overall environmental performance. This
reinforces the importance of thinking beyond construction towards sustainable infrastructure. LCA provides a
scientific approach to make sustainable decisions, minimizing the environmental effects of infrastructure planning in
the future.

6. Experimental Investigation and Performance Evaluation of Sustainable Concrete Materials
6.1 Materials and Mix Design

The experiments have been conducted to test the feasibility of sustainable structural engineering strategies,
specifically the use of alternative materials in sustainable concrete mixtures. The purpose of the experimental
program was to evaluate the effect of sustainable materials on mechanical strength, durability performance, and
quality of the structure. The reference mix was made of conventional concrete while the sustainable concrete mixes
were prepared with various percentages of sustainable materials.
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To make a reliable comparison between conventional and sustainable concrete, the same mixing conditions were
taken into consideration for designing the concrete mixtures. The proportion of water to binder was kept constant for
all mixtures. The water to binder ratio was determined from:

b—W
w/ =3

where,
w /b= water-to-binder ratio,
W= quantity of water (kg/m?),
B= total binder content (kg/m?).
The concrete mixtures prepared were labeled control concrete, S5 (5% sustainable material), S10 (10% sustainable
material), S15 (15% sustainable material), and S20 (20% sustainable material).
Table 3. Concrete mixture designation

Mix ID Sustainable material replacement (%) Description

Control 0 Conventional concrete
S5 5 Sustainable concrete with low replacement
S10 10 Optimum sustainable concrete mixture
S15 15 Higher replacement mixture
S20 20 Maximum replacement mixture

Specimens were prepared in the controlled lab. and cured prior to testing. Compressive strength, split tensile
strength and flexural strength tests were conducted to evaluate mechanical properties. The performance assessment
of durability was carried out by the non-destructive evaluation method, such as the rebound hammer and ultrasonic
pulse velocity (UPV).

6.2 Experimental Testing Methodology
The experimental investigation was carried out to investigate the structural performance of sustainable concrete. The

concrete cubes, cylinders and beam samples were made and tested according to the standard testing procedures.

Table 4. Experimental testing programme

Test Specimen type Evaluation parameter
Compressive strength test 150 mm cube Load-bearing capacity
Split tensile strength test Cylindrical specimen Tensile resistance
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Flexural strength test Beam specimen Bending performance

Rebound hammer test Concrete surface Surface hardness

Ultrasonic pulse velocity test Concrete specimen Internal quality and uniformity

Mechanical strengths of concrete were determined using the load applied and the dimensions of the specimens.

6.3 Compressive Strength Performance

Compressive strength is one of the most significant parameters to assess the structural acceptability of concrete. The
axial load was applied to measure the compressive strength until failure. The compressive strength was calculated
using:

fe=

]

where,
fc= compressive strength (MPa),
P= maximum applied load (N),
A= loaded surface area of specimen (mm?).
The test results indicated that the use of sustainable materials resulted in a great enhancement of the strength
development when compared with conventional concrete.
Table 5. Compressive strength results of sustainable concrete

Mix ID  7-day strength (MPa) 28-day strength (MPa) Strength improvement (%)

Control 30.25 37.56 -
Ss 35.62 44.18 17.6
S10 38.45 47.34 26.1
S15 34.76 41.06 93
S20 32.15 37.82 0.7

The S10 concrete mixture showed the highest compressive strength of 47.34 MPa after 28 days, and the result was
about 26.1% higher than the conventional concrete (37.56 MPa). The increase in strength is attributed to the effect
that structural changes in the particles, reduction in pore structure, and secondary hydration reactions that favour the
formation of further calcium silicate hydrate (C—S—H), enhance the strength.

The percentage of improvement in strength was determined by calculating:

S_SC

X 100

Strength Improvement(%) =

c
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where,

Ss= strength of sustainable concrete,

S.= strength of control concrete.

These findings show that moderate sustainable material replacement has a positive effect on strength, while
excessive replacement decreases binder availability and impacts strength development.

6.4 Split Tensile Strength Evaluation

The tensile behaviour of concrete plays an important role in controlling cracking and improving structural durability.
The split tensile strength test was performed to evaluate the tensile resistance of sustainable concrete mixtures.

The split tensile strength was calculated using:

2p

fst = LD

where,

fst= split tensile strength (MPa),
P=applied load (N),

L= specimen length (mm),

D= specimen diameter (mm).

Table 6. Split tensile strength results

Mix ID  Split tensile strength (MPa)

Control 3.90

SS 4.20
S10 4.92
S15 4.60
S20 4.40

The split tensile strength of the S10 mixture was the highest at 4.92 MPa, which was a marked improvement over
normal concrete. The improved tensile properties suggest better bonding between the constituent particles of
aggregates and cement matrix. The development of a dense interfacial transition zone prohibited crack propagation
and enhanced resistance against the tensile stresses.

6.5 Flexural Strength Behaviour

Flexural strength is the strength of concrete to resist flexural stresses which is significant in the structural members
like beams, slabs and pavements. The flexural strength was calculated using:

PL
I =pa
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where,
fr= flexural strength (MPa),
P= failure load (N),
L= effective span length (mm),
b= specimen width (mm),
d= specimen depth (mm).
Table 7. Flexural strength results

Mix ID  Flexural strength (MPa)

Control 3.90

SS 4.59
S10 4.75
S15 443
S20 4.59

The highest flexural strength was recorded with the S10 mixture (4.75 MPa). The improvement in flexural
properties shows that the use of sustainable materials improves resistance to cracking caused by bending.

6.6 Non-Destructive Evaluation of Concrete Quality

The internal quality of concrete specimens and surface characteristics were measured using non-destructive testing
techniques, which did not cause any damage to the specimens.

6.6.1 Rebound Hammer Test

The rebound hammer test was used for the purpose of assessing surface hardness and approximate strength
characteristics. The best mix achieved a rebound value of 34, which is better than that of conventional concrete.
6.6.2 Ultrasonic Pulse Velocity Test

Ultrasonic pulse velocity was used to measure the quality and uniformity of concrete. The UPV value was computed
on the basis of the following:

Sl

where,

V= ultrasonic pulse velocity (m/s),
L= transmission distance (m),

T= pulse travel time (s).

Table 8. Non-destructive test results

Mix ID Rebound hammer value UPYV (m/s)
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Control 29 3890

S10 34 4476

The UPV value of 4476 m/s for S10 mixture shows good compactness, lesser internal voids and better concrete
quality.

6.7 Durability and Sustainability Performance

Durability evaluation is essential for sustainable infrastructure because increased service life reduces maintenance
requirements, material consumption, and environmental impacts.

Water absorption was calculated using:

Ws =W,
WA(%) = ——=x 100
d

where,

W,= saturated weight of specimen,

W,= dry weight of specimen.

The lower the water absorption, the lower the permeability, and the more resistant to environmental deterioration.
The following tests were performed for carbonation resistance:

x = K\t

where,

x= carbonation depth,

K= carbonation coefficient,

t= exposure time.

Enhanced durability of sustainable concrete was explained by its denser microstructure and lower pore connectivity.

6.8 Microstructural Analysis
The improvements in mechanical and durability properties were attributed by microstructural changes. In the
sustainable concrete matrix, the hydration products were found to be more important and the internal bond in this
matrix was observed to be improved. According to the results of the X-ray diffraction (XRD) analysis:
e Reduction in calcium hydroxide formation.
e Increased formation of calcium silicate hydrate (C—S—H).
e Development of stable mineral phases.
Microscopic examination using scanning electron microscopy (SEM) showed:
e Reduced pore spaces.
e Improved interfacial transition zone.
e Dense and compact cement matrix.
This microstructural modification resulted in enhanced mechanical strength and durability.
6.9 Environmental Impact Assessment
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The sustainability benefit to the developed concrete mixture was evaluated in two ways: i) reduction in the use of
conventional materials and associated carbon emissions. The percentage reduction in carbon emission was
calculated using:

COZC - COZS

C0, Reduction(%) = 0
2¢

x 100

where,
C0,.= carbon emission from fly ash based concrete, and
C0,,= carbon emission of sustainable concrete.
The sustainable concrete system brings environmental benefits by means of:
e Reduced cement consumption.
e Utilization of alternative materials.
e Reduction of construction waste.
e Improved service life.
e Lower maintenance requirements.

6.10 Statistical Reliability Analysis
The reliability of experimental results was evaluated using standard deviation:

Sp = ;Z(xi—f)z
n—1

where,

SD= standard deviation,

x;= individual experimental value,

X= mean value,

n= number of observations.

The obtained results showed low variation among specimens, confirming the repeatability and reliability of the
experimental investigation.

6.11 Overall Discussion

The experimental study verifies the ability of sustainable concrete materials to deliver enhanced structural
performance and minimise environmental impacts. The best S10 blend obtained:

. 26.1% improvement in compressive strength

26.2% improvement in split tensile strength

. 21.8% improvement in flexural strength
. Faster lateral flow rate

. Improved UPV performance

. Enhanced durability characteristics
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The outcome shows that the incorporation of sustainable materials can enhance both the structural efficiency and
environmental performance. Consequently, sustainable concrete offers an effective solution for creating resilient,
durable and low carbon infrastructure systems.

7. Challenges and Future Perspectives

Sustainable structural engineering and construction management have numerous benefits; however, there are some
challenges that hinder the application of practice. High initial cost is one of the problems. The initial project cost
may be higher as a result of green materials, advanced technologies, certification processes and digital tools.
Sustainable infrastructure can however reduce the long-term environmental, energy and maintenance costs. Thus,
rather than simple initial cost comparisons, life-cycle cost analysis should be considered. The other is the lack of
awareness and technical skills. Not all engineers, contractors or clients are knowledgeable about the principles of
sustainable design, green materials, life cycle assessment or digital construction tools. Training and capacity
building is required to enhance the adoption. Sustainability concepts should be incorporated into engineering
education and professional development by universities, professional organizations and governments. Availability of
materials is also an issue. Certain areas may not have convenient access to supplementary cementitious materials,
recycled aggregates, certified timber or green products. The environmental benefits of transportation of green
materials from different geographical areas might decrease. So, it is important to take into account the availability of
local materials. Policy and regulation is important. Sustainable construction might only be an option if not supported
by strong codes, incentives, and enforcement. Support for low carbon materials, waste recycling, energy savings in
buildings and green infrastructure rating systems should be encouraged through government policy. The transition
can be initiated with public projects, which have sustainability requirements laid out in tenders. The focus of future
research should be on low carbon binders, carbon-negative materials, recycled construction materials, smart
monitoring systems, climate resilient structures, modular construction and Al-augmented construction management.
The use of BIM, digital twins, life-cycle assessment and Al can enhance decision-making and monitoring of
sustainability. Social equity, accessibility, community welfare, and disaster resilience are also important factors to
be taken into account in constructing sustainable infrastructure.

8. Conclusion

Structural engineering and construction management processes are sustainable for green infrastructure development.
Structural engineering contributes to the safe, durable, optimum, low carbon and climate resilient design, and
construction management is about efficient project planning and management, resources, waste management, safety,
quality and sustainability implementation. Green materials, recycled products, low carbon concrete, optimized
structural systems, prefabrication, BIM, LCA, Lean construction and digital monitoring can make a significant
contribution to the environmental, economic and social performance of infrastructure projects. However, there are
challenges to overcome such as high initial cost, lack of awareness, shortage of skilled personnel, availability issues
of materials, poor policy implementation and sustainability measurement issues. Education and policy support, as
well as collaboration between stakeholders, digital tools, and life cycle informed decision making are solutions to
these challenges. Green infrastructure must not only be seen as an environmental obligation, but as a sustainable
approach to resilient, economic and socially responsible development. Considering this, a multi-pronged approach
combining sustainable design, efficient construction management, innovative technologies, and continuous
monitoring of performance is crucial to building infrastructure for the future.
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