= International Research Journal of Innovations in Engineering and Technology (IRJIET)

, -~
/IRJIET

ISSN (online): 2581-3048
Volume 9, Issue 10, pp 182-191, October-2025
https://doi.org/10.47001/IRJIET/2025.910025

Sustainable Material Management in Construction: An
Economic and Environmental Analysis of Cement Replacement
using Industrial & Agricultural Waste with Al & ML

'Ms. Ramandeep Kaur, ?Dr. Gagandeep S. Salhan, *Ms. Pawanjeet Kaur, “Dr. Gurjit Singh, >"Manpreet Singh, °“Mohit

!Assistant Professor, Gujranwala Guru Nanak Institute of Management and Technology, Ludhiana, India rk.sheena@gmail.com,
0009-0001-7080-4704
?Assistant Professor, Department of Management, UICM, Sant Baba Bhag Singh University, Jalandhar, India
gagan.salhan@yahoo.com, 0000-0003-4213-2143

3Department of Computer Science, Baba Ajay Singh Khalsa College, Gurdas Nangal District, Gurdaspur, Punjab, India
*Principal, Baba Ajay Singh Khalsa College, Gurdas Nangal District, Gurdaspur, India
>Assistant Professor, Department of CSE, UIET, Sant Baba Bhag Singh University, Jalandhar, India
®Assistant Professor, Department of CE, Ludhiana College of Engineering & Technology, Katani Kallan, Ludhiana, India

Abstract - The global construction industry, heavily reliant
on Ordinary Portland Cement (OPC), is a primary
contributor to anthropogenic CO, emissions and natural
resource depletion. This necessitates an urgent shift
towards Sustainable Material Management (SMM). A
pivotal strategy within SMM is the partial replacement of
cement with industrial and agricultural waste by-products,
such as fly ash, slag, rice husk ash, and sugarcane bagasse
ash. This review paper provides a holistic analysis of this
paradigm shift, synthesizing current research on the
environmental imperatives, mechanical performance, and
economic viability of these supplementary cementitious
materials (SCMs). It delves into the "win-win"" scenario of
waste Valorization, reducing both the carbon footprint of
construction and the environmental burden of waste
disposal. Crucially, this paper identifies and analyzes the
significant challenges hindering widespread adoption,
including variability in waste composition, inconsistent
long-term performance, and complex optimization
requirements. The review then presents a groundbreaking
perspective on how advanced Artificial Intelligence (Al)
and Machine Learning (ML) methods are revolutionizing
this field. It details how AI/ML models can predict
material properties, optimize mix designs, ensure quality
control, and even facilitate automated compliance checks.
Furthermore, the paper integrates a financial analysis,
evaluating the life-cycle cost benefits, carbon credit
potentials, and innovative business models that can make
sustainable construction economically attractive. The
conclusion underscores that the synergistic integration of
material science, AI/ML technologies, and robust financial
frameworks is not merely an alternative but an imperative
for a truly sustainable and resilient construction future.
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l. Introduction

Cement, the binding agent of concrete, is the second
most consumed substance on Earth after water. Its production
is intrinsically energy-intensive and a major source of global
carbon dioxide (CO,) emissions, accounting for approximately
8% of the global total [1] [2]. The demand for infrastructure in
developing economies ensures that this demand will only
grow, creating a significant environmental crisis [3].
Alongside this, industrial and agricultural sectors generate
colossal amounts of waste. For instance, coal-fired power
plants produce hundreds of millions of tons of fly ash
annually, much of which ends up in landfills, contaminating
land and water resources [4] [5] [6]. Similarly, agricultural
processes yield vast quantities of biomass waste like rice husk
and sugarcane bagasse, often disposed of through open
burning, contributing to severe air pollution [7] [8] [9] [10].

Sustainable Material Management (SMM) offers a
framework to address these twin challenges. SMM is an
approach that focuses on using materials in the most
productive and sustainable way across their entire life cycle
[11] [12] [13]. In the context of construction, this translates to
the principle of a circular economy: viewing "waste" as a
resource. The partial replacement of cement with these
industrial and agricultural  by-products, known as
Supplementary Cementitious Materials (SCMs), embodies this
principle [14] [15] [16] [17].

The technical feasibility of using SCMs like fly ash and
ground granulated blast-furnace slag (GGBS) is well-
established. However, the broader adoption faces hurdles
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d to predictability, standardization, and economic
ption [18] [19] [20] [21]. This is where the fourth

industrial revolution, characterized by Al and ML, presents
transformative potential. These technologies can manage the

comp

lexity and variability inherent in natural and waste-

derived materials, enabling precision engineering in concrete
design [22] [23] [24] [25].

This review paper, therefore, aims to:

1. Comprehensively analyze the environmental and

economic drivers for cement replacement with
industrial and agricultural waste.

2. Detail the properties and performance of prominent

SCMs.

3. ldentify the key challenges in their widespread

standardization and adoption.

4. Elucidate the role of advanced Al and ML methods in

overcoming these challenges.

5. Provide a integrated financial analysis that justifies
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the economic case for this sustainable transition.
Il. The Environmental and Economic Imperative
he Problem with Ordinary Portland Cement (OPC)

nvironmental detriment of OPC is twofold:

CO, Emissions: The calcination process, where
limestone (CaCQO3) is heated to produce lime (CaO),
directly releases CO,. Furthermore, the high
temperatures required (~1450°C) are typically
achieved by burning fossil fuels, contributing
additional emissions [26].

Resource Depletion: Quarrying for limestone and
other raw materials leads to landscape destruction,
loss of biodiversity, and depletion of non-renewable
geological resources [27].

he "Win-Win"" of Waste Valorization

Using industrial and agricultural waste as SCMs creates
ular economy model with profound benefits:

Reduced Landfilling and Pollution: Diverting
waste from landfills conserves land, prevents
groundwater leaching of heavy metals, and avoids the
harmful emissions from open burning (in the case of
agricultural waste) [28].

Conservation of Virgin Materials: Every ton of
cement replaced by an SCM saves approximately a
ton of limestone from being quarried.

Lower Carbon Footprint: SCMs are generally not
processed at high temperatures. Using them directly
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reduces the clinker factor in cement, leading to a
proportional decrease in CO2 emissions. For
example, producing one ton of Portland cement emits
about 0.9 tons of CO2, whereas one ton of fly ash-
based cement can emit less than 0.3 tons [29] [30]

[4].

Table 1: Environmental Impact Comparison of Common SCMs vs. OPC

Typical Approx. CO, | Primary Waste
Material Replacement | Reduction Stream
Level (%) vs. OPC (%) Addressed
OPC
. 0 0 -
(Baseline)
Coal
('2?;;232) 15-35 15-35 Combustion in
Power Plants
GGBS 30-70 40 - 60 Iron Production
(Blast Furnace)
Silicon and
Silica Ferrosilicon
12
Fume 8 Alloy
Production
Rice Husk 14 16 Rice Milling
Ash (RHA) Industry
Sugarcane
Bagasse Sugar Refining
Ash 12 13 Industry
(SCBA)

I11. Prominent Industrial and Agricultural Waste for
Cement Replacement

3.1 Industrial By-Products

www.irjiet.com

Fly Ash: A fine powder recovered from the flue gases of
coal-fired power stations. It is a pozzolan, meaning it
reacts with calcium hydroxide in the presence of water to
form cementitious compounds. It improves workability,
reduces heat of hydration, and enhances long-term
strength and durability, particularly against sulfate attack
[31].

Ground Granulated Blast-Furnace Slag (GGBS): A
granular by-product of iron production. When finely
ground, it exhibits latent hydraulic properties, meaning it
can set and harden independently when activated by an
alkali (like cement). Concrete with GGBS offers
excellent long-term strength, low permeability, and high
resistance to chemical attack [32] [33].

Silica Fume: An ultra-fine powder collected as a by-
product of silicon metal or ferrosilicon alloy production.
It’s extremely high silica content and fineness make it a
highly efficient pozzolan, dramatically increasing
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strength and reducing permeability, though it can reduce
workability [34] [35] [36].

3.2 Agricultural By-Products

e Rice Husk Ash (RHA): Produced by controlled burning
of rice husks. When burnt under controlled conditions, it
becomes amorphous and highly pozzolanic due to its
high silica content. Its use improves strength and
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durability but requires careful processing to ensure
reactivity [37] [38].

e Sugarcane Bagasse Ash (SCBA): The ash from burning
sugarcane bagasse (the fibrous residue after juice
extraction). Similar to RHA, its suitability depends on
the combustion conditions. It can be a effective pozzolan,
contributing to strength development [39] [40].

Table 2: Chemical Composition and Key Properties of Common SCMs

Material SiO, (%) | AlLOs; (%) | CaO (%) | Fe,05 (%) I('O/O)I Key Characteristics
0
OPC 20-21 5 63-65 3 2 High early strength, high heat of hydration
Fly Ash (Class F) 50-60 26 8 6 <6 Pozzolanic, improves workability & durability
GGBS 30-40 12 35-45 2 <1 Latent hydraulic, high long-term strength, low heat
Silica Fume 85-98 1 0.1-0.5 1 2 Highly pozzolanic, high strength, low permeability
RHA 85-95 2 1.5 1 6 Highly pozzolanic, porous, high water demand
SCBA 60-80 10 7 7 14 Pozzolanic, properties vary with processing
IV. Challenges in Widespread Adoption V. The Transformative Role of Al and ML
Despite the clear benefits, the path to global Al and ML are powerful tools to address the very
standardization is fraught with challenges: challenges that have hindered SCM adoption. They can learn
1. Variability in Composition: The chemical and complex  patterns _ from _data W,IthOUt _belng e.pr|C|tIy
. . . programmed for the underlying physics, making them ideal for
physical properties of waste-derived SCMs are not handling variable materials [41] [42] [42]
uniform. They depend on the source fuel, industrial g '
process, and combustion conditions. This variability 5.1 Advanced AI/ML Methods and Their Applications
makes it difficult to guarantee consistent concrete . . . .
g e Predictive Modeling for Material Properties:
performance [18].
. . Methods: Supervised learning algorithms
2. Inconsistent Long-Term Data: While the long-term ) . _up v ing - algort
. . . like Artificial Neural Networks
performance of established SCMs like fly ash is well- .
(ANNS), Support  Vector  Regression
documented, data for newer or locally sourced
. . (SVR), and Random Forests are
agricultural ashes can be scarce, leading to .
. . . A extensively used.
conservative design and hesitancy among engineers
[32]. Application: These models are trained on
N _— . historical data (e.g., mix proportions, SCM
3. Complex Optimization: Designing a concrete mix . ( _g_ p P L
. . . LT L chemical composition, curing conditions) to
with multiple SCMs is a multi-objective optimization . . .
. . predict critical concrete properties like 28-
problem. Engineers must balance compressive .
I . . . day compressive strength, slump, and
strength, workability, setting time, durability, and . . .
L L chloride permeability. For instance, an
cost, which involves navigating a complex, non-
linear parameter space [23] ANN can take the percentages of OPC, fly
P P ' ash, GGBS, water-to-binder ratio, and
4. Logistical and Supply Chain Issues: A consistent chemical oxides of the SCMs as input, and
and reliable supply of quality SCMs is not always accurately predict the resulting strength,
available locally, making transportation costly and saving immense time and laboratory
carbon-intensive [12]. resources [5].
5. Stringent Codes and Standards: Building codes are
often slow to adapt to new materials, and the lack of
standardized specifications for many agricultural
wastes limits their use in critical structures.
© 2025 IRJIET All Rights Reserved www.irjiet.com 184
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e Multi-Objective Mix Design Optimization:

o

Methods: Genetic Algorithms
(GAs) and Particle Swarm Optimization
(PSO).

Application: These evolutionary algorithms
can find the optimal blend of OPC and
SCMs to achieve multiple, often conflicting,
goals. For example, a GA can be set up to
find a mix that simultaneously minimizes
cost, minimizes CO2 footprint, and
maximizes 56-day strength, while satisfying
constraints on workability and setting time

[6].

e Quality Control and Anomaly Detection:

@)

o

Methods: Unsupervised Learning (e.g., K-
Means Clustering) and Anomaly
Detection algorithms.

Application: ML models can analyze real-
time data from sensors in a batching plant or
during construction. They can detect
deviations from the specified mix design or
identify batches that are statistical outliers,
flagging potential quality issues before they
are cast in place.
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e  Computer Vision for Microstructural Analysis:

o

e Natural

Methods: Convolutional Neural Networks
(CNNs).

Application: CNNs can analyze images
from Scanning Electron Microscopy (SEM)
or X-Ray Diffraction (XRD) to
automatically characterize the
microstructure  of concrete  containing
SCMs. They can quantify porosity, identify
hydration products, and correlate
microstructural features with macro-scale
mechanical properties.

Language Processing (NLP) for

Automated Compliance:

O

Methods: Transformer-based models

like BERT.

Application: NLP can be used to scan and
interpret complex, unstructured building
codes and standards documents. It can
automatically check if a proposed Al-
optimized mix design complies with all
relevant clauses of international codes like
ACI or Eurocode, streamlining the approval
process. [44] [45]

Table 3: Summary of AI/ML Methods and Their Applications in SCM-Concrete Technology

Primary Application in SCM-
AI/ML Method Category ary Applicatio SC Key Advantage
Concrete

Avrtificial Neural Supervised Predicting compressive strength, Handles high non-linearity and complex
Networks (ANNS) Learning slump, durability indices. interactions between input variables.
Random Forest / Supervised Feature importance analysis, robust Less prone to overfitting, provides insights on
Gradient Boosting Learning prediction of concrete properties. which input parameters are most critical.

Supervised e N Effective in high-dimensional spaces, good
Support. Vector P . Prediction with limited datasets. N g e P g
Regression (SVR) Learning generalization capability.
Genetic Algorithm o Multi-objective mix design Finds global optimum in a complex search

Optimization Lo . .
(GA) optimization (cost, CO2, strength). space, good for discontinuous problems.
C lutional . . .

onvoiutiona Deep Automated analysis of Extracts features directly from images,
Neural Networks . . : -
(CNNs) Learning microstructural images (SEM, XRD). | powerful for pattern recognition.
. Unsupervised | Identifying faulty batches in real-time | Proactively ensures quality control without pre-

Anomaly Detection p fy. g y . y quality P

Learning production. defined labels.

VI. Integrated Financial and Economic Analysis

The economic case for using SCMs,

especially when

augmented by Al, extends beyond simple material cost
comparison. A holistic financial analysis reveals a compelling

picture. [46] [47]
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6.1 Direct and Indirect Costs and Benefits

e Direct Material Cost: While some SCMs like silica
fume can be expensive, many like fly ash and GGBS
are often significantly cheaper than OPC, especially
near their source. This provides immediate cost
savings on the binder component [55] .

185




= International Research Journal of Innovations in Engineering and Technology (IRJIET)

T

e Reduced Disposal Costs: Industries pay to dispose
of their waste. By creating a market for these by-
products, they can turn a cost center into a revenue

stream, making SCMs economically attractive for
both the supplier and the consumer [54].

o Life-Cycle Cost (LCC) Benefits: This is the most
significant financial advantage. Concrete with SCMs
like GGBS and fly ash typically has lower
permeability and higher durability, leading to:

o Reduced maintenance needs.
o Longer service life before major repairs.

o Enhanced resistance to corrosive

environments, protecting embedded steel
reinforcement.
A slight initial cost increase (if any) is
overwhelmingly offset by massive savings
over the structure's 50-100-year lifespan
[48].

e Carbon Credits and Green Financing: As carbon
pricing mechanisms become more prevalent, projects
with a lower embodied carbon footprint can generate
revenue through the sale of carbon credits.
Furthermore, "green" buildings often qualify for
lower-interest loans, tax incentives, and faster
regulatory approvals, all of which improve project
economics [49] [50].

6.2 The Al-Driven Financial Advantage
Al enhances the financial viability in two key ways:

1. Precision and Waste Reduction: Al-optimized mix
designs minimize the over-engineering that is
common in traditional concrete design. By precisely
predicting the required amount of cement and SCMs
to achieve a target strength, Al prevents the use of
excess high-cost, high-carbon materials, directly
reducing material costs.

2. De-risking Innovation: The predictive power of Al
models reduces the perceived risk of using non-
standard or variable SCMs. By providing high-
confidence predictions of performance, Al gives
engineers the assurance needed to specify these
materials, unlocking their cost and environmental
benefits without fear of failure [51] [52] [53].

VII. Discussion and Future Perspectives

The integration of SCMs into mainstream
construction is no longer just a technical possibility but a
socio-economic and environmental necessity. The role of Al
and ML is to act as a powerful enabler, turning the perceived
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liabilities of SCMs—namely their variability and
complexity—into manageable parameters through data-driven
intelligence.

The future of this field lies in the development of
integrated digital platforms. Imagine a "Concrete Generative
Design" tool where an engineer inputs project requirements
(strength, durability class, budget, location). The Al platform
would then:

1. Query a database of locally available SCMs and their
real-time properties.

2. Use multi-objective optimization to
hundreds of viable mix designs.

generate

3. Predict the performance, cost, and full life-cycle
carbon footprint of each design.

4. Recommend the top 3-5 optimal solutions, complete
with compliance reports for building authorities.

For this vision to be realized, future work must focus on:

e Creating large, open-source, and standardized
datasets of concrete mixes with SCMs and their
properties to train more robust and generalizable Al
models.

e Bridging the gap between materials science and
data science, fostering interdisciplinary
collaboration.

o Developing real-time sensing and Al feedback
loops for automated concrete production plants.

e Updating building codes and standards to be more
performance-based, allowing for the certification of
Al-validated mix designs.

VIII. Conclusion

The journey towards sustainable construction is
complex but non-negotiable. The replacement of cement with
industrial and agricultural waste represents a cornerstone of
this transition, offering a tangible path to reduce the industry's
colossal environmental footprint. While challenges related to
material variability and optimization persist, the emergence of
Artificial Intelligence and Machine Learning provides a
formidable toolkit to overcome these hurdles. By accurately
predicting performance, optimizing mixes for cost and
sustainability, and ensuring quality, Al de-risks and
accelerates the adoption of green concrete technologies. When
combined with a thorough understanding of life-cycle cost
benefits and green financing, the economic argument becomes
as strong as the environmental one. The confluence of material
science, digital technology, and circular economy principles is
paving the way for a new era in construction one that is not
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only stronger and cheaper but also smarter and truly
sustainable [56].
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