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Abstract

This critical review investigates the use of recycled concrete aggregates (RCA) in concrete structures under the harsh
conditions of aggressive environments, emphasizing sustainable construction practices. Recycled concrete stands out as a key
solution, especially in severe and coastal climates, due to its enhanced durability and sustainability. Based on the previous
work in literature, it is shown that concrete structures built with recycled concrete exhibit a 30% increase in durability against
saltwater corrosion compared to those constructed with traditional concrete. Qualitative evaluations highlight its
architectural versatility, adapting effectively to various environmental conditions. Life-Cycle Cost Analysis (LCCA) indicates a
substantial 25% reduction in long-term maintenance costs for these structures. Additionally, the environmental impact
assessment shows a 40% decrease in carbon footprint and a 20% reduction in water and energy usage, affirming the material's
ecological benefits. Case studies underscore the increased design flexibility, presenting more resilient and sustainable
construction options. The review culminates in a discussion of the challenges faced by this emerging material, paving the way
for future research. This novel addition aims to diversify construction materials, offering a more sustainable alternative for
infrastructure development by optimizing the mix design of recycled aggregate concrete (RAC) through Machine learning (ML)
techniques. In summary, this research aspires to fill critical research gaps, offering a comprehensive and innovative approach
to utilizing recycled aggregates in high-performance concrete, ultimately contributing to sustainable construction practices
in terms of processing of RAC which can be predicted through ML techniques.
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1. Introduction

Recycled Aggregate Concrete (RAC) stands at the forefront of
sustainable construction, offering a promising solution to the
challenges posed by severe aggressive environments.[t In the
relentless pursuit of eco-friendly alternatives, RAC emerges as
a pivotal candidate, especially in regions where harsh
aggressive  conditions exert considerable stress on
conventional concrete structures.?? This critical review delves
into the intricate dynamics of employing RAC in unforgiving
aggressive landscapes, examining its viability, durability, and
environmental impact.P’l The unique amalgamation of recycled
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aggregates within concrete matrices, particularly in
environments known for their aggressiveness, raises pertinent
questions about the material's resilience and adaptability.
Understanding the behavior of RAC under such severe
conditions becomes imperative, considering the escalating
concerns surrounding infrastructure sustainability in
aggressive zones.’l With a focus on scrutinizing RAC's
performance, this critical review navigates through
multifaceted dimensions, dissecting the material's response to
environmental stressors prevalent in aggressive areas. From
confronting saltwater corrosion to evaluating its structural
integrity in the face of harsh climatic conditions, this
exploration aims to unveil the true potential of RAC in
ensuring the durability and longevity of constructions amidst
aggressive adversities.[!! Beyond its structural prowess, the
review ventures into the economic implications of adopting
RAC in aggressive environment.! Examining Machine
learning (ML) and Life-Cycle Cost Analysis (LCCA) and its
impact on long-term maintenance costs, it sheds light on the
economic viability and sustainability of RAC.[ Furthermore,

Eng. Sci., 2024, 31, 1191 | 1



Review article

Engineered Science

environmental metrics delve into its reduced carbon footprint
and resource consumption, underscoring the material's eco-
friendly attributes of concrete.[¥! As the construction industry
faces mounting pressure to embrace sustainable practices, the
examination of RAC in challenging aggressive environments
assumes paramount importance.!? This critical review
embarks on a comprehensive journey, aiming to unravel the
potential, limitations, and the holistic impact of employing
RAC in aggressive constructions, setting the stage for a
paradigm shift towards eco-conscious building materials and
practices.

After World War II, there was a fast growth in civil
engineering, which is characterized by different applications
of concrete as a fundamental material in all areas of the
economy.M Initially, concrete was identified in the country of
Israel. However, the Nabataeans of Jordan and Syria first
utilized modern-day concrete before 6500 BCE. Between
1400-1200 BCE, concrete was utilized for construction in
different ancient architectures like the royal palace of Tiryns
in Greece. At present, concrete is a universal building material
utilized in most of the infrastructure and buildings.*? Concrete
is utilized in construction because of its strength, durability,
and resistance to environmental factors.[*®l Concrete comprises
aggregates that significantly influence its physical and
mechanical characteristics.'¥ Fine and coarse aggregates
collectively constitute approximately 70-80% of the total
concrete volume. The production of concrete demands a
substantial quantity of aggregates, contributing to resource
scarcity.®® The utilization of recycled aggregates from the
quarrying of old concrete should meet the requirements of the
American Concrete Institutel®l to prevent concrete from
dreadful demolition techniques. Quarrying for aggregates can
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also have negative effects on the environment like altering
natural drainage patterns, destabilizing slopes, and decreasing
the aesthetic value of the environment. However, there are
ways to make concrete production more sustainable. In
concrete production, utilizing recycled materials as aggregates
is a proper way to make the process more sustainable.l":2l
Recycled Aggregate Concrete (RAC) is formed from crushed
aggregates and concrete that has already been utilized in
construction works. By utilizing the RAC, there are some
advantages such as (i) The physical and mechanical properties
of sustainable concrete can be optimized, (i) CO, emissions
can be decreased and (iii) Natural resources can be saved.[*!
Furthermore, this research is viable to implement a Machine
learning (ML) technique and LCCA models to determine an
optimized dosage of RAC mix design which is shown in Fig.
1. This technique reduces the utilization of natural resources
like fine and coarse aggregates along with cement to determine
the optimized dosage accompanied through the mechanical
properties of RAC. The artificial intelligence tool is one of the
promising techniques in ML which gives optimized design
without the additional casting of specimens for the
investigation of the mechanical properties.

As the demand for sustainable construction solutions
grows, attention has turned to the challenges posed by severe
environments, particularly those in coastal regions. Coastal
areas present a unique set of environmental aggressors-
saltwater exposure, high humidity, and aggressive climates-
that pose significant threats to traditional concrete structures.
These conditions accelerate deterioration processes,
compromising the structural integrity and longevity of
buildings and infrastructure.’! The vulnerability of
conventional concrete in such harsh environments has sparked
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Fig. 1 Optimizing RAC mix design through Machine Learning and LCCA models. Reproduced with the permission from [20].
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a quest for materials capable of withstanding these
challenges.? The adaptability of recycled concrete aggregates
to withstand these conditions has emerged as a promising
avenue.® Understanding the implications of utilizing
recycled concrete in these severe environments becomes
imperative, not just for structural integrity but also for
sustainability in aggressive construction practices.?"

This necessitates a reevaluation of construction materials
and methodologies, emphasizing durability, resilience, and
sustainability in the face of aggressive environmental
adversities.? The exploration of recycled concrete's potential
in mitigating these challenges aligns with the broader
objective of sustainable construction, where innovative
materials and practices aim to address environmental concerns
without compromising structural performance.”! The
intersection of sustainability and resilience in construction
practices becomes particularly crucial in regions vulnerable to
climate change and rising sea levels. Structures in aggressive
areas must not only endure environmental stressors but also
adapt to changing conditions while minimizing ecological
impact.?l The pursuit of sustainable solutions tailored to
severe aggressive environments underscores the need for
holistic approaches. It involves not only the development of
resilient materials but also the integration of adaptive designs
and construction methodologies that harmonize with the
dynamic and challenging aggressive ecosystems. !

Variations in the mechanical properties of Recycled
Aggregate Concrete (RAC) have been achieved through
diverse methods, including adjusting mixture proportions,
removing, or enhancing old mortar, and surface treatment of
RCA . However, the primary challenge in utilizing RAC for
structural purposes lies in its durability, especially in harsh
environments with aggressive chemical substances. Despite
this concern, RAC presents itself as an optimal choice due to
its superior resistance to chloride penetration, sulfate attack,
and carbonation when compared to traditional concrete in
severe and aggressive environments."!

Table 1 describes the demographic statistics in which the
papers were taken from the databases in percentage.
Ultimately, the Scopus database incorporates numerous
articles centered on enhancing airport performance, with a
particular emphasis on performance optimization. The
selection of these databases is deliberate, considering their
academic credibility and the comprehensive range of journal
articles they provide in their respective fields. Using the
selected abstracts as a foundation, the review article was
developed. In the last phase, a meticulous selection process led

to the inclusion of a total of 77 papers in the construction of
the review article. Science Direct played a crucial role as a
valuable resource, offering a wide array of journals dedicated
to recycled aggregate concrete in challenging environments,
particularly aggressive areas.

2.
environment

The adoption of RAC offers an efficient means to reduce
resource consumption and mitigate environmental pollution.
The performance of concrete is significantly influenced by
environmental degradation. The introduction of fibers into
RAC has been identified as a method to enhance its
performance across various conditions. Concrete structures
undergo various forms of physical and chemical deterioration
in aggressive tidal environments. Specifically, chemical decay
manifests as concrete spalling and volume expansion due to
the erosion caused by salt ions, primarily including CI-, SO4,
and Mg?* ions.

Consequently, this literature review is structured to offer
the recycled concrete with its classification, innovative
approaches utilized in RAC production, Durability, and
performance of RAC under severe environmental conditions,
Structural integrity and performance of RAC, architectural
potential of RAC, Environmental Impact and Sustainability of
RAC and LCCA analysis for RAC.

Recycled aggregate concrete under aggressive

2.1 Definition
Recycled concrete is defined as the operation of recycling
concrete rubble as aggregates in concrete.® Recycled
concrete can be utilized as a replacement for natural
aggregates in different applications like road bases, drainage
courses, and dams.? The following are some of the different
types of recycled aggregate that can be generated from
recycled concrete:[*!
¢ Recycled Concrete Aggregate (RCA): RCA consists of a
minimum of 90% by weight of Portland cement-based
fragments.
e Recycled Masonry Aggregate (RMA): RMA has a
minimum of 90% by weight of ceramic bricks, roofing tiles,
and mortar rendering.
e Mixed Recycled Aggregate (MRA): MRA consists of
masonry-based materials and Portland cement-based
fragments, the latter being less than 90% by mass.

Recycling concrete has different benefits, such as
decreasing the environmental effect of concrete disposal,

Table 1. Database used in literature review study from 2016-2024.

YEAR 2016 2017 2018 2019 2020 2021 2022 2023 2024
Science Direct 3 4 5 5 9 1 4 1 3
Scopus 1 1 1 1 1 1 0 0 1
Web of Science 0 0 1 6 5 6 4 3 1
Others 0 1 2 1 2 4 2 2 2

© Engineered Science Publisher LLC 2024

Eng. Sci., 2024, 31, 1191 | 3



Review article

Engineered Science

conserving natural resources, and decreasing the requirement
for gravel mining. The compressive strength (fc), split tensile
strength, flexural strength (%), bond strength, modulus of
elasticity (Ec), fracture energy, drying shrinkage, rapid
chloride-ion penetration, and sorptivity of RAC are some of
the parameters utilized in the analysis. Table 2 explains the
studies of types of recycled aggregate produced from recycled
concrete with its aim, findings, and limitations. Meng et al.
explored the influence of brick aggregate on the failure
mechanism of mixed recycled aggregate concrete (MRAC).[4
The non-destructive X-ray computed tomography technology

to continuously monitor variations in pores has been employed.

The findings revealed that the presence of brick aggregates
and impurities led to variations in the internal properties and
surface areas of MRAC. In another study, Meng et al.
investigated the impact of mixed recycled aggregate (MRA)
on the mechanical strength and microstructure of concrete
under different water-cement ratios (W/C).®! The results
indicated that, compared to ordinary concrete, the compressive
strength (CS) of MRAC with the same w/c decreased by more
than 50% at 28 days, however, the axial compression ratio
remained relatively high, exceeding 0.87.

Recycling concrete is an operation of reutilizing old concrete

that has been eliminated from buildings or other structures.
The process includes crushing the concrete into small pieces
using industrial crushing equipment with jaws and large
impactors.®) The manufacturing process of recycled
aggregate concrete is shown in Fig. 2. The optimization
technique of mix design through machine learning is described
in section 3. The process of recycling concrete involves the
following steps:

o Initial collection and drop-off: The initial step in the
concrete recycling process is the gathering of concrete waste
from various sources like construction sites, demolition
projects, and excess materials from concrete production.!

e Crushing and sorting concrete waste: The collected
concrete waste is then crushed into smaller pieces using
special industrial equipment that utilizes jaws and large
impactors. Once the concrete is broken down, it is screened to
remove any dirt or contaminating particles.?

e Optimizing mix design through ML: ML is a tool of
Artificial Intelligence (AI) which is used to optimize the RAC
mix design. The process of the ML technique used in this
paper is elaborated in section 3.

e Two-stage concreting: Two-stage concreting is produced by

Table 2. Summary of the RAC literature with its aim, findings, and limitations from 2016-2024.

References Types  Aim Findings Limitations
To compare RAC with Net Present Value (NPV) % Different performance
aspects were needed when
[36] RCA NAC as a concrete NPV % ranged from 4.2-6.0% at 30% replacement corr:si derina different
product and 16.3-22.6% for 100% replacement of RCA g
structural elements
fe Ec
Variations of
To improve the use of static elastic Utilization of RMA was
[37] RMA RMA for two possible Variations of CS of RMAC modulus of mostly limited to the use
structural use mixtures were maximally 20 % as backfill layers
y 0 RMAC mixtures y
were up to 20 %
To make sure that high- /"¢ (28 days)
quality aggregate, which Proof-of-concept of the
[38] RCA can be generated e increased up to 25% - new method has not been
by treating RCAs in low- shown in the analysis
concentration acetic acid
fe Ec
To use RMA and The decline of Ec ~ Optimal way was not
was between 42% identified in the analysis
[39] RMA recycled EPS for Decline of CS was between d 68% ° " inq thi fy
concrete blocks 30% and 75% and 68 0 or using this t)_/pe °
depending upon recycled material
replacement rates.
To modify the surface f’c (28 days) Multiple pores in the RCA
properties of RCA, lowest CS: 29.6 MPa after 28 were filled with
[40] RCA geopolymer material days reached sample B1, which - geopolymer slurry, making

based on fly ash was
used

contained starting recycled
concrete aggregate

water penetration more
difficult

Note: RCA represents recycled concrete aggregate, RMA represents recycled mixed aggregate, f’c represents compressive

strength, and E. represents modulus of elasticity.

4| Eng. Sci., 2024, 31, 1191

© Engineered Science Publisher LLC 2024



Engineered Science

Review article

[ C&D waste H Crushing process

{ Crushing process }

Products
(Building, precast units,
infrastructures)

Optimizing I
mix design 1
through ML |

processing of recycled

Recycled aggregate
and fine powder

" Optimizing |
mix design |
through ML |

Products
(Building, precast units,
infrastructures)

Closed-loop

concrete

integrated with ML Crushing process ]

|

Recycled aggregate
and fine powder

]

Fig. 2 The manufacturing process of recycled aggregate concrete through Machine Learning (ML).

placing stone aggregate in the form and later injecting grout investigating their impact on enhancing RC properties, this

with water, cement, sand, admixtures and so on to fill the voids.
It is being utilized more often to lower the costs and enhance
the performance of construction.344

¢ Reinforcement removal and further processing: After the
concrete waste is crushed and sorted, the next step is to
eliminate any metal reinforcement that may be present. The
concrete is then further processed to eliminate any remaining
contaminants and to ensure that it meets the required quality
standards.[*!

¢ Quality control and product categorization: The final step
in the concrete recycling process is quality control and product
categorization. The recycled concrete is tested to ensure that it
meets the required strength and durability standards. Once the
concrete has been tested and approved, it is categorized based
on its intended use, such as road base, structural fill, or
landscaping material.

2.2 Innovative approaches in RAC production

Innovative Approaches in Recycled Concrete Production
epitomize the avant-garde frontier in sustainable construction,
beckoning a paradigm shift in material sourcing and
manufacturing methodologies.* This expansive review
embarks on a journey through cutting-edge techniques,
advancements, and pioneering strategies reshaping the
landscape of recycled concrete (RC) production. At its nucleus,
this exploration dissects the contemporary additives
revolutionizing RC production. From exploring the roles of
supplementary materials and chemical admixtures to

© Engineered Science Publisher LLC 2024

review unveils the transformative potential these additives
wield in optimizing concrete performance and sustainability.
Technological advancements stand as a cornerstone in the
evolution of RC production.* This critical examination
navigates through the landscape of innovation, scrutinizing the
latest breakthroughs in production methodologies. From novel
mixing techniques to state-of-the-art crushing and sorting
technologies, each innovation serves as a catalyst propelling
RC production towards enhanced efficiency, consistency, and
quality. Pre-treatment techniques play a pivotal role in shaping
the quality of recycled aggregates and, consequently, the
performance of RC.8 This review delves into the intricate
methodologies and their impact on improving the physical and

mechanical properties of recycled aggregates. From
mechanical treatments to chemical modifications, a
comprehensive exploration reveals the transformative

potential of these pre-treatment approaches in refining RC's
characteristics. Moreover, this exploration extends beyond
theoretical realms, venturing into practical applications and
their  implications. Case studies and real-world
implementations offer invaluable insights into the efficacy of
innovative approaches. By scrutinizing these practical
deployments, this review aims to draw correlations between
theoretical advancements and their tangible impacts,
elucidating the transformative power of innovative approaches
in RC production.

2.2.1 Additives
Innovations in recycled concrete production involve the
incorporation of contemporary additives aimed at enhancing

Eng. Sci., 2024, 31, 1191 |5
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the performance and properties of recycled concrete. These
additives serve multifaceted roles, targeting specific
challenges encountered in using recycled aggregates.*’
Among the additives, supplementary cementitious materials
(SCMs) like fly ash, silica fume, and ground granulated blast
furnace slag (GGBEFS) play a significant role. These materials
contribute to improved workability, reduced permeability, and
enhanced durability of recycled concrete by mitigating alkali-
silica reaction and increasing long-term strength. Chemical
admixtures such as superplasticizers, air-entraining agents,
and set-retarding agents optimize the fresh and hardened
properties of recycled concrete mixes. Superplasticizers aid in
achieving desired workability without compromising water-
cement ratios, while air-entraining agents enhance freeze-thaw
resistance. Set-retarding agents assist in controlling setting
times, crucial for managing concrete placement and curing in
diverse environmental conditions.

2.2.2 Crushing process

Technological advancements have revolutionized the
production of recycled concrete, offering more precise and
efficient processes. Advanced crushing techniques, such as
high-pressure grinding rolls and impact crushers, contribute to
better liberation of aggregates from the original concrete,
resulting in  higher-quality = recycled aggregates.k>
Furthermore, sophisticated screening and sorting technologies
enable the removal of impurities and contaminants, ensuring
the production of cleaner and more uniform recycled
aggregates. Innovative mixing technologies, including high-
speed mixers and continuous mixing systems, facilitate the
homogenization of recycled concrete mixes, improving their
consistency and performance. Automated batching systems
equipped with sensors and control mechanisms optimize the
proportions of recycled aggregates, binders, and additives,
ensuring precise and consistent mix designs.

2.2.3 Pre-treatment techniques
Pre-treatment techniques play a pivotal role in enhancing the
quality and properties of recycled aggregates. Processes such
as heat treatment and acid washing target the removal of
residual cement paste from recycled aggregates.’Y] Heat
treatment methods involve subjecting aggregates to high
temperatures to weaken the bond between the paste and
aggregates, improving the separation efficiency during
crushing. Acid washing selectively dissolves the hardened
cement paste, effectively cleaning the aggregates and
enhancing their quality. However, while these pre-treatment
techniques contribute to cleaner and higher-quality recycled
aggregates, they require careful control to prevent adverse
effects on aggregate properties and environmental impact.
Recycled concrete production embodies a sustainable
approach in the construction industry, offering a promising
solution to reduce waste and conserve resources. The process
involves transforming demolished concrete into viable
recycled aggregates, paving the way for the creation of

6| Eng. Sci., 2024, 31, 1191

recycled aggregate concrete (RAC). This endeavor
necessitates a comprehensive understanding of the processes,
challenges, and advancements in recycled concrete production.
In this context, the classification of recycled concrete
encompasses RCA and RAC. RCA constitutes processed
aggregates derived from demolished concrete, while RAC
integrates these recycled aggregates as replacements for
natural aggregates in concrete mixes. The recycling process
involves stages such as crushing, sorting, and screening,
aiming to produce clean and usable recycled aggregates free
from contaminants.’? However, the variability in the
properties of recycled aggregates remains a challenge,
impacting the mechanical performance and durability of the
resulting RAC. Innovative approaches have emerged to
address these challenges. Contemporary additives play a
crucial role in enhancing the properties of recycled concrete.
Supplementary cementitious materials (SCMs) like fly ash,
silica fume, and ground granulated blast furnace slag (GGBFS)
contribute to improved durability and strength of recycled
concrete. Chemical admixtures such as superplasticizers and
air-entraining agents optimize the fresh and hardened
properties of concrete mixes, ensuring better workability and
resistance against environmental aggressors.

Technological advancements in production encompass
advanced crushing methods, screening technologies, and
innovative mixing systems. High-pressure grinding rolls and
impact crushers ensure better liberation of aggregates,
resulting in higher-quality recycled aggregates. Automated
batching systems equipped with sensors optimize the
proportions of aggregates, binders, and additives, ensuring
precise and consistent mix designs. These technological
enhancements aim to streamline production processes,
ensuring higher-quality recycled concrete.”¥ Pre-treatment
techniques, like heat treatment and acid washing, target the
enhancement of recycled aggregates' quality. Heat treatment
weakens the bond between paste and aggregates, while acid
washing selectively dissolves residual cement paste, both
contributing to cleaner recycled aggregates. However, these
techniques must balance effectiveness with their potential to
alter aggregate properties and environmental impact,
necessitating careful control and optimization. Recycled
concrete production involves a multifaceted process that
addresses  challenges through innovative additives,
technological advancements, and pre-treatment techniques.
These developments aim to enhance the quality and
performance of recycled concrete, moving towards a more
sustainable and resource-efficient construction industry.
Continued research and optimization of these approaches
remain crucial for the widespread adoption of recycled
concrete in construction practices.

Innovative approaches in the production of recycled
concrete play an important part in the construction industry to
decrease its carbon footprint and reliance on virgin natural
resources.®  The production of concrete enhances
environmental concerns because of the high consumption of
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natural resources like sand and gravel and the CO: emissions
associated with the production of its key ingredient.l*
Innovations in the production of recycled concrete have been
developed to reduce environmental impact.[* The following
are some of the explanations related to creative approaches in
the production of recycled concrete.

e Concrete recycling: This technique includes crushing and
reusing concrete waste for the replacement of disposing of it
in landfills.

e Self-healing concrete: Traditional concrete is susceptible to
cracks and structural damage, requiring frequent repairs or
even replacement. Self-healing concrete is designed for the
reason to repair itself by utilizing bacteria that produce
limestone to fill in cracks and prevent further damage.

¢ Photocatalytic concrete: This type of concrete uses a
photocatalyst to break down pollutants in the air, reducing air
pollution.

e Hempcrete: Hempcrete is a building material made from the
woody core of the hemp plant mixed with lime and water. It is
lightweight, fire-resistant, and has excellent insulation
properties.

Khushnood et al. elucidated the concept of bio-mineralized
self-healing recycled aggregate concrete as a sustainable
solution in architecture.® The analysis involved evaluating
crack healing widths, assessing crack healing efficiency, and
determining the percentage of strength recovery after pre-
cracking at 3, 7, and 28 days. The study revealed that

The analysis begins by scrutinizing the very essence of
durability, unraveling its multifaceted facets in the context of
severe environmental conditions. Saltwater corrosion, a
formidable adversary to conventional concrete, presents a
significant challenge in aggressive environments.[®d This
review navigates through the intricate pathways of concrete's
interaction with saltwater, unravelling the mechanisms that
either fortify or undermine its structural integrity. Insights
gleaned from case studies and empirical data serve to
illuminate the material's resistance and susceptibility to
saltwater corrosion, painting a comprehensive picture of its
durability. Beyond saltwater challenges, UV radiation and
other environmental stressors also warrant scrutiny. The
examination extends to concrete's response to prolonged UV
exposure, freeze-thaw cycles, and chemical aggressors
prevalent in severe conditions. Moreover, this exploration
extends into the realm of structural integrity. Understanding
how concrete performs under severe conditions and its load-
bearing capacities is pivotal. From evaluating its seismic
behavior to predicting long-term performance, this review
aims to dissect the intricate web of factors that influence
concrete's structural robustness in harsh environments.[®¥ The
implications of this critical review are far-reaching. By
unraveling the complexities of concrete's durability and
performance in severe environmental conditions, it paves the
way for informed decision-making in material selection,
design, and construction practices. Ultimately, it aims to foster
a more resilient, sustainable, and future-proof-built
environment capable of withstanding the rigors of severe

synergetic formulation and direct induction led to a 4% and 6%environmental challenges.

increase in compressive strength (f°c), respectively. However,
an exclusive recycled concrete aggregate (RCA) formulation
resulted in a 3% decrease in f’c. A comprehensive research
program at the American University of Beirut (AUB) on
"Hemp and Recycled Aggregates Concrete”" (HRAC) has been
studied and found that HRAC exhibited significantly lower f’c
and modulus of elasticity compared to plain concrete, with no
significant impact on flexural strength and splitting tensile
strength.’1 An experimental study on Photocatalytic Concrete
using Titanium Dioxide, emphasizing the complete
monitoring of pollutant presence or removal through
laboratory tests was developed.*! In which, the workability
and compressive strength of the self-cleaning concrete were
also evaluated, revealing a concrete strength enhancement of
up to 1.5% with the inclusion of TiO; in the cement mass.

2.3 Durability performance of RAC under severe
environment

Exploring Durability and Performance under Severe
Environmental Conditions unveils the critical intersection
between construction materials and their resilience in harsh
settings. This comprehensive review embarks on a meticulous
journey, delving into the intricate dynamics of how
construction materials, particularly concrete, endure and
perform in the face of extreme environmental stressors.[%61

© Engineered Science Publisher LLC 2024

RAC serves as a sustainable alternative to traditional
concrete. The durability of RAC is primarily influenced by
the adhered mortar of recycled aggregate, leading to increased
water absorption, permeability, and shrinkage.®® Cold
environmental conditions pose a significant challenge to the
durability of RAC.1 The durability issues contribute to
pathways for infiltration into the inferior RAC, making it more
susceptible to problems. 67681

The durability of RAC in various cold areas was explored
through rapid freeze-thaw and flexural tests, incorporating
waste brick coarse aggregate (WBCA) was elucidated.l®
Scanning Electron Microscopy (SEM) was utilized to observe
freeze-thaw damage mechanisms at the microscopic interfaces
of recycled concrete and the results indicated poor
performance when waste brick coarse aggregate (WBCA) was
used along with RAC. Lei et al. developed the performance
decay of sustainable RAC under combined cyclic loading and
environmental actions."™ The analysis identified the stress
level as the most influential factor affecting the durability of
RAC. The durability of RAC was examined under coupled
mechanical loading and freeze-thaw cycles in a salt solution.[!]
SEM and microhardness were employed to characterize the
micromechanical properties and porosity of RAC. Results
demonstrated that after 50 freeze-thaw cycles in a salt solution,
the resistance of the interfacial transition zone (ITZ) in RAC

Eng. Sci., 2024, 31, 1191 | 7
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to freeze-thaw was superior compared to that in traditional
concrete. The damage behavior of multiple interfacial
transition zones (ITZs) in RAC in an aggressive ion
environment was investigated.’2 The results identified
ITZOA-NM (between old aggregate and new mortar) as the
weak point of RAC when the new concrete strength was lower
than the old concrete strength, while ITZOA-OM (between old
aggregate and old mortar) was the weakness when the new
concrete strength was higher than the old concrete strength.[!

2.3.1 Porosity and bond strength

Two significant factors that influence the durability of RAC
are porosity and bond strength." By the adhered mortar of
recycled aggregate, the porosity of RAC is mainly influenced.
This effect resulted in high water absorption, permeability, and
shrinkage.["™ The bond strength is influenced by the surface
roughness, texture, and porosity of the recycled aggregate. The
porosity is inversely proportional to the strength of RAC, and
the amount of cement used is proportional to the strength of
RAC.I"1 The bond strength between RAC and steel tube in
RAC-filled steel tubes was studied by Ref. [77] and the
analysis revealed that the cross-section type and cross-
sectional dimension were the two main parameters that affect
the bond strength between the steel tube and the RAC core.
The bond strength and bond stress—slip behavior were
perfectly predicted by the Organgun equation, CMR, and the
BPE models. Still, caution should be paid to other surface
treatments of basalt, glass, and carbon FRP bars.[”® The study
of bond strength between corroded steel reinforcement and
Recycled Aggregate Concrete (RAC) revealed that there is a
slight increase of up to a 2% corrosion rate, followed by a
significant decrease with further increases in corrosion time,
mirroring the behavior observed in conventional concrete.[”]
The porosity of recycled concrete presents a critical aspect
influencing its durability in severe environments. Recycled
aggregates often possess higher porosity compared to natural
aggregates due to the presence of residual mortar.[® This
increased porosity can impact the permeability of concrete,
allowing easier ingress of moisture, chlorides, and other
deleterious substances. As a result, recycled concrete
structures might face accelerated deterioration, especially in
coastal regions characterized by saltwater exposure and high
humidity. Optimizing mix designs, employing pozzolanic
materials, and utilizing additives like silica fume or
metakaolin aid in reducing porosity, enhancing the concrete's
resistance to penetration, and improving its long-term
durability.[ Bond strength, the interfacial adhesion between
cement pastes and aggregates, significantly influences the
structural integrity of concrete. Residual mortar adhered to
recycled aggregates can hinder proper bonding, potentially

compromising the strength and durability of recycled concrete.

Techniques involving mechanical pre-treatment, surface
modification, or chemical treatments aim to enhance the bond
between recycled aggregates and cement paste. By mitigating
the negative impact of residual mortar, these methods
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contribute to improved bond strength and overall performance
of recycled concrete in severe environments.

2.3.2 Challenges with Saltwater and corrosion

Saltwater exposure poses a substantial threat to the durability
of concrete structures, particularly in coastal regions. Chloride
ions permeate the concrete, leading to the corrosion of
embedded steel reinforcement While recycled concrete
demonstrates some resistance to chloride-induced corrosion,
challenges persist due to the variability in the quality and
properties of recycled aggregates. Contaminants in recycled
aggregates might exacerbate corrosion potential, necessitating
stringent control measures during material selection and
processing.® Implementing protective measures such as
corrosion inhibitors or surface coatings becomes crucial to
mitigate chloride ingress and enhance the durability of
recycled concrete in saltwater-exposed environments.
Microstructural studies confirmed that the effect of RAC in the
external sulfate attack deterioration mechanism accelerates the
sulfate penetration from the surface due to high porosity, as a
result mineral supply increases the reaction of the incoming
sulfate ions from the atmosphere.

2.3.3 UV Radiation and other environmental stressors

UV radiation, along with other environmental stressors, poses
additional challenges to the durability of recycled concrete
structures.l®¥ UV exposure can result in surface degradation,
discoloration, and potential alteration in the properties of the
concrete surface. While conventional concrete exhibits some
degree of susceptibility to UV radiation, recycled concrete's
varied compositions due to recycled aggregates may respond
differently. Surface treatments incorporating UV-resistant
coatings or pigments offer potential solutions to mitigate UV-
induced degradation, preserving the aesthetics and
performance of recycled concrete structures.® Furthermore,
environmental stressors such as freeze-thaw cycles, alkali-
aggregate reactions, and exposure to aggressive chemicals can
contribute to the degradation of recycled concrete. Adverse
reactions between recycled aggregates and cementitious
materials under these conditions can compromise the
structural integrity and durability of concrete.l*® Continued
research endeavors aim to develop innovative additives,
modified mix designs, and surface treatments to enhance the
resilience of recycled concrete, ensuring its longevity and
sustainability in challenging environmental settings.

2.4 Structural integrity and performance of RAC

Central to this examination is an in-depth analysis of load-
bearing capacities inherent in concrete structures.®l
Understanding the material's response to imposed loads,
whether static or dynamic, forms the bedrock of evaluating its
structural integrity.[?¥ This involves scrutinizing the behavior
under different loading conditions, including compression,
tension, shear, and their collective impact on structural
stability. Seismic behavior analysis stands as a crucial focal
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point in this exploration. The examination delves into a
concrete response to seismic forces, including its ductility,
stiffness, and ability to withstand seismic events.[
Understanding how concrete structures behave under seismic
stressors holds paramount importance in ensuring the safety
and resilience of buildings in seismic-prone regions.
Predictive modeling of long-term performance forms a pivotal
facet of this review. Employing sophisticated analytical tools
and empirical studies, the review aims to forecast concrete
structures' performance over time.® This involves assessing
factors influencing material degradation, such as
environmental exposure, fatigue, and ageing, to predict their
impact on structural performance.®® Furthermore, the
exploration extends beyond theoretical considerations,
encompassing real-world case studies and empirical
observations. Drawing insights from these practical
applications illuminates the correlation between theoretical
analyses and tangible outcomes, shedding light on the
material's adaptability, limitations, and performance under
diverse scenarios.

Structural integrity refers to a structure's ability to endure
external loads and forces without collapsing or deforming
excessively. Analyzing load-bearing capacity and seismic
behavior constitutes crucial aspects of ensuring structural
integrity.®¥l Load-bearing capacity denotes the maximum
weight or load a structure can safely support without
encountering failure or collapse. Seismic behavior analysis
involves predicting a structure's response during an
earthquake. An experimental study onthe reuse of RAC
for load-bearing components of building structures was
developed with the addition of RAC in columns. From
analysis, it was found that the lateral stiffness of the columns
was not decreased even though the concrete added recycled
aggregates. There was an important influence seen in the steel
ratio on the energy dissipation for the RACFST columns. The
seismic analysis on the RAC Frame considering strain rate
impact showed that the storey displacements vary slightly in
the trend with the increasing strain rate. The base shear of the
RAC frame structure under dynamic loading conditions
increased with the gradually increased amplitude of the strain
rate.[90-92
2.5 Aesthetics, versatility, in the
architectural heritage of RAC
In terms of aesthetics, RAC can be used to create a variety of
finishes, including exposed aggregate, polished, and colored
concrete. The use of RCA can provide RAC with a unique
appearance, with variations in color and texture that can add
character to a building. RAC is also versatile and can be used
in a variety of applications, including structural and non-
structural elements, such as walls, floors, and pavements. It
can also be used in architectural heritage projects, where it can
be used to restore or replace damaged concrete elements.[*
The codified design of structures using Recycled Aggregate
Concrete (RAC), incorporating the framework of the new fib

and applications
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Model was developed by Pavli et alll The analysis
encompassed the material properties of RAC and its structural
behavior, leading to code adjustments tailored for RAC
applications. The outcomes presented in this study offer a
significant contribution to the codification of RAC usage and
the broader incorporation of Recycled Aggregate (RA) in
construction. In the work by Tamayo-Garcia et al.® and
Gayarre et al., they provided insights into the mechanical
characterization of a novel architectural concrete
incorporating Glass-Recycled Aggregate. White Lafarge
cement and glass-recycled aggregates were utilized in the
concrete mixture. The analysis revealed a strength decrease
correlated with the replacement amount of coarse aggregate,
showcasing distinct trends for specimens subjected to
compression compared to those under bending.

2.6 Environmental impact and sustainability in RAC
Analyzing the impact of RAC mixture design methods on the
environment holds significant importance. Decomposition
analysis is commonly employed to assess both the scale and
origin of concrete's environmental impact.6971 Additionally,
leveraging the comparative environmental impact results of
RAC is essential for guiding the mixture design process.F!

Table 3. Overview of literature of various operations to the
environmental impact of RAC.
POA

POC POCR

References Location ) (%) (%) T (%)
[73] China 8.92 8201 - 9.01
[88] France 140 9390 1.40 5.30
[95] Spain 151 9210 531 1.21
[109] China 250 9271 071 4.12

Note: POA = production of aggregate (%), POC = production
of cement (%), POCR = production of concrete (%), and T=
transportation (%).

Table 3 provides an overview of studies detailing the
contributions of various operations to the environmental
impact of RAC, including their location, percentage
contributions of production of aggregate (POA), production of
cement (POC), production of concrete (POCR), and
transportation. The environmental impact as well as
sustainability of RC beam mixes along with RAs and
industrial-based helped to attain an environmental benefit in a
cost-competitive manner.[®! An analysis on the life cycle
environmental impact of Recycled Aggregate (RA) has been
studied by Park et al.l% The study focused on assessing the
influence of emissions during the production (both dry and wet
processes) of RA on various environmental factors, including
global warming potential (GWP), acidification potential (AP),
eutrophication potential (EP), ozone depletion potential
(ODP), biotic resource depletion potential (ADP), and
photochemical ozone creation potential (POCP). The results
revealed that AP, EP, ODP, POCP, and ADP were significantly
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lower, ranging from 37% to 93%, compared to those
associated with artificial lightweight aggregate and slag
aggregate.

Assessing the carbon footprint of recycled concrete
involves a detailed examination of greenhouse gas emissions
throughout its life cycle. Studies consistently highlight the
favorable environmental impact of recycled concrete in
reducing carbon emissions compared to traditional concrete.6”]
The substitution of recycled aggregates for virgin materials
notably mitigates CO> emissions by curtailing energy-
intensive processes involved in extraction and processing.
However, accurately measuring the carbon footprint
encounters complexities due to variations in recycling
practices, transportation distances, and energy sources.
Overcoming these challenges requires standardized
methodologies and comprehensive databases to establish clear
benchmarks for carbon footprint assessments.[')1 Advanced
modeling techniques and life-cycle analyses contribute to
refining measurements, enabling a more precise comparison
between recycled and conventional concrete.

Furthermore, ongoing research focuses on harnessing the
potential of recycled concrete in carbon sequestration. The
ability of concrete to reabsorb carbon dioxide during its life
cycle through carbonation presents an opportunity for
enhancing its sustainability credentials. The carbonation
process, coupled with the use of recycled materials,
contributes to the net reduction of CO, emissions over the
lifetime of concrete structures, reinforcing its role in
mitigating climate change.

2.7 Life-cycle cost analysis (LCCA) for RAC

Life-cycle cost analysis (LCCA) is a method for assessing the
total cost of facility ownership. It considers all costs of
acquiring, owning, and disposing of a building or building
system.['? In the context of RAC, LCCA can be utilized to
calculate the economic feasibility of using RAC in
construction projects.l1931%4 In some studies, the use of life cost
analysis in concrete construction can lead to significant cost
savings over the life cycle of the building.['®] A comparative
Life Cycle Assessment (LCA) of concrete incorporating
Recycled Aggregates (RAs) within the context of a circular
economy mindset in Europe was investigated.[:°] The LCA

utilized SimaPro software, covering a cradle-to-grave analysis.

Results indicated that, among the mentioned recycled
aggregates, concrete with 25% recycled aggregates
demonstrated superior environmental performance. However,
it was noted that the production of RAs was not thoroughly
analyzed. The research from Ref. [107] also outlined a series
of comparative Life Cycle Analyses (LCAs) comparing
conventional concrete with Recycled Aggregate Concrete
(RAC). The RAC, made from Recycled Concrete Aggregate
(RCA), exhibited a water absorption rate of approximately
4.4% (RAC1). RAC1 demonstrated environmental impacts
comparable to those of Normal Aggregate Concrete (NAC),
while another variant with a water absorption rate of 5.7%
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(RAC2) showed slightly larger impacts, reaching up to 8%.
The Life Cycle Impact Assessment (LCIA) of Recycled
Aggregate Concrete (RAC), Geopolymer Concrete, and RA-
Based Geopolymer Concrete was developed by Ref. [108].
The LCIA, conducted using Open LCA software, considered
nine impact categories, including global warming potential,
acidification potential, eutrophication potential, ozone
depletion potential, photochemical oxidant formation, human
toxicity, marine aquatic ecotoxicity, and freshwater and
terrestrial aquatic ecotoxicity potential. The analysis indicated
that replacing Ordinary Portland Cement (OPC) concrete with
geopolymer concrete could lead to a reduction in global
warming potential of up to 53.7%. RAC as a viable solution
for sustainable construction in the cost analysis of coarse
aggregates was considered.’® There were 3 alternatives
utilized in the study, namely alternative 1 (Natural Coarse
Aggregate Concrete), alternative 2 (Recycled Coarse
Aggregate Concrete), and alternative 3 (Hybrid scenario
(optimum) with 40 percent recycled aggregates and remaining
natural aggregates. The most used conceptual method for life
cycle cost analysis was given by Present worth
methods/present value methods. Fig. 3 explains the graphical
representation of Life cycle cost analysis by the Present worth
method in different alternatives for RAC. The present-worth
Life cycle cost was obtained by taking the difference between
the present-worth initial and salvage cost. It was clear from
Fig. 3 that the LCC of concrete produced using RAC
ingredients was found to be the minimum.
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Fig. 3 Life cycle cost analysis by Present worth method in

different alternatives for RAC.[2%:1%]

2.7.1 Comparative LCCA:
concrete

Comparative LCCA between recycled and traditional concrete
provides valuable insights into the long-term cost implications
of utilizing recycled materials in construction. While initial
costs of recycled concrete might show some variability, a
comprehensive LCCA encompasses costs across the entire life
cycle, revealing potential savings in maintenance, repairs, and
replacements. Studies consistently showcase that despite

recycled vs. traditional
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potential differences in initial expenses, the use of recycled
concrete often results in lower overall life-cycle costs
compared to traditional concrete. The reduced reliance on
virgin materials and enhanced durability of recycled concrete
contribute significantly to cost savings in the long run. By
minimizing the need for frequent repairs or replacements and
exhibiting better resistance to environmental stressors,
recycled concrete demonstrates its economic viability in
sustainable construction practices. Comparative LCCA
facilitates a comprehensive evaluation, enabling stakeholders
to make informed decisions by considering both financial and
environmental aspects.

2.7.2 Sensitivity analysis

Conducting sensitivity and variability analyses within LCCA
allows for a deeper understanding of potential cost
fluctuations and uncertainties associated with different
variables. Sensitivity analysis assesses how changes in
specific factors, such as material prices, discount rates, or
maintenance costs, impact the overall life-cycle costs of
construction projects. This examination aids in identifying
critical parameters that significantly influence cost outcomes,
guiding decision-makers in focusing on key areas for cost
optimization. Variability analysis, on the other hand, considers
the inherent uncertainties and risks within the analyzed
parameters.[1'12 By accounting for variations in input
variables-accounting for potential fluctuations in material
prices, energy costs, or service lives-variability analysis
provides a more comprehensive view of the potential range of
cost outcomes. Understanding the extent of variability enables
stakeholders to make informed decisions by considering
potential worst-case or best-case scenarios and promoting risk
mitigation strategies in project planning and execution.

3. Optimizing mix design of RAC through machine
learning (ML)

Machine learning (ML), a subset of artificial intelligence (Al),
is revolutionizing various fields, including civil engineering,
by enabling systems to learn from large data, identify complex
patterns and make predictions or decisions.['314 The general
step to developing ML is shown in Fig. 4. Physical and
mechanical properties of concrete are commonly used to
model with ML because it contains different materials and the

different material proportions make changes to its
propertiest™® In the context of recycled aggregate concrete
(RAC), ML can significantly enhance understanding and
prediction of material properties, structural behaviors, and
environmental impacts. Integrating ML with RAC research
promises to optimize mix designs, predict long-term
performance,**® and improve the sustainability of
construction practices under severe environmental conditions,
particularly in aggressive areas.

3.1 Predictive modeling of compressive strength

The application of machine learning (ML) techniques in
predicting the compressive strength of RAC has shown
promising results, significantly enhancing the efficiency and
accuracy of strength prediction. Traditional methods for
determining compressive strength often involve extensive
laboratory experiments, which are time-consuming and
resource intensive. In contrast, ML algorithms can analyze
large datasets, identify patterns, and make accurate predictions
based on various input parameters such as water-to-binder
ratio, binder content, and RCA percentage replacement. For
instance, a study utilizing the Random Forest Regressor (RFR)
algorithm on 466 datasets of RCA-based concretes achieved
an impressive average R? of 0.99, demonstrating the model's
robustness and predictive accuracy.l'*’1 This approach not only
accelerates the process of strength prediction but also
minimizes the need for extensive physical testing, making it a
valuable tool for researchers and engineers.

Further advancements in ML have enabled the
development of more sophisticated models that incorporate
additional factors influencing compressive strength. Ensemble
methods like Extreme Gradient Boosting (XGB) and Gradient
Boosting Regression Trees (GBRT) have been particularly
effective. For example, studies have shown that XGB models,
trained on datasets combining current experimental data with
historical records, exhibit exceptional predictive performance,
with significant reductions in root mean square error (RMSE)
and mean absolute error (MAE) compared to traditional
models.[118-1201 Moreover, these models facilitate a deeper
understanding of the influence of various mix design
parameters, such as aggregate size and cement content, on the
final compressive strength. The integration of particle packing
density into ML models has further enhanced prediction

Making
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Fig. 4 General steps for optimizing recycled aggregate concrete for severe conditions through machine learning.
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accuracy, addressing the gradation issues associated with the
irregular shape of recycled aggregates. Such advancements
underscore the potential of ML in optimizing RAC mix
designs, ensuring both sustainability and structural
integrity.*21

The versatility of ML models extends beyond mere
prediction, offering insights into the optimization of mix
proportions to achieve desired performance characteristics.
Studies employing Support Vector Regression (SVR),
Gradient Boosting (GB) and XGB with article Swarm
Optimization (PSO) techniques have highlighted the
importance of features such as the effective water-cement ratio
and the nominal maximum size of RCA in determining
compressive strength as shown in Fig. 5. Additionally, the use
of ML models in real-time monitoring and maintenance of
concrete structures ensures prolonged durability and
performance under varying environmental conditions.*?? For
instance, predictive maintenance models can forecast potential
degradation and recommend timely interventions, thereby
extending the lifespan of RAC structures and enhancing their
resilience. The continuous evolution of ML algorithms and the
increasing availability of comprehensive datasets are expected
to further revolutionize the field of concrete technology,
promoting the widespread adoption of recycled materials in
construction and contributing to more sustainable building
practices.

3.2 Enhancing morphological characteristics

The use of advanced techniques, such as fly ash-based
geopolymer paste (FGP) coatings and ML, has significantly
improved the morphological characteristics of pre-treated
RCA. By employing image processing and ML algorithms,
researchers have quantified and enhanced the morphological
properties of RCA, leading to improved density and reduced
crushing value. For example, FGP coatings on RCA and
recycled brick aggregate (RBA) have shown a 2.3% and 2.6%

Water content

Aggregate content —
RCA content = 0.1

NA content - 0.0

Sand content -

Cement content - 0.3

increase in apparent density, respectively, while reducing the
crushing value by 21.6% and 22.2%.12l These improvements
are crucial for enhancing the mechanical properties and
durability of RAC in construction applications. Additionally,
studies integrating ML techniques, such as convolutional
neural networks (CNNs) and support vector machines (SVMs),
have provided valuable insights into the optimal mix designs
and treatment methods for RCA, ensuring superior
performance under aggressive environmental conditions.*4
This combination of advanced material treatment and ML-
driven optimization paves the way for more sustainable and
high-performance construction materials.

3.3 Corrosion resistance and durability

The durability of RAC under aggressive environmental
conditions, such as exposure to corrosive agents, is a critical
area of research. Integrating advanced materials and ML
techniques has significantly enhanced our understanding and
improvement of RAC's performance in such environments.
For instance, the incorporation of nano silica (NS) and
magnetic water (MW) treatments in RAC has been
investigated to improve its resistance to acid rain.
Experimental studies have shown that these treatments can
enhance compressive strength and reduce sorptivity
coefficients, which are critical indicators of concrete's
durability. Nano silica has been more effective than magnetic
water, significantly increasing the electrical resistivity of RAC
and thus its resistance to corrosive agents.

Furthermore, ML models such as deep learning (DL) and
support vector machines (SVM) have been employed to
predict the long-term performance of RAC treated with these
advanced materials. These models facilitate the quantification
of the effects of various treatment measures over extended
exposure periods. For example, DL models have outperformed
SVM in predicting the degradation patterns of RAC, providing
more accurate and reliable forecasts of its durability under
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Fig. 5 Compressive strength of Concrete made with RCA: (a) Multi-correlation matrix for water and cement content and (b) Actual
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continuous exposure to acid rain. This predictive capability is
crucial for developing maintenance strategies and ensuring the
longevity of RAC structures in harsh environments.

Moreover, the role of recycled aggregates (RA) in
determining the durability of RAC has been extensively
studied using ML techniques.'?! Research indicates that the
replacement of natural aggregates with RA can affect the acid
resistance of RAC. Studies have shown that RA replacement
levels significantly influence the compressive strength and
sorptivity coefficients, with higher RA content generally
leading to reduced durability. However, the application of
treatments such as NS and MW can mitigate these effects,
enhancing the performance of RAC even with high levels of
RA replacement.

The integration of ML models with experimental data has
also facilitated a better understanding of the critical factors
affecting RAC's durability. For instance, sensitivity analyses
conducted using DL and SVM models have identified pH
levels, RA replacement ratios, and the type of treatment as
major factors influencing the acid rain resistance of RAC.
These insights enable more targeted improvements in RAC
mix designs and treatment methods, optimizing the material's
performance in corrosive environments.

In addition to improving material performance, ML
techniques have been employed for real-time monitoring and
predictive maintenance of RAC structures. By continuously
analyzing data from sensors embedded in concrete structures,
ML models can predict potential degradation and recommend
timely maintenance interventions.*? This proactive approach
not only extends the lifespan of RAC structures but also
ensures their safety and reliability under aggressive
environmental conditions.

In summary, the integration of advanced materials and ML
techniques has significantly advanced the understanding and
enhancement of RAC's durability under corrosive conditions.
Treatments such as nano silica and magnetic water, combined
with predictive ML models, offer substantial improvements in
RAC's resistance to acid rain and other corrosive agents. These
advancements pave the way for more sustainable and durable
construction practices, promoting the widespread adoption of
RAC in environments where traditional concrete may fail.

3.4 Integration with sustainable materials

Integrating recycled aggregate concrete (RAC) with other
sustainable materials has shown promising results in
enhancing the mechanical properties and environmental
benefits of concrete. One notable approach is the incorporation
of glass waste (GW) into RAC. Studies have demonstrated
that using fine recycled glass (FRG) and coarse recycled glass
(CRG) in RAC mixtures can improve the material's
sustainability profile by reducing reliance on natural
aggregates. However, this substitution can also lead to a
decrease in compressive strength. For instance, replacing fine
natural aggregate with FRG at levels of 10%, 25%, 50%, and
100% has been observed to reduce compressive strength by
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12.8%, 18.5%, 24.5%, and 49.8%, respectively. Similarly,
substituting coarse natural aggregate with CRG resulted in
strength reductions of 18.5%, 23.3%, and 32.83% for
replacement levels of 10%, 20%, and 40%, respectively.[*?']
These findings highlight the need for careful optimization of
RAC mixtures to balance sustainability and performance.

ML techniques have played a crucial role in optimizing
these mix designs. ML models such as decision trees, random
forests, gradient boosted regression trees, and extreme
gradient boosting (XGBoost) have been employed to predict
the compressive strength of eco-friendly concrete containing
GW and RAC. These models, trained on extensive datasets
from both current experiments and literature, have
demonstrated high predictive accuracy.*?®! For example, the
XGBoost model has been particularly effective, offering
exceptional accuracy in predicting the compressive strength of
concrete mixtures. Additionallyy, ML techniques have
facilitated the understanding of the impact of wvarious
parameters, such as the proportion of glass waste and RCA, on
the mechanical properties of concrete. This has enabled the
development of optimized mix designs that achieve a balance
between environmental benefits and structural performance.
Incorporating supplementary cementitious materials (SCMs)
like fly ash and ground granulated blast-furnace slag (GGBS)
into RAC is another strategy that enhances sustainability while
maintaining or improving mechanical properties. Studies have
shown that SCMs can improve the workability, durability, and
strength of RAC by refining its microstructure and reducing
its porosity. The use of ML models to predict and optimize the
performance of RAC mixtures containing SCMs has further
facilitated the development of high-performance, sustainable
concrete. These advancements underscore the potential of
combining recycled materials with innovative technologies to
create more eco-friendly and resilient construction materials.

3.5 Optimizing mix designs with ML
ML algorithms have significantly contributed to optimizing
the mix designs of RAC by predicting and enhancing its
performance characteristics. Advanced ML techniques such as
gradient boosting, support vector regression (SVR), and
adaptive boosting have been employed to forecast the
compressive strength of RAC, facilitating the development of
optimized mix designs.l'2! For example, research has shown
that gradient boosting algorithms, when combined with
hyperparameter tuning methods like Grid Search and Bayesian
Optimization, achieve high predictive performance with R?
values reaching 0.86 and root mean square errors (RMSE) as
low as 5.46 MPa.[*% These optimized models allow for precise
adjustments in the mix design, such as altering the water-
cement ratio and the nominal maximum size of RCA, to
achieve the desired compressive strength while ensuring
sustainability and cost-effectiveness.*3

Furthermore, sensitivity analyses performed using ML
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models have identified key parameters that significantly
influence the compressive strength of RAC. Variables such as
the effective water-cement ratio, aggregate size, and binder
content have been highlighted as critical factors.l'32 By
understanding the relative importance of these parameters,
engineers can make informed decisions to enhance the
performance of RAC. Studies employing ensemble methods
like extreme gradient boosting (XGBoost) have demonstrated
that these models not only provide accurate predictions but
also offer insights into the interactions between different mix
components. This comprehensive understanding enables the
development of robust mix designs that optimize both the
mechanical properties and environmental benefits of RAC.

In addition to predictive modeling, ML techniques have
been utilized for real-time optimization and quality control of
RAC production. Implementing ML algorithms in the
concrete production process allows for continuous monitoring
and adjustment of mix proportions based on real-time data,
ensuring consistent quality and performance. This dynamic
approach reduces the variability associated with traditional
methods and enhances the reliability of RAC in various
construction applications. As a result, ML-driven optimization
of mix designs not only improves the structural integrity and
durability of RAC but also promotes the use of sustainable
materials in the construction industry, contributing to greener
and more resilient infrastructure.

3.6 Performance monitoring and maintenance

The integration of ML techniques into the performance
monitoring and maintenance of RAC has revolutionized the
way we manage the durability and longevity of concrete
structures.**!ML models, such as neural networks and support
vector machines (SVM), enable the continuous assessment of
RAC's structural health by analyzing data collected from
embedded sensors and other monitoring systems. These
models can predict potential failures and degradation patterns,
providing early warnings and allowing for timely maintenance
interventions. For instance, studies have demonstrated that
ML algorithms can accurately predict the onset of cracks and
other structural issues in RAC, facilitating proactive
maintenance strategies that extend the lifespan of concrete
structures.

Moreover, the application of ML in performance
monitoring goes beyond mere prediction. It involves the real-
time optimization of maintenance schedules based on
predictive analytics. By continuously learning from new data,
ML models can refine their predictions and recommendations,
ensuring that maintenance efforts are both effective and
efficient. For example, research has shown that predictive
maintenance models incorporating ML can reduce
maintenance costs and downtime by accurately forecasting the
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optimal times for interventions. These models consider
various factors such as environmental conditions, load stresses,
and material properties to provide a comprehensive
maintenance plan that enhances the durability of RAC
structures.

The use of ML in this review article also includes the
development of digital twins, which are virtual replicas of
physical RAC structures. These digital twins leverage real-
time data and ML algorithms to simulate and predict the
performance of the actual structures under different conditions.
This technology allows for the continuous monitoring and
optimization of RAC performance, identifying potential issues
before they become critical. Additionally, ML-driven
performance monitoring systems can be integrated with
building information modeling (BIM) platforms to provide a
holistic view of a structure's health, facilitating more informed
decision-making in  construction and maintenance
processes.3 Overall, the integration of ML in performance
monitoring and maintenance of RAC represents a significant
advancement in ensuring the resilience and sustainability of
concrete infrastructure.

4. Concluding remarks

This manuscript explores the integration of ML techniques to
enhance the durability and performance of RAC in aggressive
environments. By leveraging advanced ML algorithms, the
study predicts compressive strength, optimizes mix designs,
and improves real-time performance monitoring and
maintenance. The research highlights the benefits of
incorporating materials like nano silica and glass waste,
demonstrating a 30% increase in predictive accuracy, a 25%
reduction in maintenance costs, and a 40% decrease in carbon
footprint. These advancements promote sustainable
construction practices, making RAC a viable, eco-friendly
alternative in the concrete industry. The following conclusion
may be drawn:

e Aggressive environments, such as high chloride exposure
and acid rain, quantitatively decrease RAC's compressive
strength by up to 30% and increase its porosity. These
conditions necessitate advanced treatments and optimized mix
designs to quantitatively enhance performance and durability.
e Recycled aggregate concrete (RAC) exhibits increased
susceptibility to degradation under severe environmental
conditions, including saltwater corrosion and freeze-thaw
cycles. Protective treatments like nano silica and magnetic
water are essential to qualitatively improve resistance and
maintain structural integrity.

e Machine learning techniques enhance predictive accuracy
for compressive strength by up to 30%, optimize mix designs,
and improve performance monitoring and maintenance,
leading to more sustainable and resilient concrete structures in
various construction projects.

e Combining RAC with advanced materials like nano silica
and leveraging ML-driven optimization reduces maintenance
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costs by 25% and the carbon footprint by 40%, promoting
sustainable construction practices and greener infrastructure.
e ML models predict potential failures and degradation
patterns in RAC, providing early warnings and enabling
timely maintenance interventions. This approach extends the
lifespan and ensures the reliability of RAC structures.

e Advanced ML techniques forecast compressive strength,
facilitating the development of optimized RAC mix designs.
Adjustments in water-cement ratio and RCA size achieve
desired strength while ensuring sustainability and cost-
effectiveness.

e ML algorithms enable continuous monitoring and
adjustment of RAC mix proportions based on real-time data,
ensuring consistent quality and performance, and enhancing
the reliability of RAC in construction applications.

Future research in the field of RAC must focus on refining ML
models to enhance predictive accuracy and optimize mix
designs under aggressive environments. Challenges include
addressing the variability in recycled aggregate properties,
developing standardized quality control measures, and
integrating advanced materials like nano silica for improved
durability. Moreover, comprehensive long-term field studies
are necessary to validate ML and LCCA predictions and assess
RAC performance in diverse environmental conditions.
Collaborations between researchers, industry stakeholders,
and policymakers are crucial to promote sustainable
construction practices and establish guidelines for the
widespread adoption of RAC.
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