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1. Introduction

1.1. Background and Motivation

Concrete is the most used construction material; its production causes significant
environmental impacts, including natural resource depletion and carbon emissions. In
response to these challenges, the incorporation of recycled materials, such as Recycled
Concrete Aggregates (RCAs) derived from Construction and Demolition Waste (CDW), has
emerged as a sustainable solution to reduce the environmental impact of concrete production
while enhancing its mechanical and durability properties [1].

The construction industry is one of the largest consumers of natural resources worldwide.
Global production of virgin aggregates has increased significantly, from 21 billion tons in 2007
to 50 billion tons in 2017, marking a 138% rise. Projections indicate that this demand will
continue to grow, reaching 60 billion tons by 2030 [2,3]. China is the largest consumer, using
40% of these aggregates, followed by India at 10% and other Asian countries, including
Indonesia, Malaysia, and Thailand, with a combined total of 16%. Additional major consumers
are Turkey (0.96%), Africa (8%), Europe and the European Free Trade Association (EFTA) (6%),
the United States (4.8%), Central and South America (4%), the Middle East (5.6%), and Russia
together with the Commonwealth of Independent States (CIS) (5%) [2—-4], as illustrated in
Figure 1 [5].
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Figure 1. Worldwide production of virgin aggregates (million tons) [5].

RCAs derived from demolished concrete structures offer a sustainable alternative to
conventional aggregates. The utilization of RCAs in concrete not only diverts construction
waste from landfills, but also conserves natural resources and reduces energy consumption
associated with aggregate extraction and processing [6]. Furthermore, incorporating RCAs



into concrete mixtures can contribute to mitigating the carbon footprint of the construction
industry, aligning with global efforts towards sustainable development and environmental
stewardship [7].

The water-intensive nature of concrete production, coupled with improper waste disposal
from construction and demolition activities, poses risks to water resources and amplifies the
global waste stream. Concrete’s high thermal conductivity contributes to the urban heat island
effect, altering local climates, while its reflective properties influence the albedo effect,
potentially impacting regional climate patterns. Improper disposal of concrete-related
chemicals can lead to groundwater contamination, posing risks to both human health and
aquatic ecosystems. Construction and demolition processes, see [8], generate airborne
concrete dust with adverse respiratory effects on humans and surrounding ecosystems.
Furthermore, the long lifespan and inflexibility of concrete structures inhibit adaptive
responses to changing environmental needs and conditions, emphasizing the need for
sustainable alternatives and responsible construction practices.

Recycled Concrete Aggregate (RCA) emerges as a very promising solution to mitigate the
depletion of natural resources induced by traditional concrete construction [9]. By utilizing
RCA in concrete production, the demand for fresh aggregates extracted from quarries can be
remarkably reduced, thereby preserving natural ecosystems and mitigating habitat disruption.
This practice not only extends the lifespan of existing resources but also minimizes the
environmental impact associated with extraction processes [10]. Recycling concrete not only
diverts waste from landfills but also lessens the need for virgin materials, addressing the
sustainability challenges posed by resource depletion. Consequently, the incorporation of RCA
in concrete promotes a more circular and environmentally conscious approach to
construction, contributing to the conservation of natural resources and fostering a more
sustainable built environment.

The incorporation of RCAs in concrete raises questions regarding their impact on mechanical
and durability properties. The heterogeneous nature of RCAs, varying in size, shape, and
quality, presents challenges in predicting their influence on concrete performance [11].
Moreover, factors such as the content of adhered mortar, contaminants, and the presence of
residual cementitious materials can influence the properties of RCAs and, consequently, the
performance of recycled aggregate concrete [12].

The use of RCAs in structural elements is gaining attention for its environmental and
mechanical benefits. Stochino et al. (2024) investigated steel-concrete composite slabs
incorporating RCAs and found that, while compressive strength decreased with higher RCA
content, structural integrity remained intact. Their study suggests that RCAs can enhance
composite action with steel decking, supporting their feasibility for sustainable construction
without compromising mechanical performance [13].

Understanding the effects of using RCAs on the mechanical and durability properties of
concrete is crucial for optimizing concrete mix designs and ensuring the long-term
performance of sustainable construction materials. Previous research has explored various
aspects of recycled aggregate concrete, including its compressive strength, tensile strength,
modulus of elasticity, durability against freeze—thaw cycles, chloride penetration resistance,
and sulfate attack resistance [14,15].



Despite the growing body of research, as illustrated in Figure 2 [16], existing studies often
focus on isolated properties of RCA concrete, such as compressive strength or durability
against specific environmental factors. To generate this figure, a keyword search was
conducted on the Scopus database using the term ‘recycled concrete aggregate.” The search
was limited to publications from 2000 to 2024 to analyze the trend in research output over
time.

1400 -
1200 -
1000 -
800 -
600 - —

400 -

200 - |:||:|
. =:=EDDDDDDD o L
S 4
Vv

N o o
Q Q Q
° o >

Number of Publications

v
Year

Figure 2. Trend of research publications on RCAs [16].

Few comprehensive reviews systematically synthesize these findings across mechanical and
durability dimensions, alongside innovations in pretreatment methods and advanced mix
designs. This gap in the literature limits the development of holistic strategies for optimizing
RCAs in structural applications.

A key finding by Chauhan [17] indicates that the incorporation of metakaolin and lime powder
in acid-mechanically treated recycled aggregate concrete significantly enhances its strength
and durability. This is attributed to the improved pore structure and resistance to chloride ion
permeability offered by the mineral admixtures used, which confer better mechanical
properties to the concrete. Similarly, Islam [18] emphasizes that while the incorporation of
polypropylene aggregates helps address the recycling of plastic waste, it also presents
ecological concerns due to the low recycling rates of plastics. These studies underscore the
critical balance between material innovation and environmental impact in the advancement
of sustainable concrete solutions.

However, several treatment methods have been investigated to improve the modulus of
elasticity in RCA concrete. Based on the study by Silva et al. (2016) [19], pretreatment
techniques, such as acid washing, mechanical grinding, and polymer impregnation, have
shown significant improvements in the modulus of elasticity. For instance, heating—scrubbing
treatment resulted in a 42.92% increase in E-values, while mechanical grinding led to a 31.30%
improvement [20]. Furthermore, bio-calcium deposition treatment increased the E-values by
32.8%, from 33.2 GPa for untreated RCAs to 44.1 GPa for treated RCAs [21]. Other methods,
such as acetic acid immersion, also demonstrated improvements, with increases ranging from
12% to 29% depending on the treatment method and RCA replacement level [22]. These



findings suggest that pretreatment methods can effectively enhance the stiffness and overall
mechanical performance of RCA concrete by reducing residual mortar content and improving
the bond between RCAs and the cement matrix.

Mechanical and durability properties significantly deteriorate with a higher percentage of RCA
replacement. Zia [23] reported that increased RCA content leads to notable reductions in
compressive, tensile, and bending strengths, along with increased porosity and water
absorption. This finding aligns with the work of Liu [24], who found that recycled coarse
aggregate concrete exhibits excellent freeze-thaw resistance compared to natural aggregate
concrete, thus highlighting an important advantage of RCA under certain conditions. This
juxtaposition of qualities emphasizes the need for thoughtful integration of RCA in concrete
formulations to optimize both sustainability and performance.

The impact of RCA on concrete properties can further be affected by parameters such as
particle shape and size, as demonstrated in studies by Nithin [25]. They note that the strength
and durability of recycled aggregates can vary significantly based on their physical
characteristics, indicating that careful evaluation of aggregate properties is necessary during
the mix design phase

Shang’s exploration of wet carbonation with ethanol solutions reveals another promising
treatment method for enhancing the microstructural and durability properties of RCA [26].
This process modifies the chemical composition of RCA, potentially improving its performance
in concrete applications. Such innovative techniques are crucial in improving the mechanical
properties of concrete while utilizing recycled materials, paving the way for sustainable
construction practices.

Moreover, the incorporation of waste byproducts such as glass powder has gained traction,
as evidenced by Singh’s findings [27]. His studies demonstrate that when utilized as a partial
cement substitute, waste glass powder can enhance the microstructural integrity and
durability of fly ash-based alkali-activated concrete containing 100% RCA, thus suggesting new
avenues for leveraging industrial waste in concrete production. This dynamic showcases the
increasing potential of hybrid materials composed of recycled aggregate and various
supplementary cementitious materials.

With rising concerns about sustainability and natural resource depletion, the use of recycled
concrete aggregates (RCAs) from CDW is gaining momentum as a viable alternative to natural
aggregates. However, the inclusion of RCAs often introduces variability due to the presence
of adhered mortar, increased porosity, and higher water absorption compared to natural
aggregates [28].

Durability is often a more critical concern than strength when using RCAs. The porous nature
of recycled aggregates and the weaker interfacial transition zone (ITZ) between cement paste
and aggregate typically result in reduced resistance to carbonation, chloride ingress, and
freeze—thaw cycles [29]. Nevertheless, growing evidence suggests that when properly
processed, RCAs can offer sufficient durability performance, especially for non-structural or
moderately aggressive environments [30].

Among various durability indicators, oxygen permeability and chloride ion penetration are key
parameters used to evaluate concrete’s resistance to aggressive agents. Oxygen permeability,
in particular, is closely associated with the microstructural quality of the concrete and provides
a sensitive measure of its ability to resist gas ingress and subsequent reinforcement corrosion



[31]. Additionally, studies have shown that permeability-related parameters are often better
indicators of long-term performance than compressive strength alone [32].

Carbonation represents a key durability concern in recycled aggregate concrete, since CO,
penetration lowers the pore solution pH and may depassivate embedded steel reinforcement.
Interestingly, some research highlights the potential benefits of using carbonated RCAs, which
show lower water absorption and denser microstructures, thereby improving resistance to
further carbonation [33]. This not only enhances durability but also aligns with carbon capture
objectives through accelerated carbonation treatments [34].

Furthermore, the interplay between different durability mechanisms, such as carbonation
depth, water permeability, and chloride ion penetration, can be complex. For example,
concrete with low water permeability may still exhibit high carbonation due to the drying
effect on pore structure [35]. Thus, evaluating correlations among durability indicators is
essential for building comprehensive performance profiles for RAC.

Emerging predictive approaches, including probabilistic models and machine learning, have
enabled better estimation of durability under variable exposure conditions. These techniques
consider a wide range of input variables, from RCA properties to environmental exposure, and
are proving useful for performance-based design and life-cycle analysis [36]. They also
highlight the importance of multi-parameter durability assessments over isolated tests.

While numerous studies have examined the mechanical or individual durability properties of
RAC, integrated experimental campaigns that simultaneously assess gas permeability, chloride
transport, freeze—thaw resistance, and carbonation depth across different mix designs are still
scarce. This gap limits the development of unified durability criteria tailored for RCA
applications [37].

The mechanical performance of recycled aggregate concrete is being thoroughly investigated
[38]. Previous studies on RCA report on reduced compressive strength but enhanced
interfacial bonding due to rougher surfaces [39]. Recently, it has been investigated the
fracture behavior of environmentally-friendly building materials such as rubberized steel fiber
reinforced recycled aggregate concrete (RSRAC), which incorporates waste concrete and tires
[40]. Very promising results indicate that RSRAC exhibits reduced brittleness and improved
ductility with crumb rubber, while steel fiber enhances strength but increases brittleness, and
recycled aggregate negatively affects both strength and ductility

From this perspective, the composite concrete steel solutions (Figure 3), like slabs, can provide
interesting research results, see [41] and [42]. Composite steel concrete slabs combining steel
and concrete, offer a synergistic effect by leveraging the tensile strength of steel and the
compressive strength of concrete, resulting in enhanced structural performance and
durability. These systems are particularly advantageous in construction, providing increased
load-bearing capacity and efficient material usage.
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Figure 3. A standard steel-concrete slab incorporating a trapezoidal metal deck.

The response of such structures is governed by the tangential behaviour of the interface, i.e.
the bond between the two materials, and for this reason the roughness of the concrete
became more important than its ultimate strength [43,44]. The longitudinal shear strength
(@) stress, which governs the design of a composite slab, can be assessed by using the
interaction domain proposed by the EN 1994-1-1 [45], together with the experimental results
of a four point bending test procedure, i.e. by following the so-called partial shear connection
(PSC) method. The main assumptions of the method are: i) at the ultimate limit state, the steel
sheet response is always in the plastic range independently of the effective strain value
reached at the various levels of the cross-section; ii) the contribution of the concrete inside
the ribs is always neglected.

These simplified assumptions affect the resistance domain and could leads to an unreliable
estimation of the level of interaction between concrete and steel. As already observed in ref.
[46], it can be noted that once a limit strain €im of the lower edge of the steel deck is reached,
longitudinal shear collapse occurs, with a large part of the steel deck in the elastic range. For
this reason more refined design methods are still under investigation [47].

Composite steel-concrete slabs have gained significant attention for their structural efficiency,
particularly when combined with RCA. In this context their name is RACCS (Recycled Aggregate
Concrete Composite Slabs), see Fig. 1. These hybrid systems leverage the tensile strength of
steel and the compressive resistance of concrete, enhancing load-bearing capacity and
durability [48,49]. Stochino et al. (2024) [50] conducted an experimental study on 12 RACCS,
analyzing ultimate resistance and longitudinal shear strength. Their results indicate that
increased RCA content weakens flexural performance, though enhanced bonding techniques
can mitigate strength loss. Similarly, Chen et al. (2023) [51] performed longitudinal shear tests
on corrugated steel-concrete composite slabs with RCA, concluding that the RCA-to-steel
interface plays a critical role in shear performance, necessitating optimized bonding methods.
Furthermore, Ferreira et al. (2024) [52] analyzed the punching strength of slab-column
connections using RCA, confirming that well-graded RCA aggregates can maintain punching
shear capacity comparable to conventional concrete, making RCA viable for high-load
applications. A comprehensive review of the longitudinal shear behaviour of the RACCS has
been recently proposed in [53]. This paper highlights material-geometry interactions in RACCS
and discusses the variation of m—k method parameters for sustainable structural design

Another critical aspect of RCA-based composite structures is their performance under
extreme conditions. Kefyalew et al. (2024) [54] reviewed the behavior of RCA-based
composite metal decks under elevated temperatures, reporting that adhered mortar in RCA
reduces thermal resistance, though modified aggregate treatments can improve fire
resistance. Neupane et al. (2023) [55] studied RCA use in Southeast Asia, revealing that 100%
RCA slabs exhibit lower flexural strength than natural aggregate slabs. Their findings suggest
that hybrid mix designs incorporating silica fume significantly improve mechanical properties.
In addition, Wattanapanich et al. (2024) [56] applied machine learning models to optimize RCA
mix designs for extreme environments, providing predictive tools for enhancing durability and
structural integrity.

With advancements in digital construction technologies, RCA has also been explored in 3D-
printed concrete structures. Aslani & Zhang (2024) [57] investigated RCA applications in
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automated construction, demonstrating that high-quality secondary raw materials enhance
both printability and structural stability, paving the way for innovative RCA utilization in
prefabricated and on-site printing applications.

Despite this growing body of research, the literature on RACCS remains fragmented. Most
available studies have focused on small-scale specimens or single-span configurations, often
overlooking the combined influence of RCA content and span length on the flexural and
longitudinal shear behavior of full-scale slabs. Furthermore, existing design provisions, such
as those in EN 1994-1-1 [45], were primarily developed for conventional concretes and may
not adequately capture the altered interfacial behavior introduced by RCA. Consequently,
systematic experimental evidence is still limited, particularly regarding the influence of
geometry and aggregate type on composite action, ductility, and residual load-bearing
capacity.

For these reasons, the development of composite slabs incorporating RCA represents a
promising and necessary area of investigation. Achieving satisfactory resistance and stiffness
does not necessarily require high-strength concrete but rather an efficient mechanical and
chemical bond with the steel sheeting. In this context, concrete made with recycled
aggregates offers a sustainable and technically feasible solution for the next generation of
composite structural systems.

This study presents a comprehensive experimental and analytical investigation into the
mechanical and durability performance of recycled aggregate concrete (RAC), as well as its
structural application in composite concrete—steel systems. The research was developed
within the framework of the SARCOS project [58], funded by the Italian Ministry, through a
close collaboration between the University of Cagliari and the Politecnico di Milano. The
project aims to promote the sustainable use of recycled aggregates in structural concrete,
reducing the environmental impact associated with natural aggregate extraction and
construction waste disposal.

To achieve these objectives, two extensive experimental campaigns were carried out between
2023 and 2024, focusing on both material-level and structural-scale investigations. The 2023
campaign involved four concrete mixes with different RCA replacement levels—0%, 30%, 50%,
and 100%—identified as MO0-0, M30-30, M50-50, and M100-100. These mixes were
characterized in terms of mechanical and durability properties and subsequently used in
composite slabs tested at three span lengths (2400, 2800, and 3200 mm). The 2024 campaign
expanded this research by introducing additional mixes with replacement levels of 0%, 20%,
70%, and 100% (MO0-0, M20-20, M70-70, and M100-100), again tested under identical span
configurations.

A total of 48 full-scale Recycled Aggregate Concrete Composite Slabs (RACCS) were produced
using RCA derived from construction and demolition waste. Each mix was tested across the
three spans, with three specimens per configuration. The experimental program assessed a
wide range of parameters, including compressive, tensile, and flexural strength, modulus of
elasticity, creep, oxygen and water permeability, carbonation resistance, chloride ingress, and
freeze—thaw durability. The structural program focused on the evaluation of ultimate load-
bearing capacity and longitudinal shear resistance to better understand the interaction
between concrete and steel in composite systems incorporating RCA.

The results obtained provide one of the most extensive and statistically robust datasets
currently available for RCA-based concretes and composite slabs. By correlating mechanical
and durability properties with structural behavior, this research contributes to a deeper
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understanding of how recycled aggregates influence both material performance and
composite action. Ultimately, the outcomes of this work support the feasibility of using RCA
as a sustainable alternative to natural aggregates in modern concrete structures, offering
valuable insights for the refinement of design provisions and the advancement of circular
construction practices.

1.2. Thesis Structure

This thesis is organized into six chapters that progressively develop the research context,
experimental work, and findings. Chapter 1 introduces the study by outlining the background,
motivation, and objectives, followed by a brief description of the adopted methodology. It
also presents the overall structure of the thesis to guide the reader through the subsequent
chapters.

Chapter 2 provides a comprehensive state-of-the-art review of recycled concrete aggregates
(RCA), beginning with the recycling of construction and demolition waste and the production
of RCA. It then discusses the mechanical and durability properties of RCA concrete, as well as
pretreatment methods aimed at enhancing aggregate quality. Recent developments related
to CO, capture and life cycle assessment are also addressed, allowing the identification of
knowledge gaps that motivate and shape the experimental program of this research.

Chapter 3 presents the experimental results concerning the mechanical characterization of
RCA concrete. The investigation includes compressive strength, tensile and flexural strength,
modulus of elasticity, and creep. The influence of different replacement levels of fine and
coarse RCA is examined and compared with natural aggregate concrete, offering insight into
how RCA affects fundamental mechanical behavior.

Chapter 4 focuses on the durability assessment of RCA concrete. It evaluates oxygen
permeability, water permeability, carbonation depth, and freeze—thaw resistance, Chloride
ion penetration, and Chloride migration coefficient, which are key indicators of long-term
performance. The analysis also considers how this durability parameters relate to the
mechanical properties, providing a more holistic understanding of RCA concrete behavior.

Chapter 5 shifts the attention from material characterization to structural application,
reporting on the composite slab investigations carried out within the framework of the
SARCOS project. Two experimental campaigns, conducted in 2023 and 2024, are presented,
each involving composite steel—-concrete slabs with varying RCA replacement levels and span
lengths. The results are analyzed in terms of ultimate resistance, longitudinal shear resistance,
and overall structural performance, thereby demonstrating the practical potential of RCA in
structural concrete applications.

Finally, Chapter 6 draws together the main conclusions of the thesis, emphasizing both
scientific contributions and practical implications for sustainable construction.
Recommendations for the use of RCA in concrete structures are provided, along with
suggestions for future research, particularly in relation to cyclic loading and dynamic
applications. The thesis concludes with a full list of references documenting the sources
consulted throughout the research.
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2. State-of-the-Art

2.1. Recycling of construction of demolition waste for producing the aggregates

The recycling of CDW for producing aggregates has gained significant attention as a
sustainable practice in the construction industry. CDW comprises various materials, including
concrete, bricks, tiles, asphalt, wood, and metals, generated from construction, renovation,
and demolition activities [59]. Recycling CDW not only reduces the burden on landfills but also
conserves natural resources and reduces energy consumption associated with conventional
aggregate production. Moreover, incorporating recycled aggregates from CDW in concrete
offers potential economic benefits by lowering material costs and reducing the need for
landfill disposal [60].

The quality of recycled aggregates obtained from CDW depends on several factors, including
the type and composition of the original materials, the degree of contamination, the efficiency
of the recycling process, and the quality control measures implemented [61]. Proper sorting,
crushing, and screening techniques are essential to produce recycled aggregates with
desirable properties for use in concrete production [62]. However, challenges such as
variability in material composition, presence of contaminants, and limitations in processing
technology can affect the quality and consistency of recycled aggregates, influencing the
performance of concrete mixtures [15].

Despite the challenges, numerous studies have investigated the feasibility and effectiveness
of using recycled aggregates from CDW in concrete applications. Research efforts have
focused on evaluating the mechanical properties, durability performance, and long-term
behavior of concrete incorporating recycled aggregates from CDW [63]. Additionally,
advancements in recycling technologies and quality control measures have contributed to
improving the quality and reliability of recycled aggregates, further enhancing their suitability
for use in concrete production [64].

2.1.1. Recycled concrete aggregates (RCA)
RCAs obtained from construction and demolition waste are produced by crushing and
processing demolished concrete structures, resulting in coarse and fine aggregates that can

be used as substitutes for natural aggregates in concrete mixtures [65]. Figure 4 provides an
example of RCAs, illustrating their typical particle size and texture.
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Figure 4. Recycled concrete aggregates (RCAs).

The properties of RCAs significantly influence the performance of concrete mixtures. The
quality of RCAs is affected by factors such as the quality of the original concrete, the degree
of contamination, the crushing process, and the particle size distribution [11]. RCAs may
contain residual mortar adhered to the aggregate particles, which can affect the workability,
strength, and durability of concrete [5]. Therefore, proper characterization and quality control
measures are essential to ensure the consistent and reliable performance of concrete
containing RCAs.

Regional variations play a crucial role in influencing the performance of RCAs, primarily due to
differences in CDW characteristics. Factors such as the age and type of demolished structures,
local construction materials, and recycling practices contribute to these differences. For
instance, RCAs obtained from regions with older buildings often contain higher proportions of
masonry or plaster, which can negatively impact compressive strength and durability
compared to RCAs derived from newer, concrete-rich demolitions. Moreover, areas with more
regulated and advanced recycling systems, such as parts of Europe, tend to produce more
consistent and higher-quality RCAs. These regional disparities underscore the need to consider
local CDW characteristics when evaluating the suitability and performance of RCAs in concrete
applications [66].

Research on RCAs has focused on evaluating their effects on various properties of concrete,
including mechanical strength, durability, shrinkage, and permeability. Numerous studies
have investigated the optimal replacement levels of natural aggregates with RCAs to achieve
desired concrete performance while minimizing potential drawbacks [67]. Additionally,
research efforts have explored different techniques to enhance the properties of recycled
aggregate concrete, such as pre-soaking RCAs to reduce their water absorption and improve
their compatibility with cement paste [68].

The influence of the quality of parent concrete on RCA properties remains a topic of debate
in the literature. While several studies emphasize that the characteristics of the original
concrete significantly impact the mechanical performance of recycled aggregate concrete,
others suggest that factors such as mix design and curing conditions may play a more
dominant role. For instance, Pani et al. (2020) [69] argue that the quality of parent concrete
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does not substantially affect the compressive strength of recycled concrete, highlighting that
mix proportions and other parameters have a greater influence on the final properties of RCA-
based concrete. This divergence in findings underscores the complexity of RCA behavior and
the need for further research to reconcile these varying perspectives.

RCAs have been extensively studied for their potential to mitigate the environmental impact
of concrete production. The use of RCAs reduces the need for landfill space, conserves natural
resources, and lowers greenhouse gas emissions associated with traditional aggregate mining
and transportation [70]. Furthermore, incorporating RCAs into concrete mixtures aligns with
sustainable development goals by promoting resource efficiency and waste reduction [71].
However, challenges such as variability in RCA properties, uncertainty regarding long-term
performance, and potential durability issues remain areas of concern [72].

2.1.2. Pretreatment methods on RCA

The quality and performance of RCA are influenced by factors such as residual mortar content,
contaminants, and particle size distribution. Effective pretreatment methods are crucial to
enhance the properties of RCA and optimize their suitability for concrete production.

Mechanical pretreatment methods involve physical processes such as crushing, screening, and
sieving to break down demolished concrete structures and segregate RCA into desired particle
sizes [73]. Proper crushing techniques are essential to remove adhered mortar effectively and
minimize the generation of fines. Screening and sieving processes further refine RCA into
uniform aggregates suitable for concrete production.

Chemical pretreatment methods utilize solutions to dissolve or weaken the bond between
aggregate particles and residual mortar, facilitating separation and improving RCA cleanliness
[74]. Acid washing and alkali treatment are common chemical techniques employed. Acid
washing removes calcium carbonate in the mortar matrix, while alkali treatment breaks down
the bonds between aggregate particles and residual mortar. These methods enhance the
quality of RCA but require careful handling to mitigate environmental impacts [75].

Thermal pretreatment involves heating and drying RCA to remove moisture and
contaminants, improving their compatibility with cement paste and concrete performance
[74,75]. Thermal treatment eliminates organic contaminants and weakens the bond between
aggregate particles and residual mortar. However, it may alter the mineralogy and
microstructure of RCA, necessitating careful consideration.

Pretreatment effectiveness depends on factors including the quality of the original concrete,
contaminant type and concentration, and desired properties of recycled aggregates [15,76].
High-quality RCA can be obtained from well-maintained structures, while older or heavily
contaminated sources may require more intensive pretreatment. Selection of pretreatment
methods should align with concrete mix designs and intended RCA application.
Comprehensive testing is crucial to assess pretreated RCA suitability for concrete production.
Research aims to optimize recycling processes, improve recycled aggregate quality, and
enhance concrete performance [5]. Studies like [74] have shown that chemical pretreatment
significantly reduces residual mortar content in RCA, leading to improved concrete strength
and durability. Experimental testing evaluates mechanical strength, durability, shrinkage, and
permeability of concrete with pretreated RCA. Advancements in pretreatment technologies,
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such as automated sorting and washing systems, streamline recycling processes and increase
efficiency [77].

Pretreatment methods are vital for enhancing the quality and performance of RCA in
sustainable concrete production. Mechanical, chemical, and thermal pretreatment
techniques effectively address challenges associated with residual mortar, contaminants, and
particle size distribution in RCA. However, their efficacy depends on various factors,
necessitating comprehensive characterization and testing. Continued research and
development efforts are crucial to optimize pretreatment methods and promote widespread
adoption of recycled aggregates in the construction industry.

2.2. Mechanical properties of concrete with RCA
2.2.1. Compressive strength

The compressive strength is the most critical factor in evaluating concrete. Numerous studies
have explored how recycled aggregates influence the compressive strength of recycled
aggregate concrete (RAC). Silva et al. (2014) [78] reviewed 236 papers on RAC, with 119
focused specifically on compressive strength. However, reaching consistent conclusions has
been challenging due to various factors. First, comparisons are often made between RAC and
conventional concrete using natural aggregates, but the quality of these natural aggregates
greatly influences the outcomes. The impact of recycled aggregates can vary depending on
whether they replace natural aggregates with strong or weak mechanical properties. Second,
different approaches were used to compare RAC, such as maintaining a consistent total
water/cement ratio, an equivalent effective water/cement ratio, or the same workability,
each of which can affect the effective water/cement ratio differently. Lastly, the results also
depend on the specific properties of the recycled aggregates, such as their shape, size, and
mechanical characteristics.

To better illustrate the influence of RCA content on compressive strength, a statistical analysis
was conducted based on normalized values from multiple published studies. The results are
shown in Figure 5, where the compressive strength of RAC is expressed as a ratio relative to
that of conventional concrete and plotted against the percentage of RCAs used as
replacements for natural aggregates.
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Figure 5. Normalized compressive strength of concrete with RCAs vs. replacements [79-90].

As seen in the figure, there is a clear downward trend: As the replacement level increases,
compressive strength generally decreases. The data follow a linear trend, described by the
equationy =1 -0.0021x, indicating that a full replacement (100%) could lead to about 79% of
the compressive strength compared to concrete made entirely with virgin aggregates. This
reduction is largely attributed to the higher porosity and lower mechanical quality of RCAs,
which often contain residual mortar and form weaker interfacial transition zones (ITZs). These
characteristics compromise the density and overall strength of the concrete matrix.

The compressive strength reduction is primarily due to the weaker adhered mortar present in
the RCAs, which compromises the new concrete matrix’s overall integrity. For instance, Silva
et al. (2016) [19] observed that the compressive strength of RCA concrete could be
approximately 10-30% lower than that of conventional concrete, depending on the RCA
quality and the original concrete’s properties.

The compressive strength of RCA concrete is strongly influenced by the RCA quality, which can
be improved through proper pretreatment methods, such as acid washing or mechanical
treatment. As mentioned in Section 2.2, these methods help reduce the residual mortar
content, which can lead to better interfacial bonding and improved compressive strength.

Another critical factor affecting the compressive strength of RCA concrete is the mix design.
Adjustments in the mix proportions, such as increasing the cement content or using
supplementary cementitious materials (SCMs) like fly ash or silica fume, can mitigate the
strength reduction caused by RCAs. A study by Kurda et al. (2019) [91] demonstrated that
incorporating fly ash in RCA concrete mixes could enhance compressive strength by improving
the interfacial transition zone between the RCAs and the cement paste. Their findings indicate
that with optimal mix design, RCA concrete can achieve compressive strengths comparable to
those of traditional concrete.
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Curing conditions also play a crucial role in the development of compressive strength in RCA
concrete. Proper curing can enhance the long-term strength of RCA concrete, despite initial
lower strengths. Zhang et al. (2021) [73] reported that while RCA concrete exhibited lower
early-age compressive strength, its long-term strength, particularly after 90 days, was
comparable to that of natural aggregate concrete when subjected to appropriate curing
practices. Their study emphasizes the importance of extended curing times to allow the RCA
concrete to develop its full-strength potential.

With advancements in RCA processing techniques and optimized mix designs, the compressive
strength of RCA concrete can be effectively managed to meet structural requirements. For
instance, research by Wang et al. (2018) [92] highlights that incorporating RCAs in structural
concrete is feasible and practical, provided that the mix design is tailored to account for the
specific properties of the RCAs used.

2.2.2. Tensile strength

The tensile strength of concrete is a fundamental property that influences its behavior under
various loading conditions, especially in scenarios involving flexure or cracking. The
introduction of RCA into concrete mixes has been shown to impact tensile strength differently
than compressive strength. Silva et al. (2015) [93] found that the tensile strength of RAC tends
to decrease with an increase in RCA content, primarily due to the weaker interfacial transition
zone (ITZ) in RAC compared to natural aggregate concrete. This weaker ITZ is often
characterized by micro-cracks and increased porosity, which contribute to the reduced tensile
strength.

The source and processing of RCA play crucial roles in determining the tensile strength of the
resulting RAC. Yang et al. (2023) [94] conducted a study comparing the tensile strength of RAC
produced with RCA from different sources. Their research indicated that RCA from high-
strength concrete had a less detrimental effect on tensile strength than RCA sourced from
lower-quality concrete. This finding emphasizes the importance of selecting high-quality RCA
and possibly enhancing it through pre-treatment processes, such as washing and mechanical
scrubbing, to remove adhered mortar and other contaminants.

Modifications in the mix design can also influence the tensile strength of RAC. Adding
supplementary cementitious materials (SCMs) like fly ash or silica fume has been shown to
improve tensile strength by refining the microstructure of the ITZ and enhancing the bond
between the RCA and the new cement paste. Incorporating silica fume in RAC mixes improved
tensile strength by reducing ITZ porosity and increasing the cohesion between RCA particles
and the cement matrix. This modification is particularly effective in mitigating the reduction
in tensile strength typically associated with higher RCA content [95,96].

Curing practices significantly affect the tensile strength development of RAC, as they do with
compressive strength. Proper curing can enhance the tensile strength, even when using high
levels of RCA. Dimitriou et al. (2018) [97] demonstrated that RAC subjected to extended curing
times showed significant improvements in tensile strength, almost reaching that of natural
aggregate concrete. This improvement was more pronounced in mixes where SCMs were
used, highlighting the combined effect of optimal curing and mix design on tensile strength.
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2.2.3. Elastic modulus

Elastic modulus is a critical mechanical property of concrete that defines its stiffness and
ability to deform elastically under load. The modulus of elasticity is influenced by the
composition of the concrete mix, particularly the quality of aggregates used. When RCAs
replace natural aggregates in concrete, the elastic modulus is often observed to decrease due
to the inferior quality of RCAs compared to natural aggregates. This reduction is attributed
primarily to the quality of the recycled aggregates, which typically have a lower stiffness due
to the presence of old adhered mortar and increased porosity. RCA particles contain old
mortar and microcracks, which reduce the overall stiffness of the concrete, making it more
susceptible to deformation under stress. Various studies have reported a reduction of up to
30% in the elastic modulus of concrete containing 100% RCA compared to natural aggregate
concrete (NAC) [98,99]. Understanding how RCAs affect the elastic modulus is essential for
ensuring that structural designs maintain adequate stiffness and serviceability.

Table 1 presents the modulus of elasticity of RCA concrete at different replacement levels,
based on experimental results from a previous study [58]. The results indicate a clear
reduction in the elastic modulus as the RCA content increases. The reference mix (M0-0) with
natural aggregates exhibited the highest modulus of elasticity (34.7 GPa), whereas the 100%
RCA mix (M100-100) recorded the lowest value (16.7 GPa), confirming the negative impact of
RCAs on concrete stiffness. In the mix designation “M100-100,” the first “100” refers to the
percentage of natural fine aggregate replaced with RCAs, and the second “100” refers to the
percentage of coarse aggregate replaced with RCAs.

Table 1. Effect of RCA replacement on the modulus of elasticity of concrete.

Mix Average [GPa] CoV (%)
M 0-0 34.7 13.43
M 30-30 22.5 0.53

M 50-50 23.7 1.45

M 100-100 16.7 0.03

It is worth noting that, in some cases, the coefficient of variation (CoV) associated with the
natural aggregate concrete (NAC) appears higher than that obtained for mixes incorporating
recycled aggregates. Although this result may seem counterintuitive, it can be reasonably
explained by a combination of statistical and material-related factors. First, the limited
number of tested specimens makes the CoV particularly sensitive to small fluctuations in
measured strength, especially for NAC mixes, which exhibit higher absolute strength levels.
Second, recycled aggregate concretes tend to display more uniform failure mechanisms due
to their more porous microstructure and the presence of attached mortar, which may reduce
the influence of localized cracking and aggregate interlock on strength variability. In addition,
the internal curing effect associated with recycled aggregates can mitigate local curing
differences, contributing to a more consistent mechanical response. Consequently, a higher
CoV for NAC does not indicate inferior material quality, but rather reflects the inherent scatter
typical of brittle materials tested on a limited statistical basis.

The reduction in the elastic modulus of RCA concrete can be attributed to the higher porosity
and weaker ITZ between the RCAs and the new cement matrix. Studies have shown that the
ITZ in RCA concrete tends to be more porous due to the presence of old mortar on the RCA
surface, which hinders the bonding between new cement paste and aggregate [100]. As a
result, RCA concrete often exhibits lower stiffness, especially at higher replacement ratios of
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natural aggregates with RCAs. The degradation in elastic modulus becomes more pronounced
as the replacement level of RCAs increases, necessitating adjustments in mix designs or
additional treatments to the RCAs to mitigate this effect [101].

Several factors influence the elastic modulus of RCA concrete, including the quality of the
original concrete from which the RCAs are derived, the RCA treatment methods, and the ratio
of RCA replacement. High-quality RCAs derived from strong parent concrete may exhibit a
smaller reduction in elastic modulus compared to RCAs from low-strength concrete [102].
Additionally, pretreating RCAs, such as by removing adhered mortar or improving the surface
characteristics, has been shown to mitigate the reduction in elastic modulus. Various studies
have explored methods such as mechanical rubbing, acid treatment, and thermal treatment
to improve RCA properties, ultimately aiming to enhance the elastic modulus of RCA concrete
[103].

While the elastic modulus of RCA concrete is generally lower than that of conventional
concrete, it is still possible to achieve acceptable stiffness for many structural applications
through optimized mix designs and careful selection of RCA quality. The use of supplementary
cementitious materials (SCMs) like fly ash, silica fume, or slag in RCA concrete has been shown
to enhance the elastic modulus by improving the bond between the RCAs and the cement
matrix. These SCMs contribute to a denser microstructure and reduce the porosity of the ITZ,
partially compensating for the lower stiffness of RCA concrete [44].

In conclusion, the use of RCAs in concrete has a significant impact on the elastic modulus,
primarily due to the porous and weak nature of RCA particles and the associated ITZ. However,
by optimizing the quality of RCAs and mix design and incorporating SCMs, the reduction in
elastic modulus can be controlled. Further research is needed to develop standard guidelines
for improving the elastic modulus of RCA concrete, ensuring its suitability for a wide range of
structural applications while promoting sustainability in construction practices.

2.2.4. Bonding strength between concrete and steel

The bond strength between concrete and steel reinforcement is a critical factor influencing
the mechanical performance of reinforced concrete and composites structures. Several
studies have evaluated the bond strength behavior using RCA, and the findings reveal varied
influences based on environmental conditions, mix proportions, and external factors like
corrosion and temperature. Ashteyat et al. (2024) [104] examined RCA and recycled asphalt
pavements, reporting a reduction in bond stress with increasing recycled material, especially
when smaller diameter bars were used, leading to a bond reduction of 6% to 45% compared
to natural aggregates (NA). Similarly, Abushanab and Alnahhal (2023) [105] investigated the
effects of treated wastewater (TWW) and fly ash (FA) in RCA concretes subjected to corrosion.
RCA reduced bond strength by 18%, although the addition of 20% FA improved it by 10%,
indicating RCA's sensitivity to corrosion when combined with other recycled materials.

The performance of RCA concrete under elevated temperatures was explored by Yusuf et al.
(2022) [106], who found that RCA exhibited adequate bond strength compared to NA, but
with greater deformations. Temperature-induced damage was particularly linked to the
deterioration of mechanical properties, such as tensile strength, resulting in higher bond
slippage. Zou et al. (2020) [107] corroborated these findings, noting that as temperatures
increased, bond strength between RCA concrete and steel bars significantly dropped,

21



particularly in the post-heating phase, with a flattening of bond-slip curves. Their study
introduced a modified model to predict bond strength, aligning well with experimental data.

Alhawat and Ashour (2019) [108] observed that corrosion greatly influences bond strength in
RCA concrete, where the bond initially improved with minimal corrosion before degrading as
corrosion intensified. Notably, the higher porosity of the RCAs led to faster degradation
compared to conventional concrete. Namarak et al. (2018) [109] studied the use of a calcium
carbide residue and fly ash binder with RCAs, finding that while RCAs reduced bond strength
compared to natural aggregates, they still performed better than ordinary Portland cement
concrete with RCAs. The type of steel reinforcement also influenced bond strength, with
deformed bars outperforming smooth bars.

Prince and Singh (2015) [110] evaluated high-strength RCA concretes, discovering that the
normalized bond strength of RCA concretes exceeded that of normal-strength RCAs and even
natural aggregate concretes. Their proposed bond stress—slip relationship model accurately
predicted bond behavior for various RCA replacement levels.

Figure 6 shows the relationship between RCA replacement levels and normalized bond
strength for different concrete mixes and studies. Specifically, it compares the results for 8
mm and 10 mm deformed steel bars embedded in Mix A and Mix B, with increasing RCA
content at 0%, 25%, 50%, 75%, and 100%. The trend lines demonstrate a general increase in
normalized bond strength as RCA replacement levels rise. Notably, Mix B (high-strength RCAs)
exhibited higher normalized bond strength than Mix A, suggesting that increasing RCA content
in high-strength concrete enhances the bond performance more effectively.
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Figure 6. Normalized bond strengths corresponding to varying levels of RCA replacement [110].

In addition, the graph includes comparative data from studies by Xiao and Falkner (2007) [111]
and Kim and Yun (2013) [112]. These comparisons reveal that the bond strength behavior
observed in this experiment aligns closely with established trends in the literature. The R?
values, which represent the strength of correlation between RCA replacement levels and
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normalized bond strength, further validate this finding. A higher R value indicates a stronger
correlation, with the highest R?2=0.968 observed for Xiao and Falkner (2007) [111].

2.2.5. Creep

The creep behavior of recycled aggregate concrete (RAC) is one of the least studied aspects of
its performance, leaving a critical gap in understanding its long-term deformation
characteristics. While the mechanical and durability properties of RAC have been extensively
investigated, limited research has addressed the influence of recycled aggregates on creep.
This gap hinders the development of predictive models and design standards, particularly for
applications requiring stringent long-term performance criteria.

The formulation of creep models has been significantly advanced through large experimental
databases, particularly the NU-ITI database, which contains approximately 1,400 creep curves
natural aggregate concrete. These curves are evenly divided between basic and drying creep,
offering a comprehensive foundation for model development. When reporting experimental
results on concrete creep, several metrics are used, including creep strain, €., experimental

. . & ey . . .. &
creep coefficient @y, = f here .; represents the initial strain at loading), specific creep f,
ci c

(i.e., creep strain per unit stress), and creep compliance /.. Of these, creep compliance is the
most general and optimal method of reporting, particularly for linear creep behavior (i.e.,
exposure to stresses below approximately 40-50% of compressive strength). The relation is
defined as:

Sca(t' tO) :]c(t: to) ' Gc(to)
(1)
where ¢., is the stress-dependent strain, and ¢, is the age of concrete at loading. This

formulation enables the derivation of various creep coefficients, such as the one proposed in
the fib Model Code 2010:

1 (,D(t, tO)
Ec(to) Eci

eca(t' tO) = ( > ' O-C(tO)

(2)

where E.(t,) and E,; represent the modulus of elasticity at the age of loading and at 28 days,
respectively. However, it is crucial to note that the creep coefficient derived from the fib
Model Code 2010 does not directly match the experimental creep coefficient @, = ‘:ﬂ his

distinction is important when comparing experimental results with code-based predictions
[113].

Despite the extensive data available, including nearly 800 creep curves for concretes with
various admixtures or additives, the NU-ITI database lacks specific information on the creep
behavior of recycled aggregate concrete (RAC). The adhered mortar on recycled aggregate
(RA) particles influences creep in several ways, from an internal curing effect to less restraint
against creep, and even creep of the adhered mortar itself. In subsequent sections,
experimental results on RAC creep are reviewed, and both new and modified models for
predicting RAC creep are discussed [113].
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A comprehensive literature review by Lye et al. (2014) [114] identified 100 publications on
RAC creep from 27 countries, spanning 30 years. The experimental data covered a wide range
of recycled materials, including RCAs, recycled masonry aggregates (RMAs), mixed recycled
aggregates (MRAs), and fine and coarse RA.

The results consistently showed that creep increases with higher coarse RCA content,
mirroring trends. For example, the average increase in creep for RAC with 20% and 100%
coarse RCA content was 12% and 32%, respectively. These findings align with other studies,
which report increases in the range of 10-50%. Additionally, compressive strength plays a key
role in the relative increase in creep. For RAC with 100% coarse RCA, the increase in creep was
found to be 35%, 30%, and 25% for f.,, in the ranges of 15-40 MPa, 41-50 MPa, and 51-70
MPa, respectively.

Gomez-Soberon (2002) [115] found that, as shown in Figure 7, under permanent stress at 40%
of the compressive strength, the creep of RAC with replacement ratios of recycled aggregate
(where factor r represents the replacement ratio) between 20% and 100% was higher by 35%
to 51%, compared to that of NAC. While basic creep is not significantly affected by recycled
aggregate replacement, drying creep is clearly impacted, particularly when the replacement
ratio exceeds 30%. Fan et al. (2014) [116] attributed this increase in creep to the
characteristics of the old mortar adhered to recycled aggregates, which contributes to the
overall creep behavior of RAC.
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Figure 7. Specific creep for various recycled concretes at different replacement ratios of RCAs [115].

Overall, the mechanical performance of RCA concrete, while influenced by replacement ratios
and material quality, can be effectively optimized through mix design and treatment
strategies. However, ensuring the long-term serviceability of such concrete requires equal
attention to its durability characteristics. In this context, the following section explores key
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durability concerns, starting with carbonation, which plays a significant role in the long-term
performance and sustainability of RCA-based concrete.

2.3. Durability properties of concrete with RCA
2.3.1. Carbonation

The carbonation of concrete made with RCA is an important concern for long-term durability,
as the material's porosity tends to increase carbonation depth. Studies show that untreated
RCA, when incorporated into concrete, can lead to an increase in carbonation depth due to
the higher water absorption and porosity of RCA compared to natural aggregates [117,118].
For instance, untreated RCA increases the porosity of the concrete matrix, facilitating the
ingress of carbon dioxide (CO,) and leading to a faster rate of carbonation, which can impact
the pH of concrete and promote the risk of steel reinforcement corrosion. Carbonation depth
can increase by up to 20-30% in untreated RCA concrete compared to natural aggregate
concrete.

Conversely, carbonation treatment of RCA has been shown to improve durability properties.
The accelerated carbonation of RCA effectively reduces its porosity, leading to increased
carbonation resistance in the resulting concrete [119]. For example, carbonated RCA (cRCA)
has demonstrated reduced carbonation depth compared to untreated RCA due to the clogging
of micro-pores by calcium carbonate deposits formed during carbonation [120]. The reduction
in porosity can improve the density of the interfacial transition zone between the aggregates
and the cement matrix, which is critical for enhancing concrete's resistance to environmental
degradation.

The combination of carbonation and other treatments shows promising results for improving
the mechanical and durability properties of RCA concrete. For instance, Malysz et al. (2022)
[121] observed that combining air jigging technology and carbonation treatment significantly
reduced carbonation depth in RCA concrete. Air jigging removes impurities such as mortar and
ceramics from RCA, enhancing its mechanical strength and reducing its susceptibility to
carbonation. However, despite these improvements, carbonation-treated RCA still exhibits
lower carbonation resistance compared to natural aggregates, indicating the need for further
optimization of treatment processes [122].

The variability of RCA characteristics presents challenges for maintaining consistent
carbonation resistance. In repeated recycling cycles, RCA demonstrates progressively poorer
resistance to carbonation, as shown in studies on second and third-generation RCA [118,123].
The loss of quality in RCA with each recycling cycle leads to increased porosity, and under
freeze-thaw conditions, carbonation depth can increase further, making the concrete more
vulnerable to environmental degradation.

In addition to mechanical improvements, accelerated carbonation can offer environmental
benefits by sequestering CO, within the concrete matrix. The FastCarb project [124] has
demonstrated the feasibility of storing significant amounts of CO, within RCA through
accelerated carbonation processes. This approach not only improves the quality of RCA but
also contributes to CO, mitigation, a crucial factor in reducing the carbon footprint of concrete
production. Results from large-scale industrial trials show that up to 50 kg of CO, per ton of
RCA can be captured through carbonation, significantly enhancing the sustainability of RCA-
based concrete.
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Finally, the impact of environmental conditions on carbonation treatment must be
considered. Gholizadeh-Vayghan et al. (2020) [125] found that optimal carbonation
conditions, such as controlled moisture levels and relative humidity, are crucial to achieving
significant reductions in porosity and enhancing the mechanical and durability properties of
RCA. However, suboptimal carbonation conditions can lead to limited improvements in
durability, indicating the importance of precise control over the carbonation process to
maximize the benefits for RCA concrete.

2.3.2. Chloride attack

Chloride ion attack is a critical durability concern for concrete, particularly in marine
environments or regions exposed to de-icing salts. Wang et al. (2024) found a relationship
between the chloride diffusion coefficient (a measure of how easily chloride ions penetrate
concrete) and the recycled aggregate (RA) replacement ratio. The trend shows a generally
linear increase in the chloride diffusion coefficient as the RA content increases, indicating that
a higher proportion of recycled aggregates tends to facilitate chloride ion penetration into the
concrete. This is primarily because recycled aggregates contain adhered mortar and interfacial
transition zones (ITZs) that have higher porosity compared to natural aggregates, making the
concrete more permeable. The slope of the increase is steeper in cases where the RA
replacement ratio is closer to 100%, showing a more significant impact on chloride
penetration at higher RA contents. This linear relationship is essential for understanding the
durability concerns in recycled aggregate concrete (RAC), as higher chloride ion penetration
could accelerate the corrosion of steel reinforcement in such structures, especially in
aggressive environments like coastal areas or where de-icing salts are used. This research
underscores the importance of treatments and modifications to recycled aggregates to
mitigate this increased permeability [126].

The use of RCA in concrete has been increasingly promoted for sustainability; however, its
vulnerability to chloride penetration due to higher porosity compared to natural aggregates
poses challenges for long-term durability. Research shows that chloride ions penetrate more
easily into RCA concrete, leading to reinforcement corrosion and a decrease in structural
integrity [118,127].

To mitigate chloride ion penetration, carbonation treatments have emerged as an effective
solution. Jiang et al. (2024) [128] showed that carbonated recycled coarse aggregate concrete
(CRCAC) exhibited significantly reduced chloride penetration depths compared to untreated
RCA concrete. The carbonated aggregates help to clog micro-pores, slowing chloride ingress
and providing better protection for reinforcement in chloride-rich environments. In marine
infrastructure, this treatment has been shown to extend the structure's durability life by up
to 28%.

Adding supplementary cementitious materials such as fly ash, silica powder, and ground
granulated blast furnace slag (GGBS) also enhances the chloride resistance of RCA-based
concrete. Studies like those by Pandey & Rajhans (2023) [127] demonstrate that incorporating
these materials in quaternary blends significantly reduces chloride permeability. Rapid
Chloride Permeability Test (RCPT) results showed that quaternary blends containing RCA
exhibited lower chloride ion ingress, improving the durability of the concrete in aggressive
environments.
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Other innovative methods for chloride resistance include surface treatments of RCA.
Sasanipour & Aslani (2020) [77] investigated silica fume slurry coatings on RCA and observed
enhanced resistance to chloride ion penetration. The treated RCA mixes showed reduced
charge passed during RCPT, indicating less chloride migration through the concrete matrix.
Such treatments also improved the concrete’s overall strength and electrical resistivity,
further contributing to better durability.

Incorporating fibers into RCA-based concrete offers another avenue for improving chloride
resistance. Research by Lu et al. (2020) [129] demonstrated that adding basalt fibers and
polypropylene fibers enhances the dynamic properties and chloride resistance of RCA
concrete. The fibers contribute to a more compact microstructure, reducing chloride
penetration and improving durability under cyclic loading and environmental exposure.

Chloride transport models play a key role in predicting the long-term durability of RCA
concrete in chloride environments. Chen et al. (2020) [118] developed models based on
chloride ion diffusion through RCA concrete, highlighting the importance of assessing the long-
term chloride ingress behavior. These models help in designing mixes with optimal resistance
to chloride attack, especially in infrastructure exposed to aggressive environments.

The use of calcined layered double hydroxides (LDOs) to capture chloride ions is another
promising technique. Gao et al. (2024) [130] found that LDOs could significantly reduce
chloride ion diffusion in RCA concrete. The LDOs function by adsorbing chloride ions,
preventing them from migrating through the concrete matrix. This innovative approach
enhances both mechanical performance and durability, offering a sustainable solution to
chloride-induced degradation.

While these advancements improve chloride resistance in RCA concrete, the quality of RCA
remains a challenge. The porosity of RCA, which arises from the attached mortar, is a primary
pathway for chloride ions to penetrate. Strategies such as carbonation treatment, surface
coatings, and the incorporation of supplementary materials offer substantial improvements,
but further research is required to optimize these methods for widespread use.

2.3.3. Oxygen permeability

Oxygen permeability is a crucial parameter in assessing the durability of RCA as it significantly
impacts the long-term performance of structures by allowing the ingress of harmful agents.
Various studies have evaluated the effects of RCA on oxygen permeability, highlighting that
due to the presence of old adhered mortar, RCA-based concrete tends to have higher porosity
and permeability compared to natural aggregate (NA) concrete. This increased porosity can
reduce the resistance to oxygen ingress, leading to accelerated carbonation and
reinforcement corrosion [131,132]. However, methods such as partial RCA replacement and
the addition of supplementary cementitious materials can mitigate this issue by refining the
microstructure and reducing pore connectivity [133].

The porosity of RCA is a significant contributing factor to its higher oxygen permeability. As
RCA is composed of both old mortar and aggregate, the attached mortar increases the
interconnected pore structure, facilitating the movement of oxygen and other gases [134].
Kapoor et al. (2018) [135] reported that concrete containing RCA had higher oxygen
permeability coefficients than concrete with natural aggregates, correlating this with the
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higher porosity of RCA. The residual mortar in RCA can create weak zones in the concrete,
which act as pathways for oxygen diffusion.

A comparison of the oxygen permeability between RCA and natural aggregate concretes
conducted by Mahmood et al. (2022) [136] revealed that the permeability of RCA concrete is
typically higher, especially at higher levels of RCA replacement. At 50% RCA replacement,
oxygen permeability increases by nearly 30%, indicating a strong dependence on the quantity
of RCA used. Similar findings were observed by Ismail et al. (2017) [133], who noted that
higher RCA content correlates with greater oxygen permeability due to the increased volume
of permeable voids within the RCA concrete matrix.

Thomas et al. (2013) illustrated the relationship between compressive strength and oxygen
permeability of concrete with varying percentages of recycled aggregate replacement (0%,
20%, 50%, and 100%) in Figure 8 [137]. As the compressive strength increases, oxygen
permeability decreases exponentially across all replacement levels, indicating that denser
concrete resists gas penetration more effectively. The exponential models fit the data well, as
indicated by high R? values (ranging from 0.89 to 0.99), suggesting strong predictive accuracy.
The slope of the curves shows that higher recycled aggregate content slightly reduces the rate
of permeability decrease.
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Figure 8. Relationship between oxygen permeability and compressive strength of recycled aggregate concrete (RAC) [137].

Various techniques have been proposed to mitigate the high permeability of RCA concrete.
Studies by Safiuddin et al. (2013) [138] and Zhan et al. (2019) [139] suggest that the use of
supplementary cementitious materials (SCMs) such as fly ash and silica fume can significantly
reduce the oxygen permeability of RCA concrete. SCMs work by refining the pore structure
and reducing the permeability of the cement matrix. For instance, Paul et al. (2013) [132]
found that the use of 30% fly ash in RCA concrete reduced the oxygen permeability by up to
40%.
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In addition to SCMs, pre-treatment of RCA has also shown promise in improving its
performance with respect to oxygen permeability. Cantero et al. (2021) [134] investigated the
use of recycled cement fines to coat RCA particles, thereby reducing their porosity and
enhancing the overall durability of the concrete. Their results demonstrated a marked
reduction in oxygen permeability, suggesting that surface treatment of RCA could be an
effective strategy for reducing permeability in concrete applications.

The influence of oxygen permeability is further emphasized in RCA concrete under different
curing conditions. Studies show that untreated RCA concrete exhibits higher oxygen
permeability when exposed to open-air curing, compared to water curing. This permeability
difference is due to the higher pore volume and the weaker interfacial transition zones (ITZ)
in RCA concrete. However, treating RCA with carbonation or surface pretreatment methods
like silica fume slurry can significantly reduce oxygen permeability, improving durability [140].

Research by Xuan et al. (2017) [141] found that carbonated RCA substantially reduces oxygen
and gas permeability, enhancing the overall impermeability of the concrete matrix. These
findings suggest that carbonation curing of RCA enhances the durability of concrete by filling
micro-cracks and reducing pore volume, thereby impeding the transport of oxygen and other
aggressive agents into the concrete.

Finally, the type and size of RCA particles used in concrete also influence oxygen permeability.
Fine RCA tends to contribute more significantly to permeability than coarse RCA due to the
higher specific surface area and greater volume of attached mortar [142]. Moreover, selective
crushing methods that reduce the amount of adhered mortar on RCA have been shown to
lower permeability, as demonstrated in studies by Kubissa et al. (2016) [143].

2.4. CO, Capturing in RCA

The integration of RCA in construction is gaining attention for its sustainability and potential
for CO, capture through carbonation. This section explores recent scientific insights on CO»
capture mechanisms in RCA, their efficiency, and their impact on the environment and
material properties.

RCA capture CO, through a process called carbonation, where CO, reacts with calcium
compounds in the concrete to form stable calcium carbonates. This reaction primarily occurs
in porous areas of RCA, which increases its potential for carbon sequestration [144].
Additionally, accelerated carbonation processes enhance the CO, uptake capacity by
increasing reaction rates [145].

It should be noted that several carbonation approaches reported in the literature are based
on aqueous or slurry-phase processes, which promote enhanced CO, uptake by recycled
aggregate particles due to improved gas—solid contact. However, despite their effectiveness
at the laboratory scale, these aqueous carbonation techniques are currently of limited
applicability at the industrial level. This limitation is mainly related to the need for additional
water management, complex processing steps, and higher operational costs, which hinder
their implementation in large-scale recycling plants. Consequently, although such methods
demonstrate a high carbonation potential, their practical use in industrial RCA production
remains challenging, and dry or semi-dry carbonation processes are generally considered
more feasible for large-scale applications.
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RCA can store significant amounts of CO,, particularly when subjected to accelerated
carbonation methods. Braymand et al. (2024) [146] employed a calcimetric method to
measure CO, capture rates, highlighting that RCA sequestered 15-20% more CO, compared to
natural aggregates under similar conditions. Additionally, Jiang et al. (2025) [147] showed that
optimized aggregate grading and particle size distribution further enhanced CO, capture
efficiency.

A life cycle assessment conducted by Ang et al. (2024) [148] demonstrated that using RCA with
CO; capture reduced the carbon footprint of concrete production by 25-30% over the entire
cradle-to-gate cycle. Similarly, Goh et al. (2025) [149] highlighted the techno-economic
feasibility of mineralizing CO, within RCA, achieving both carbon capture and material
performance enhancement.

Carbonation not only captures CO, but also strengthens the RCA by densifying its
microstructure. Zhu et al. (2024) [150] analyzed the structural properties and found a 17.6%
reduction in porosity, which improved compressive strength and reduced water absorption.
However, carbonation reduces the alkalinity of concrete (see [145]), posing a risk for steel
reinforcement corrosion by lowering the pH and diminishing the passive protection provided
to rebars.

Several innovative carbonation techniques have been proposed to enhance CO, capture
efficiency. Tham et al. (2024) [151] developed an integrated CO, capture and mineralization
process with lower energy consumption, which reduced operational costs while maintaining
high capture efficiency. Additionally, Chong et al. (2024) [152] introduced an aqueous CO,
sequestration method suitable for ready-mix concrete containing RCA, demonstrating its
industrial scalability. Despite promising results, some challenges remain. Jiang et al. (2025)
[147] pointed out that the efficiency of CO, capture in RCA decreases over time as the surface
becomes saturated with carbonates.

Future research should focus on optimizing carbonation conditions, such as temperature,
pressure, and humidity, to maximize CO, uptake. Additionally, combining RCA carbonation
with other sustainable construction practices, such as using cement substitutes, can further
reduce the carbon footprint [153]. Life cycle assessments should continue to guide the
development of eco-friendly construction practices [148].

2.5. Life Cycle Assessment (LCA) in RCA

The application of Life Cycle Assessment (LCA) in RCA has become a critical tool in evaluating
its environmental, economic, and sustainability aspects. With increasing efforts to adopt
sustainable construction materials, understanding RCA’s full lifecycle impact is essential for
optimizing its use while minimizing its carbon footprint. Recent studies have provided valuable
insights into the benefits, challenges, and comparative assessments of RCA versus natural
aggregates, emphasizing the importance of a holistic LCA approach in construction.

One of the fundamental advantages of RCA, as highlighted by Ang et al. (2024) [148], is its
reduction in carbon footprint compared to natural aggregates. Their study demonstrated that
incorporating RCA in concrete mixtures can reduce CO, emissions by 30-40%, depending on
factors such as processing techniques and transportation distances. Similarly, Huang & Wang
(2024) [154] assessed geopolymer concrete incorporating RCA and found a 25% lower global
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warming potential (GWP) compared to conventional concrete, further validating its
sustainability potential.

Another key component in RCA’s life cycle is its energy and water consumption. The crushing
and processing of RCA require less energy compared to virgin aggregates, making it a more
energy-efficient option. A study conducted by Huang et al. (2025) [155] on LC3 concrete
(limestone calcined clay cement) with RCA found that its embodied energy was 18% lower
than traditional concrete, primarily due to lower heat requirements in processing.

The economic viability of RCA is also an important aspect of LCA studies. While RCA offers
significant environmental advantages, its cost-effectiveness depends on transportation
distances, processing costs, and mix design optimizations. Research by Manan et al. (2025)
[156] found that transportation distance was the most significant cost factor in RCA utilization.
However, when sourced locally, RCA could be 15-20% more cost-effective than virgin
aggregates, making it a viable solution for sustainable construction projects. On the other
hand, Ma et al. (2025) [157] conducted an LCA comparing RCA blended with Supplementary
Cementitious Materials (SCMs) and found that CO, emissions were reduced by 40-50%,
further strengthening the case for RCA in sustainable concrete production.

Future research in RCA life cycle assessment should focus on digital modeling and optimization
tools that allow for more accurate impact predictions. Pradhan et al. (2024) [158] proposed
the use of digital twin models and machine learning algorithms to simulate long-term
environmental benefits of RCA-based structures, providing better data-driven decisions for
sustainability. With continued advancements in carbon capture, material optimization, and
LCA standardization, RCA is set to play an even more critical role in reducing the construction
sector's environmental impact.

In conclusion, LCA studies confirm that RCA presents a viable, sustainable alternative to
natural aggregates, offering substantial reductions in carbon emissions, energy use, and
environmental degradation. Although economic and regional barriers still exist, ongoing
research and policy support can further improve its adoption. As industries continue to seek
greener alternatives, RCA when optimized through LCA frameworks, offers a promising path
toward truly sustainable construction.
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3. Materials and Methods

In this study, CEM Il A-LL 42.5 R (Portland limestone cement) was used for the preparation of
all concrete mixtures. This cement complies with the chemical requirements of sulphates (as
S0s) < 4.0% and chloride content < 0.10%. Potable water conforming to ASTM C1602 [159]
specifications free of any impurities or additives, was employed for mixing. A superplasticizer
(CHRYSO® Quad 890) was and aggregates were characterized in terms of maximum particle
size, water absorption, and dry density. Table 2 presents the detailed physical properties of
the aggregates used in both the 2023 and 2024 campaigns.

Table 2. Specifications of the aggregates.

Component Agg. Size Wat. Absorption Dry density
[mm] [%] tkg/m?]

2023 Campaign

Coarse Natural [5-12.5] 09 2690

Fine Natural [0.063-5] 1.5 2830

Coarse Recycled [5-12.5] 6.4 2460

Fine Recycled [0.063-5] 12.9 2240
2024 Campaign

Coarse Natural [5-12.5] 0.63 2780

Fine Natural [0.063-5] 1.3 2750

Coarse Recycled [5-12.5] 5.8 2450

Fine Recycled [0.063-5] 10.6 2320

The recycled concrete aggregates (RCA) used in this study were obtained from commercial
recycling facilities processing construction and demolition waste (CDW) and were not
produced by crushing laboratory-made concrete specimens. The aggregates therefore reflect
the characteristics of real recycled materials currently available on the construction market.
According to the information provided by the supplier, the RCA consisted predominantly of
crushed concrete particles, with minor fractions of masonry-related materials (such as brick
fragments) and negligible amounts of other constituents (e.g., glass or asphalt).

A detailed particle-by-particle compositional analysis was not performed; however, visual
inspection and supplier documentation confirmed that concrete-derived particles
represented the dominant fraction of the recycled aggregates. This is consistent with typical
RCA obtained from structural concrete demolition, as widely reported in the literature. The
presence of attached mortar on the surface of the recycled aggregates was evident and
represents a key distinguishing feature compared to natural aggregates. Although the
attached mortar content was not quantitatively measured, its influence is indirectly reflected
in the higher water absorption, lower density, and reduced stiffness observed for mixes with
higher RCA replacement levels.

The parent concrete from which the RCA originated was not characterized in terms of
compressive strength; however, given the source from conventional building demolition, it is
reasonable to assume that it corresponds to normal-strength concrete, typically ranging
between C25/30 and C35/45. This assumption is consistent with values commonly reported
for recycled aggregates sourced from commercial CDW recycling plants and provides a
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realistic basis for interpreting the mechanical and durability performance observed in this
study.

To examine the influence of recycled aggregate replacement on concrete performance, four
concrete mix designs were formulated for each campaign. These are summarized in Table 3.
The notation of each mix (e.g., M 30-30) reflects the replacement percentage of fine and
coarse natural aggregates with recycled aggregates. For instance, M 30-30 denotes a mixture
with 30% replacement of both fine and coarse aggregates by recycled ones.

Table 3. Mix compositions.

Cement Fine RA Coarse RA  Fine NA Coarse NA Fine RA Coarse RA
Mix [kg/m3]  Water/Cement (%) (%) [kg/m3] [kg/m3] [kg/m3] [kg/m3]

2023 Campaign

M 0-0 366 0.51 0 0 893 893 0 0

M 30-30 366 0.51 30 30 536 536 223 223
M 50-50 366 0.51 50 50 370 370 400 350
M 100-100 366 0.51 100 100 0 0 700 700

2024 Campaign (Sarcos)

M 0-0 366 0.51 0 0 1002 903 0 0

M 20-20 366 0.51 20 20 801 720 157 155
M 70-70 366 0.51 70 70 300 270 552 542
M 100-100 366 0.51 100 100 0 0 789 775

All concrete mixes were designed with a fixed water-to-cement (w/c) ratio of 0.51. However,
due to the higher water absorption capacity of the recycled aggregates, all aggregates were
pre-saturated prior to mixing. This approach ensured that the effective water available for
cement hydration remained consistent across all mixtures. Consequently, the total mixing
water varied depending on the quantity of recycled aggregates in the mix.

Figure 9 and Figure 10 present the granulometric distributions of the aggregates employed in
the experimental campaigns conducted in 2023 and 2024, respectively. Figure 9 shows the
particle size distribution curves of both natural and recycled aggregates used in the 2023
mixes, highlighting the differences in gradation among the various aggregate types. These
variations in particle size distribution directly affect the mechanical performance and
workability of the concrete, as they influence packing density, water demand, and overall mix
compactness.

Similarly, Figure 10 illustrates the granulometry curves for the aggregates utilized in the 2024
campaign. The comparison between natural and recycled aggregates reveals consistent
differences in grading trends, particularly in the finer fraction of RCA, which tends to increase
due to the presence of residual mortar. Such discrepancies in gradation play a crucial role in
determining the fresh and hardened properties of the resulting concrete, ultimately
influencing both its mechanical strength and durability.
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Figure 9. Particle size distribution of natural and recycled aggregates used in the 2023 campaign.
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Figure 10. Particle size distribution of natural and recycled aggregates used in the 2024 campaign.
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After casting, all specimens were stored under standard laboratory conditions (23 +2°C) for 24
hours, after which they were demolded. The demolded specimens were then wrapped in

plastic sheets and stored for curing until the designated testing age.
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4. Mechanical Characterization of RCA Concrete

4.1. Compressive and Tensile Strength

This chapter presents the experimental program developed to investigate the mechanical
performance of concrete incorporating fine and coarse recycled concrete aggregates (RCA),
as well as the structural behavior of composite slabs produced with these materials. The
experimental campaign was conceived with reference to typical composite slab applications,
where concrete works in combination with profiled steel sheeting. Starting from this baseline,
different replacement ratios of natural aggregates with recycled concrete aggregates were
investigated to assess their influence at material and structural scale.

In this study, cubic samples were also prepared using 150 x 150 x 150 mm cube molds for
mechanical tests. The cubic samples were kept in standard laboratory conditions for 24 hours
(at a temperature of 23+ 2 °C) and then removed from the molds. Subsequently, the samples
were cured by being wrapped in plastic covers. The cube samples underwent curing for 7, 28,
and 90 days.

The compressive strength of concrete cube specimens was evaluated in accordance with EN
12390-3 [160]. Tests were performed using a hydraulic compression machine (Controls
Testing Equipment Ltd.) with a maximum capacity of 3000 kN, equipped with a digital load
control system. A uniform loading rate of 0.4 MPa/s was applied until failure. For each mix
and curing age, at least three specimens were tested, and the average compressive strength
was recorded. Prior to testing, samples were removed from curing, surface-dried, and
inspected for defects to ensure data reliability.

Additionally, a 28-day splitting test was conducted, according to the standards outlined in EN
12390-6 [161]. In this case, the same load-controlled machine was used, along with a suitable
steel frame design, to subject the concrete cubes to a splitting tensile test at a constant load
rate of 0.04 MPa/s. The impact of replacing recycled concrete aggregates on the compressive
strength of cube concrete samples at 7 and 90 days of 2023 campaign is presented in Figure
11. Furthermore, Figure 12 depicts the results obtained from the compression and the tensile
test after 28 days. The M0-0 mix, which contains 0% RCA, exhibited a 28-day compressive
strength of 43 MPa. This value is consistent with the performance of C30/37 concrete, in
accordance with EN 206 [162] standard, which is commonly used in composite slab
applications. The compliance with industry standards ensures that the control specimen
provides a reliable baseline for comparing the effects of RCA on the mechanical properties of
composite slabs.

The presented results indicate that an increase in the replacement of recycled concrete
aggregates leads to a reduction in the compressive strength at 7, 28, and 90 days, as well as
the tensile strength at 28 days. Specifically, for the M100-100 mix design with complete
replacement of fine and coarse recycled concrete aggregates, as compared to the M 0-0 mix
design with natural aggregate, there is a decrease in compressive strength of approximately
17 MPa for the 90-day compressive strength. This phenomenon can be attributed to the
weaker nature of the recycled concrete aggregates in the interfacial transition zone (ITZ)
compared to natural aggregate. The presence of mortar adhered to the recycled aggregate
contributes to this weakness.
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Figure 12. 2023 Campaign. Effect of recycled concrete aggregates replacement after 28 days of curing: a) compressive
and b) tensile strength.

The influence of RCA replacement on compressive strength at 7 and 90 days of 2024 campaign
is presented in Figure 13, while the results for compressive and tensile strength at 28 days are
shown in Figure 14 at 7 days, compressive strength ranged from 28.3 MPa for M100-100 to
34.0 MPa for M70-70. After 90 days of curing, strength development was observed across all
mixes, with M70-70 achieving the highest value of 46.2 MPa, slightly higher than the control
MO-0 (43.8 MPa) and M20-20 (44.2 MPa). In contrast, the fully recycled mix M100-100
exhibited the lowest value, with 36.1 MPa.

At 28 days, compressive strength results indicated similar performance for M0-0 (38.2 MPa),
M20-20 (38.1 MPa), and M70-70 (39.9 MPa), whereas M100-100 recorded a reduced strength
of 32.9 MPa. The corresponding tensile strength results demonstrated a comparable trend.
The control mix MO0-0 reached 2.91 MPa, while M20-20 and M70-70 slightly improved
performance, showing 3.21 MPa and 3.11 MPa, respectively. On the other hand, M100-100
achieved only 2.37 MPa, confirming the negative effect of complete RCA substitution.

Overall, the 2024 campaign results suggest that partial replacement of natural aggregates with
20-70% RCA can maintain, or even slightly enhance, both compressive and tensile strength
relative to conventional concrete. However, complete replacement led to a marked reduction
in mechanical performance, mainly due to the higher porosity and weaker interfacial
transition zone associated with RCA.
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Figure 14. 2024 Campaign. Effect of recycled concrete aggregates replacement after 28 days of curing: a) compressive
and b) tensile strength.

The results in Figure 15 illustrate a clear decline in compressive strength with increasing
replacement levels of RCA across both the 2023 and 2024 experimental campaigns. In the
2023 series, the 28-day strength dropped from approximately 41.6 MPa at 0% RCA to 24 MPa
at 100%, reflecting a sharp regression slope of —0.1837 MPa per percent RCA. At 90 days,
strength values ranged from approximately 42.4 MPa to 27 MPa, following a slightly less steep
slope of -0.1701 MPa per percent RCA.

In contrast, the 2024 campaign used the same mix design but employed different recycled
aggregates. As a result, strength retention improved significantly. At 28 days, the strength
declined more gradually from around 40 MPa to 35 MPa, with a regression slope of -0.0576
MPa per percent RCA. At 90 days, the variation was even smaller, with strength decreasing
from 45.3 MPa to 40 MPa (slope: -0.0378), indicating better long-term performance.

The reduction in compressive strength with increasing RCA content is primarily attributed to
the intrinsic deficiencies of recycled aggregates. These include higher porosity, adhered
mortar, and a weaker ITZ, which compromise internal bonding and load transfer. However,
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the improved performance in the 2024 campaign highlights the pivotal role of aggregate
guality, even when the mix proportions are identical. The better results may be linked to lower
water absorption, improved gradation, or reduced contamination in the 2024 RCA batch.

Furthermore, strength gains observed at 90 days in both campaigns demonstrate the benefit
of extended curing, which likely enhances hydration and supports improved microstructural
development within the concrete matrix. Regression trends confirm that compressive
strength loss was more pronounced in the 2023 campaign, especially at early ages. In
comparison, the flatter slopes in the 2024 data suggest that RCA type and processing quality
significantly influence long-term mechanical behavior.

These findings support the conclusion that although higher RCA contents can reduce early-
age strength, optimizing RCA quality and allowing for sufficient curing can effectively mitigate
such losses. Therefore, recycled aggregate concrete with well-characterized RCA has potential
for structural applications in sustainable construction, provided that performance
requirements are met.
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Figure 15. Evolution of compressive strength at 28 and 90 days as a function of RCA replacement ratio for the 2023 and
2024 campaigns.

4.2. Modulus of Elasticity

The Modulus of Elasticity in compression was determined in accordance with UNI-EN 12390-
13:2013 [163] For each concrete type, two cylindrical specimens with diameters of 150 mm
and heights of 300 mm were fabricated and tested. A servo-controlled compression testing
machine equipped with Linear Variable Differential Transformers (LVDTs) was used to record
axial strain during loading. The load was applied gradually, reaching up to 40% of each
specimen’s compressive strength to ensure the measurement was taken within the elastic
range. The secant modulus was calculated based on the linear portion of the stress-strain
curve. The average result from two specimens was recorded for each mix.
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Figure 16. Modulus of Elasticity test.

Table 4 presents the average Modulus of Elasticity values and the corresponding coefficient
of variation (CoV) for each mix in the 2023 and 2024 campaigns. A consistent reduction in
stiffness was observed as the RCA replacement level increased. In the 2023 series, the
modulus dropped from 34.7 GPa for the control mix (M 0-0) to 16.7 GPa for the fully recycled
mix (M 100-100). Intermediate values included 22.5 GPa for M 30-30 and 23.7 GPa for M 50-
50. In the 2024 campaign, the results followed a similar trend but with slightly higher values
at partial replacement levels. The modulus decreased from 34.4 GPa for M 0-0 to 18.2 GPa for
M 100-100. Notably, M 20-20 and M 70-70 achieved values of 30.1 GPa and 25.2 GPa,
respectively, indicating improved stiffness compared to their 2023 counterparts.

Table 4. Average Modulus of Elasticity and Coefficient of Variation (CoV) for Concrete Mixes with Varying RCA Replacement
Levels in 2023 and 2024 Campaigns.

2023 Campaign 2024 Campaign
Mix Average [GPa] CoV (%) Mix Average [GPa] CoV (%)
M 0-0 34.7 13.43 M 0-0 34.4 14.69
M 30-30 225 0.53 M 20-20 30.1 1.56
M 50-50 23.7 1.45 M 70-70 25.2 3.36
M 100-100 16.7 0.03 M 100-100 18.2 4.81

As illustrated in Figure 17, both campaigns demonstrated a clear linear relationship between
RCA content and modulus reduction. The regression slopes were —0.1626 GPa per percent RCA
for 2023 and -0.1497 GPa per percent RCA for 2024. These results reflect the lower stiffness
of recycled aggregates, which is typically influenced by factors such as residual mortar, higher
porosity, and weaker interfacial bonding. However, the RCA used in 2024 showed more
favorable behavior. This improvement may be due to better aggregate gradation, reduced
impurities, or lower water absorption. Across both campaigns, the CoV values remained within
acceptable ranges, confirming the repeatability and reliability of the testing.
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Figure 17. Variation of Modulus of Elasticity with RCA Replacement Level for 2023 and 2024 Campaigns at 28 Days.

These results confirm that the Modulus of Elasticity is significantly affected by RCA content
and aggregate quality. Although stiffness decreases with increased RCA usage, proper
selection and processing of recycled aggregates can reduce this negative effect. This insight is
particularly important for structural applications where elastic behavior and long-term
deformation control are critical.
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5. Durability Assessment

5.1. Oxygen Permeability

The oxygen permeability coefficient was determined in accordance with the UNI 11164:2005
standard [164], which evaluates the ability of concrete to resist oxygen diffusion, a critical
factor in assessing long-term durability and the risk of reinforcement corrosion. For each mix,
three cylindrical specimens with a diameter of 150 millimeters and a height of 50 millimeters
were tested after 28 days of curing. The test involved applying a controlled oxygen pressure
gradient across the specimen in five incremental levels ranging from 1.50 x 10° to 3.50 x 10°
pascals. The permeability coefficient, expressed in square meters, was calculated based on
the steady-state gas flow rate through the concrete. The average value from the three
specimens was recorded as the representative coefficient for each mix.

Figufe 18. Oxyge'n‘permeabi/ity test.

Table 5 presents the oxygen permeability coefficients for all mixes from the 2023 and 2024
campaigns. In the 2023 series, a significant and consistent increase in permeability was
observed with increasing recycled concrete aggregate (RCA) content. The control mix (M 0-0)
recorded the lowest value at 5.65x107> m?, while the fully recycled mix (M 100-100) showed
a value of 2.18x107'* m2. Intermediate mixes exhibited gradual increases, with M 30-30
reaching 2.53x1071* m? and M 50-50 reaching 4.81x1074 m?2,

The results from the 2024 campaign displayed more variability. The control mix (M 0-0)
recorded a permeability of 3.55x107** m2. While mixes M 20-20 and M 100-100 reached higher
values of 1.03x107*®* m? and 1.28x10713> m? respectively, the M 70-70 mix yielded a noticeably
lower value of 2.31x107** m?2. This irregular pattern suggests a weaker correlation between
RCA content and oxygen permeability in the 2024 mixes.
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Table 5. Oxygen permeability coefficients of concrete mixes with varying recycled aggregate content in the 2023 and 2024

campaigns.
Oxygen Oxygen
2023 campaign Mix code permeability 2024 campaign Mix code permeability
coefficient (m?) coefficient (m?2)
MO0-0 0 5.65E-15 M 0-0 0 3.55E-14
M30-30 30 2.53E-14 M 20-20 20 1.03E-13
M50-50 50 4.81E-14 M 70-70 70 2.31E-14
M100-100 100 2.18E-13 M 100-100 100 1.28E-13

Overall, these findings confirm that oxygen permeability is governed not only by the
proportion of RCA but also by its intrinsic physical characteristics, particularly porosity and the
condition of the adhered mortar. Appropriately processed recycled aggregates can
substantially mitigate the adverse effects commonly associated with RCA on gas transport
behavior.

In general, mixtures exhibiting higher compressive strength showed lower oxygen
permeability, reflecting a denser and more refined pore network. This indicates that, although
strength is a useful indicator of gas resistance, inherent differences in aggregate source and
guality continue to influence permeability.

These results are consistent with previous studies, which identified oxygen permeability as a
reliable microstructural indicator of concrete compactness and overall durability [165].

5.2.  Water Permeability

Water permeability was assessed according to the UNE-EN 12390-8 standard [166], which
determines the maximum depth of water penetration under pressure as a measure of
concrete’s pore connectivity and resistance to fluid ingress. For each mix, three specimens
were tested after 28 days of curing. A constant water pressure was applied for 72 hours, after
which the specimens were split, and the maximum penetration depth was measured visually
in millimeters.

SRR

& Nival IR
. Oxygen permeability test.

The results are shown in Figure 20. In the 2023 campaign, penetration depth increased with
higher RCA content. The control mix (M 0-0) recorded 57 millimeters, while M 30-30 and M
100-100 reached 74 and 78 millimeters respectively. In contrast, M 50-50 showed a lower
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depth of 36 millimeters, indicating better performance at this intermediate level. This may be
due to favorable particle packing or reduced permeability pathways at that replacement ratio.

In the 2024 campaign, the control mix (M 0-0) recorded 45 millimeters. Mixes M 20-20 and M
70-70 displayed similar depths of 43 and 40 millimeters, while M 100-100 showed a noticeable
increase to 70 millimeters. These values suggest that partial use of 2024 RCA can retain or
even improve water permeability performance, but full replacement still compromises
durability.
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Figure 20. Maximum water penetration depths (mm) for concrete mixes from the 2023 (left) and 2024 (right) campaigns.

The greater water permeability observed in the 2023 mixes can be attributed to the higher
porosity and weaker ITZ associated with the RCA batch used in that campaign. The adhered
old mortar increases overall pore connectivity and facilitates capillary suction, which in turn
accelerates water ingress. Conversely, the improved performance of the 2024 campaign
suggests that its RCA possessed a denser matrix and lower absorption capacity, reducing the
continuity of permeable pathways within the hardened concrete. This observation aligns with
established findings in the literature, where improved RCA quality and pre-saturation
treatments have been shown to significantly reduce permeability and enhance overall
durability [165,167].

Overall, the water penetration results confirm that while increasing RCA content generally
reduces water-tightness, the extent of this reduction is strongly governed by aggregate
quality. Therefore, the 2024 campaign demonstrates that by selecting and processing recycled
aggregates appropriately, RAC can achieve permeability levels suitable for use in moderate
exposure classes, supporting its viability as a sustainable alternative to conventional concrete.

5.3. Carbonation Depth

The carbonation test was performed in accordance with UNE-EN 12390-12 [168], which
evaluates the depth of carbon dioxide ingress into concrete. This test provides insight into the
potential risk of reinforcement corrosion due to loss of alkalinity in the concrete matrix. For
each mix, three specimens were exposed to accelerated carbonation conditions and split at
designated intervals of 7, 14, and 28 days. The carbonation depth was measured using
phenolphthalein indicator, and the average of three readings per specimen face was recorded.
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Figure 21. Carbonation test.

The absolute carbonation depths are presented in Figure 22. In the 2023 campaign,
carbonation depth increased with both exposure time and RCA content. At 28 days, M 0-0
showed a depth of 11.96 mm, while M 30-30 and M 100-100 reached 15.42 mm and 20.92
mm, respectively. The M 50-50 mix exhibited a depth of 11.92 mm, similar to the control,
suggesting improved microstructural performance at this intermediate level.

In the 2024 campaign, similar temporal and compositional trends were observed. The control
mix (M 0-0) recorded 8.88 mm at 28 days, while M 100-100 reached 12.29 mm. Intermediate
replacements such as M 20-20 and M 70-70 achieved values of 11.92 mm and 9.75 mm,
respectively. Compared to the 2023 series, 2024 mixes showed lower carbonation depths at

each replacement level, suggesting improved resistance due to better aggregate quality and
matrix refinement.
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Figure 22. Carbonation depth at 7, 14, and 28 days for concrete mixes from the 2023 (top) and 2024 (bottom) campaigns.

To better isolate the effect of RCA content, Figure 23 presents carbonation depth normalized
to the control mix for each campaign and exposure time. This allowed for direct comparison
of the relative performance of RCA-based mixes. In both campaigns, a consistent increasing
trend was observed with higher RCA content. However, the rate of increase was steeper in
the 2023 series, especially at 14 and 28 days. The 2024 campaign exhibited flatter slopes
across all time points, indicating that aggregate quality significantly influenced carbonation
resistance beyond just the replacement ratio.

Together, the absolute and normalized results confirm that carbonation resistance decreases
with increasing RCA content, particularly at full replacement. However, mixes incorporating
high-quality RCA, such as those in the 2024 campaign, can achieve acceptable or even
enhanced carbonation performance at partial replacement levels. These findings emphasize
the importance of both RCA processing and optimal replacement levels in designing concrete
for carbonation-critical environments.
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Figure 23. Normalized carbonation depth (relative to control mix) as a function of RCA replacement level for the 2023 and
2024 campaigns at 7, 14, and 28 days of exposure.

The observed increase in carbonation depth with RCA incorporation aligns with well-
documented trends in RAC [165]. The higher porosity and weaker ITZ associated with RCA
facilitate CO; ingress. Nonetheless, the superior performance of the 2024 campaign suggests
that RCA quality plays a decisive role, as better-processed aggregates can substantially offset
these deficiencies.

5.4. Freeze and thaw

The freeze—-thaw resistance of concrete mixes was evaluated in accordance with CEN/TS
12390-9 [169], which assesses concrete durability under cyclic freezing and thawing
conditions. For each mix, specimens were subjected to repeated freeze-thaw exposure,
where each 24-hour cycle involved temperature fluctuation from +20 °C to -25 °C. The
specimens were initially saturated, and mass measurements were taken at 7, 14, 28, and 56
days. The mass loss rate (%) was used as the primary durability indicator, reflecting surface
damage and material degradation due to cyclic stress.
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As shown in Figure 25, mass loss trends varied across campaigns. In the 2023 series, the
control mix (M 0-0) maintained relatively stable weight through 28 days but dropped
significantly at 56 days. M 30-30 and M 100-100 experienced major mass reductions after 28
days, with M 100-100 falling below 1200 g by day 56. Interestingly, M 50-50 showed the most
stable performance, retaining higher mass across all time points.

In the 2024 series, the control mix and partial replacement levels (M 20-20 and M 70-70)
retained mass well until day 28. However, at 56 days, M 70-70 and M 100-100 exhibited
noticeable mass loss, especially in M 70-70, which fell below 700 g. These results confirm that
RCA content affects freeze-thaw resistance, and performance is highly dependent on
replacement level and aggregate source.
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Figure 25. Weight evolution of concrete specimens subjected to freeze—thaw cycles, measured at saturated state and after
7, 14, 28, and 56 days of exposure. 2023 campaign (top), 2024 campaign (bottom)

The results confirm that RCA incorporation increases vulnerability to freeze-thaw damage,
especially at full replacement. However, concretes containing moderate RCA levels (< 50%)
maintained acceptable durability, particularly in the 2023 campaign. The improved
performance of certain 2024 mixes at early stages may be attributed to variations in RCA
source quality, though these effects were less pronounced at longer exposures.

Overall, the data demonstrate that freeze—thaw resistance is influenced by both the intrinsic
mechanical strength of the mix and the microstructural characteristics of the recycled
aggregates. The significant correlation between stiffness and durability further emphasizes
the role of matrix integrity in mitigating freeze—thaw damage.
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5.5. Chloride ion penetration

Chloride ion ingress was assessed using the Rapid Chloride Permeability Test (RCPT) in
accordance with ASTM C1202 [170]. This test measures the total charge passed (in coulombs)
across a concrete specimen over a 6-hour period under an applied voltage, offering a
qguantitative indication of the material’s resistance to chloride transport. For each mix,
cylindrical slices with a diameter of 100 mm and a thickness of 50 mm were tested after 28
days of curing, and the average charge passed was reported.

Figure 26. Chloride ion penetration test.

As illustrated in Figure 27, the results exhibit substantial variation between mixes and
campaigns. In the 2023 series, the control mix (M 0-0) demonstrated a low charge passed
value of approximately 900 coulombs, indicating very low chloride permeability. However, this
resistance was significantly reduced in mixes with partial RCA replacement. M 30-30 and M
50-50 reached charge values of 3300 and 2900 coulombs, respectively, both falling within the
moderate to high permeability range as per ASTM classification. Interestingly, the M 100-100
mix recorded the lowest value among the RCA mixes at only 600 coulombs, a result that
deviates from expected trends and suggests anomalous refinement of the pore structure or
surface densification effects in that batch.

In the 2024 campaign, the overall resistance to chloride penetration was lower. The control
mix (M 0-0) started at a higher baseline of 2700 coulombs, with M 20-20 and M 100-100
reaching 3400 and 3800 coulombs, respectively. M 70-70 exhibited the highest charge passed
at over 5000 coulombs, placing it in the high permeability category. These results point to
weaker chloride resistance in the 2024 series, particularly at intermediate and high
replacement levels, despite the generally better performance observed in other durability
tests.
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Figure 27. Total charge passed (coulombs) during Rapid Chloride Permeability Testing (ASTM C1202) for all concrete mixes in
the 2023 and 2024 campaigns.

The RCPT results confirm that chloride resistance in RAC does not vary linearly with RCA
content. Instead, performance depends strongly on the quality and morphology of the
recycled aggregate, including porosity, absorption, and the integrity of the ITZ [171].

5.6. Chloride migration coefficient

The resistance of concrete to chloride penetration was further evaluated using the Chloride
Migration Coefficient determined according to NT Build 492 [172]. This method estimates the
non-steady-state migration coefficient based on chloride transport through a concrete
specimen under an applied electrical field. The test was conducted on 28-day cured cylindrical
slices, and the coefficient was calculated by measuring the depth of chloride ingress after a
fixed exposure period.

Figure 28. Chloride migration coefficient test.
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The chloride migration coefficients obtained for both campaigns are presented in Fig. 39. In
the 2023 series, values ranged from 28 x 107" to 50 x 107" m?/s. The control mix (MO0-0)
showed a coefficient of 44 x 1072 m?/s, while M50-50 achieved the lowest value (28 x 1072
m?/s), suggesting improved transport resistance at moderate RCA content. However, the fully
recycled mix (M100-100) reached 50 x 1072 m?/s, indicating reduced durability at complete
replacement levels.

In contrast, the 2024 campaign exhibited a narrower and overall lower range, from 34 x 1072
to 42 x 10™? m?/s. The fully recycled mix (M100-100) recorded the lowest coefficient (34 x
107" m?/s), implying enhanced chloride resistance likely associated with the improved
physical quality of RCA used in that campaign.
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Figure 29. Chloride migration coefficients (1072 m?/s) for all mix designs from the 2023 and 2024 campaigns.
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The results demonstrate that the chloride migration coefficient does not vary monotonically
with RCA content but is strongly influenced by aggregate quality and ITZ refinement. The
improved performance of the 2024 mixes, particularly at full replacement, suggests that high-
quality, well-processed RCA can maintain adequate impermeability despite higher porosity at
the aggregate level [171,173].

These findings are consistent with prior research showing that chloride transport in recycled
aggregate concrete depends on both the mortar—aggregate interfacial properties and the pore
connectivity of the matrix [29].

5.7. Correlations between Carbonation depth and Oxygen permeability

A clear positive correlation was observed between carbonation depth and oxygen
permeability coefficient, as presented in Figure 30. This relationship reflects the shared
dependence of both parameters on the internal pore structure and gas transport capacity of
concrete. Mixes exhibiting higher oxygen permeability consistently showed greater
carbonation depths, highlighting the increased susceptibility of porous concretes to both
oxygen ingress and carbon dioxide diffusion.

2.5E-13
¢ 2023 Campaign

2024 Campaign
2.0E-13
......... 2023 Campaign

2024 Campaign
1.5E-13

V= 2E-14x - 2E-13
R2 = 0.8167

1.0E-13

y = 3E-14x - 2E-13
R?=0.8926

Oxygen permeability coefficient (m?)

5.0E-14 .

0.0E+00
5 10 15 20 25

Carbonation Depth (mm)
Figure 30. Correlation between carbonation depth and oxygen permeability coefficient.

The 2024 campaign demonstrated a steeper regression slope (3 x 107 m?/mm) and a higher
coefficient of determination (R?> = 0.89), indicating a strong and consistent relationship
between gas transport and carbonation progression. In contrast, the 2023 campaign showed
a slightly flatter slope (2 x 107 m2/mm) and a lower R? value (0.81), suggesting greater
variability among the mixes, likely related to differences in recycled aggregate characteristics
and pore network interconnectivity.
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This trend implies that, although both campaigns exhibited similar mechanistic behavior, the
concretes produced in 2024 had a more uniform and refined microstructure, leading to a
tighter correlation between oxygen permeability and carbonation depth. These results are
consistent with the literature, where permeability and carbonation depth are often reported
to be closely related due to their shared dependence on effective porosity and connectivity of
the capillary network [165,174,175].

Overall, the regression analysis reinforces that oxygen permeability serves as a reliable proxy
for assessing carbonation susceptibility in RAC. Mixes with lower oxygen permeability
coefficients generally exhibited shallower carbonation fronts, underscoring the critical role of
microstructural densification and aggregate quality in enhancing long-term durability.

53



6. Composite Slabs

This chapter represents the final step of the experimental investigation, extending the analysis
from the material and durability scale to the structural scale. While the previous chapters
focused on the mechanical performance and durability characteristics of concretes
incorporating fine and coarse recycled concrete aggregates, the present chapter aims to
evaluate the implications of RCA use on the global structural behavior of composite slabs.

To this purpose, full-scale composite slabs were tested under four-point bending in order to
investigate the longitudinal shear behavior, load—deflection response, failure mechanisms,
and ultimate load capacity. The slab tests were designed to assess whether the material-level
differences observed between natural aggregate concrete and RCA concrete translate into
significant variations in structural performance, particularly in terms of steel-concrete
interaction and partial shear connection behavior.

The experimental results are analyzed by comparing different RCA replacement ratios and
span lengths, considering both the 2023 and 2024 experimental campaigns. Special attention
is devoted to the evaluation of interface shear behavior, slip development, and collapse
modes. Furthermore, the experimental collapse loads are compared with analytical
predictions obtained using the Partial Shear Connection (PSC) method in accordance with EN
1994-1-1, with the aim of assessing the applicability and limitations of current design
approaches when recycled aggregate concrete is employed.

Overall, this chapter provides a comprehensive assessment of the structural feasibility of
composite slabs incorporating RCA concrete and establishes a direct link between material
properties, durability performance, and structural behavior.

The composite slabs were casted and were kept in standard laboratory conditions for 24 hours
(at a temperature of 23+ 2 °C) and then removed from the molds. Subsequently, the samples
were cured by being wrapped in plastic covers.

The steel material for the sheeting is a S280GD used for cold-formed profiles. The deck has
been provided by Spinelli srl, named SG110-600, which is a special deck having a total height
of the ribs equal to about 110mm, which is not usual for this type of profile Figure 31. The
thickness of the sheeting is constant and equal to 0.75mm. It has been used the same identical
profile for all the tested slabs. Tensile tests on four coupon samples identified a mean yielding
tension equal to 338.18 MPa and a mean ultimate tension equal to 593.16 MPa. The mean
value of the Young Modulus is equal to 195 GPa.
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Figure 31. Steel sheet geometric characteristics from Spinelli srl, (named SG110-600), measures in mm.

54



Experimental tests were performed employing a loading
jack, facilitating precise loading on all slabs at two predete

machine outfitted with a hydraulic
rmined points at L/4 from midspan,

where L denotes the span length of the slab. All the specimens were restrained with a simple
support and an hinge at their ends. The displacement of the slabs was monitored at 8 distinct
locations using linear displacement transducers (LVDTs) with a nominal displacement of 100
mm, nominal sensitivity 2 mV/V, sensitivity tolerance + 0.1%, measure resolution 1 um. In

particular, 4 LVDTs were used to monitor the debonding

of the slab, i.e. the lateral relative

deformation between the steel and the concrete. The instrument position and the static

scheme of the tests is reported in Figure 32.
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Figure 32. Experimental set-up of the composite slab test. Top: drawings and sensors location, bottom: pictures from the
experimental tests.

The loading protocol involved two successive load cycles up to 30% and 50% of the theoretical
collapse load, respectively. After these load cycles in the testing sequence, a third loading cycle
was performed until reaching the peak load, corresponding to the debonding failure of each
slab specimen. This kind of failure occurs when the bond between the concrete and the steel
is compromised. Following this peak measurement, the slabs were subjected to additional
loading until flexural failure that occurred at a lower load. This behavior was detected for each
slab specimen showing an intrinsic ductility for this kind of structure.

6.1. 2023 Campaign

The structural response of the recycled aggregate concrete composite slabs (RACCS) was
evaluated in terms of flexural and longitudinal shear behavior using four concrete mixes,
namely MO, M30, M50, and M100, which reflect increasing levels of recycled aggregate
replacement. Testing was carried out for three span lengths of 2.40 m, 2.80 m, and 3.20 m,
with one slab specimen produced and tested for each combination of mix and span length.
Load—displacement relationships were recorded for all specimens through the linear
displacement transducers (LDTs) positioned along the span.

6.1.1. Load versus vertical displacement

For each test, LDT Land LDT M were positioned at the mid-span along the front and rear edges
of the composite slab to capture vertical deflection in the regions most affected by flexural
action. In addition, LDT E&H and LDT A&G were installed on the right and left sides of the slab
to monitor horizontal displacements associated with potential longitudinal slip at the steel-
concrete interface.

The applied vertical load is plotted in Figure 33-51 as a function of the middle displacement
(M and L transducers, see figure 6 for their positions). Figures differ for the length of the slab,
while the different mix design are grouped together in the same figure. This representation
allows for a comprehensive understanding of how varying structural dimensions influence the
response to the test. It can be noted that, for the 2400mm span, the M 30-30 mix design
demonstrated the highest vertical load while for the 2800mm and 3200mm spans, the
maximum vertical load is associated with the M 50-50 and the M 100-100 mix design,
respectively.

Some patterns are common for all Figure 33-51: the initial linear portion is influenced by the
elastic response of both materials, whereas post-peak behavior shows debonding and
subsequent flexural deformation. The sudden drop in load post-peak is explained as a
debonding failure, followed by a ductile phase characterized by progressive cracking and load
redistribution.
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Figure 33. Load-displacement curves (M and L, LVTD) for 2400mm span.
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Figure 34. Load-displacement curves (M and L, LVTD) for 2800mm span.
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Figure 35. Load-displacement curves (M and L, LVTD) for 3200mm span.
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The collapse mechanism exhibited uniformity across all slabs: upon reaching the maximum
load, debonding initiates (as depicted in Figure 36), resulting in a sudden decline in the curves.
This initial debonding phase is succeeded by a flexural mechanism, inducing substantial
deformations despite minimal load variation. With the progression of cracking, the bond
between the concrete and steel further deteriorates, facilitating the expansion of the
debonded region. Ultimately, this enlarged debonded area compromises the structural
integrity of the composite slab. Following debonding, a flexural mechanism ensues,
redistributing loads within both the composite slab and its supporting structure. Once
debonding transpires, the composite slab forfeits its complete composite action, necessitating
load redistribution. While the remaining bonded sections continue to support a fraction of the
loads, the distribution becomes uneven. Regions proximate to the debonded area undergo
heightened stresses as they bear a larger portion of the load, potentially leading to localized
overstressing and subsequent failure if unaddressed. The severity of debonding and the
capacity of the remaining bonded areas determine whether the composite slab experiences
flexural failure in localized regions, as illustrated in Figure 37. This failure mode can manifest
through cracking, excessive deflection, or in extreme scenarios, complete collapse.
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Figure 36. Typical relative displacements of the steel sheet with respect the concrete during the test.
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Figure 37. Flexural crack at the end of the test.

The collapse load at the center of all composite slabs is provided in Table 6. Referring to Table
4, it can be noted that the increment in the percentage of recycled aggregate also corresponds
to a load increment which is contrary to the previous results related to the mechanical
properties of the mix designs. This implies that an increase in the replacement of recycled
aggregates in composite slabs results in an enhancement of bonding strength. Augmenting
the replacement of recycled concrete aggregates has heightened the friction between
concrete and steel sheets, i.e. increasing the longitudinal shear strength. These results are in
agreement to those presented in [38,176] and suggest that the use of recycled aggregates,
with a focus on reducing environmental impacts and promoting a circular economy, can lead
to improved structural performance in composite slabs and mechanical systems where
bonding is critical.

The improved bond friction observed at the concrete—steel interface in RAC slabs can be
attributed to several intrinsic features of recycled aggregates compared to natural aggregates.
First, recycled aggregates are characterized by a rougher and more angular surface
morphology due to the presence of adhered mortar from the parent concrete. This increased
surface roughness enhances the mechanical interlock at the steel-concrete interface, leading
to higher frictional resistance against longitudinal slip.

Second, the residual mortar attached to the recycled aggregates increases the overall porosity
and micro-texture of the concrete matrix. While this may reduce the intrinsic strength of the
concrete, it promotes localized penetration of cement paste into the embossments and ribs
of the profiled steel sheeting, improving the frictional component of bond transfer.

Additionally, recycled aggregates typically exhibit higher water absorption than natural
aggregates, which can locally modify the hydration process near the steel deck. This may result
in a denser cementitious layer at the interface, further contributing to frictional resistance.
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Stochino et al. (2024) investigated the mechanical behavior of composite slabs incorporating
RCAs and found a notable enhancement in the bond strength between concrete and metal
sheets. Their experimental study demonstrated that the presence of RCAs improves
longitudinal shear resistance, suggesting a stronger mechanical interlock at the steel-concrete
interface. This improvement is primarily attributed to the rougher surface texture of RCAs,
which enhances friction and mechanical interlocking, ultimately leading to better load transfer
mechanisms within the composite system. Notably, composite slabs with RCAs exhibited
higher debonding resistance and sustained load-bearing capacity post-failure, reinforcing
their potential for structural applications where bond performance is critical [50]. This result
underscores the significant impact of RCA content on bond strength, reinforcing the notion
that increasing RCA content improves the bond performance in reinforced concrete
structures.

Finally, the combined effect of aggregate angularity, adhered mortar, and increased micro-
scale roughness promotes a more tortuous slip path along the steel-concrete interface. This
mechanism delays the onset of relative slip and enhances longitudinal shear resistance, as also
observed experimentally through higher degrees of interaction and increased shear stress
values in RAC slabs compared to NAC slabs.

These observations are consistent with previous studies reporting improved interfacial friction
and mechanical interlock in recycled aggregate concretes when used in composite systems
with profiled steel decking.

Table 6. Collapse load [kN] of the tested slabs

Mix design 2400 mm 2800 mm 3200 mm
M 0-0 48.20 41.96 26.98
M 30-30 55.91 38.01 31.67
M 50-50 47.53 52.24 42.41
M 100-100 53.05 49.23 47.45

An important observation emerging from both the 2023 and 2024 experimental campaigns is
that, for a given span length, the maximum load does not systematically correspond to the
same RCA replacement ratio. This behavior can be explained by the interaction of competing
mechanical mechanisms governing the response of composite slabs.

On one hand, increasing the RCA content generally leads to a reduction in concrete
compressive and tensile strength, which tends to penalize the flexural resistance of the slab.
On the other hand, recycled aggregates are characterized by higher surface roughness and the
presence of adhered mortar, which can enhance mechanical interlock and friction at the
steel-concrete interface. At intermediate replacement ratios, this improvement in bond
behavior may partially compensate for the reduction in concrete strength, leading to higher
degrees of interaction and, consequently, to increased peak loads.

The observed variability in the RCA content corresponding to the maximum load within the
same span length therefore reflects a balance between strength-related effects and interface-
controlled mechanisms. Moreover, the governing failure mode may shift with RCA content,
ranging from flexural-dominated behavior to longitudinal shear or mixed failure, further
influencing the peak load.
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To further investigate this aspect, the experimental peak loads were also examined in
normalized form, for example as ratios of peak load to \/fc_m or to the tensile strength f;.
While such normalization reduces part of the scatter, it does not fully eliminate the variability
among mixes, confirming that the peak load of composite slabs incorporating RCA is not
controlled solely by concrete strength parameters. Instead, it is strongly influenced by bond
conditions, interaction degree, and span-dependent stress redistribution effects.

Overall, these results highlight that the optimal RCA replacement ratio in terms of peak load
is not unique but depends on the combined effects of material properties, interface behavior,
and structural configuration.

6.1.2. Load versus horizontal displacement

As previously discussed at the peak load the debonding is detected and the relative
displacement between the sheeting and concrete occur. This relative displacement has been
monitored by the use of E&H and G&A LVDTs. The output from these transducers have been
plotted in Figure 38-56. It is important to note that, for clarity, only the most significant results
are shown. Therefore, not all transducers are represented in every figure.
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Figure 38. E&H&G and A sensors displacement versus the load, 2400mm slab.
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Figure 39. E&H&G and A sensors displacement versus the load, 2800mm slab.
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Figure 40. E&H&G and A sensors displacement versus the load, 3200mm slab.

It can be noted that until the debonding load is not reached the lateral displacement is almost
equal to zero. At this load level the slab starts to deform laterally. These graphs confirm that
the load level assumed as the debonding load is really associated with this lateral slippage of
the slab. The position of the first movement seems to be quite casual, depending on
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imperfections of the slab and of the load and supports positions. For this reason, is not easy
also to find a rule to describe how the maximum displacement is influenced by the recycled
aggregate percentage.

6.1.3. Estimation of the longitudinal shear strength

Starting from the experimental results, the degree of interaction (n) and then the longitudinal
shear strength (t,,) was evaluated by means of the use of the partial interaction domain (PSC)
of the EC4-1-1 [177]. The main hypotheses of the procedure are: i) at the ultimate limit state
(ULS) the thin steel deck works always in plastic range independently on the stress level
reached in the cross-section. The position of the plastic axis of the steel sheet is identified by
terms eyp; ii) the concrete inside the ribs gives no contribution to the final resistance; iii) when
the degree of interaction is equal to zero (n =0), only the effective bending resistance of the
steel sheeting is considered. The effective properties of the steel hi-bond under pure bending
were evaluated following the prescriptions of EC3-1-3 [178] by properly considering the
presence of stiffeners on the cross-section which produce also distortional buckling in addition
to the local one. The obtained effective section is plotted in Figure 41.
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Figure 41. Gross (a) and effective (b) cross-section of the metal deck in bending.

The maximum compression, which is assumed to act on the concrete, N, is equal to (Figure
42):

N =b-he 0.85f,
(3)

where b is the width of the section, h. is the height of the concrete slab above the steel
sheeting and fcm is the mean value of the cylindrical resistance of the concrete. It can be
observed that the interaction domain is influenced by the mechanical properties of the
concrete, for this reason we will obtain one different domain for each mix design.

From the equilibrium between the maximum compression on the concrete and the maximum
tension on the steel, it is possible to evaluate the position of the neutral axis, x:

Ay fyp = 085 fomb x
(4)
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AP fyp

¥ =085f,. b

(5)

where A, is the area of the steel sheeting and f,,, is the correspondent yielding, experimentally
assessed.
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Figure 42. Stresses distribution on the composite section.
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For the partial interaction (i.e., 0< n <1) the position of the neutral axis depends on the grade
of interaction, x” = n x. It can be noted that when the grade of interaction is nil, the neutral
axis coincides with the top axis of the section. As a consequence, also the force on the
compressed part decreases with the decrement of n, Nc =n N¢s.

The bending resistance is then obtained considering the equilibrium to the rotation with
respect to the neutral axis, ranging from the maximum value, M/Mp,rm, obtained with n =1 to
the minimum one, i.e. the bending resistance of the steel sheeting. The non-dimensional M-
n domain obtained from MO-0 slab is proposed in Figure 43 which can be assumed as
significant for each mix design.
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Figure 43. The M- n domain for the composite section with MO0-0 mix design.

The value of the degree of interaction is obtained by entering with the experimental bending
moment Mtest into the domain (Figure 44).
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Figure 44. Approach for the determination of the degree of interaction (EC4).

Finally, the longitudinal shear strength, t,, is directly obtained from equation (6):

:77ch
b1,

Tu

(6)
where /s is the distance between the force and the support, equal to L/4.

The ratio between the longitudinal shear stress obtained from each slab, over the M0-0 mix
u,i

design, i.e. TT—', is reported in Table 7. The average value between each length and the
u,M0

covariation is reported too.

It is confirmed that the use of concrete made by recycled aggregates brings a non-negligible
improvement in term of longitudinal adhesion between the two materials, the longitudinal
shear is increased, in mean, up to 1.7 times.

The increased bond strength between RCA concrete and steel sheeting can be attributed to
the enhanced roughness of RCA surfaces. The adhered mortar on recycled aggregates
increases the friction coefficient and results in better mechanical interlock with the steel deck.
We referenced studies (e.g., [176]) that report similar observations.

Table 7. Non-dimensional longitudinal shear strength.

2400mm 2800mm 3200mm average CoV

Tu,M30

— 1.59 0.70 0.64 0.98 0.19%
Tu,M0

Ty,M50

— 0.95 1.92 1.47 1.44 0.15%
Tu,M0

Tu,M100

I — 1.30 1.57 2.14 1.68 0.13%
Tu,M0
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6.2. 2024 Campaign

The flexural and longitudinal shear behaviours of RACCS (Recycled Aggregate Concrete
Composite Slabs) were characterized for each material configuration, identified by the mix
codes MO, M20, M70, and M100 according to the percentage of recycled aggregate. Each
configuration was tested through a total of nine experimental trials, distributed across three
different span lengths: 2.40 m, 2.80 m, and 3.20 m. For each group of three specimens with
the same span length, three load-displacement curves were obtained, each corresponding to
the linear displacement transducers (LDTs) used for measurement.

6.2.1. Average Load-Displacement curve from LDTs

To obtain an average curve, a common interpolation domain was defined using displacement
as the interpolating variable, as it generally increases monotonically throughout the test.
Unlike load, which may experience sudden drops due to damage and progressive failure,
displacement allows for consistent alignment across curves, even when measurement points
do not perfectly match. The common domain was created by merging and sorting all
displacement values from the three specimens, removing duplicates, and truncating the range
at the average of the maximum displacements recorded. Load values were then matched to
these displacements, where direct matches were missing, linear interpolation was applied
between the two nearest experimental points— one immediately before and one after- were
identified. The corresponding load was then calculated using the equation of the straight line
passing through those two points, by applying a proportion based on the relative distances
between the known displacements. Once the corresponding load value had been identified
for each curve at every point of the common domain, the average load was calculated, and
the load-displacement curve along with the corresponding standard deviation was computed
and graphically represented.

A similar method was applied for the horizontal displacement data from LDT E&H and A&G.
Since longitudinal slip may develop on either both sides or just one side of the slab, the
analysis was adapted accordingly. In cases where not all specimens exhibited slip, the average
load corresponding to the mean of the maximum loads reached by the curves before the loss
of load-bearing capacity and the onset of slip in the specimen where the phenomenon did
occur was first evaluated. For the remaining displacement response, only the curve of the
specimen that showed slip was included, ensuring that the mechanical behaviour associated
with the phenomenon was not distorted by data from specimens without slip.

The resulting average curve offers a robust and statistically reliable representation of the
flexural and longitudinal shear behaviour of RACCS, accounting for variations in span length,
material composition, and LDT positioning. Full individual curves for each specimen, including
those from LDT F and LDT B, placed under the loading points to monitor local vertical
displacements, are provided in the Appendix.

6.2.2. Load versus vertical displacements

In Figure 45-Figure 47 are shown the average load-displacement curves are recorded by LDT
L and LDT M at mid-span for three different spans (2.40 m, 2.80 m, and 3.20 m). The result
compares four mix designs (M0, M20, M70, and M100), each incorporating a different
percentage of recycled concrete aggregates in place of natural ones. In general, all curves
exhibit a three-phase response: an initial elastic phase with linear behaviour, a debonding
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failure phase marked by a sudden drop in load, and a post-peak flexural phase dominated by
progressive cracking and load redistribution. After the peak, the curves typically display a
sudden loss of load-bearing capacity followed by a plateau or slowly descending branch,
indicating ductile deformation. This post-peak segment is more evident in mixes containing
RCA, suggesting a more gradual degradation of the steel-concrete bond. Oscillations in the
load signal following the initial linear segment may reflect the progressive loss of bond
integrity. These fluctuations are particularly pronounced in M70 and M100, suggesting a more
irregular debonding evolution in those mixes. Once the debonding process stabilizes, the
curve tends to evolve more smoothly at large displacements and nearly constant load levels,
indicating the activation of the flexural failure mechanism.

For the 2.40 m span configuration, M20 achieved the highest peak load. This result suggests
that, under short-span conditions, a moderate replacement rate of natural aggregates with
recycled aggregates can provide structural efficiency, likely due to a favourable combination
of good interface bonding and still-sufficient mechanical stiffness. This finding is consistent
with the result reported in a previous study by Stochino et al. [179], where a 30% replacement
level resulted in the highest peak load under similar conditions. Of particular interest is the
performance of mix M100, which reached a peak load very close to that of MO. This indicates
that even in the presence of reduced mechanical properties of concrete, the interface
behaviour between RCA concrete and steel sheeting is effective in ensuring adequate global
resistance.

When the span increases to 2.80 m, a general decrease in peak load is observed for all mixes,
and M20 again records the highest peak load. A distinctive feature of this configuration is the
progressive and nearly linear recovery of load-bearing capacity observed in the M20 slabs
following the initial load drop. Unlike other mixes, which tend to exhibit irregular oscillations
or plateau behaviour, the M20 curve gradually regains strength smoothly and consistently.
This suggests that, following debonding, the degradation of the interface may be less abrupt,
allowing the slab to activate an effective flexural mechanism that progressively restores
structural performance. In contrast, M70 and M100 show delayed peaks, occurring after the
elastic phase, possibly due to slower interface mobilization.

For the 3.20 m span, mixes MO, M20, and M70 exhibit similar structural responses and nearly
identical peak load values, indicating that up to 70% RCA replacement ratio does not
compromise load-bearing capacity even in longer spans. In contrast, mix M100 registers a
noticeably lower peak load but shows a more stable and prolonged post-peak response. While
the other mixes display three or more significant load drops, M100 experiences only two,
suggesting a more continuous and controlled redistribution of internal stresses. This smoother
evolution reflects the development of a sustained flexural regime, in which the slab retains
load-bearing capacity over a wider deformation range, despite its lower initial stiffness. The
behaviour suggests that, although M100 is more fragile in terms of strength, it may exhibit a
form of ductile resilience under large deformations due to its ability to maintain a coherent
failure mode. At the 3.20 m span, it is also observed that both M20 and M70 exhibit a more
extended linear-elastic phase compared to MO, despite showing a similar initial stiffness. This
behaviour is particularly evident in M70, which displays the most prolonged elastic branch
among all mixes.

The average collapse load reported in Table 8 refers to the mean of the peak loads obtained
from the individual tests conducted for each mix configuration, as presented in the Appendix.
It should be clarified that this value does not correspond to the peak of the average load-
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displacement curve, which instead reflects the global structural behaviour of the composite

slab.
Table 8. Average collapse load [kN] of the tested slab.
Mix design 2400 mm 2800 mm 3200 mm
MO0-0 48.23 41.96 36.56
M20-20 54.69 41.97 36.59
M70-70 42.12 40.36 35.58
M100-100 46.37 42.40 32.17

Figure 48-Figure 50 provides a comprehensive overview by illustrating the average load-
displacement curves for all mix designs combined into a single graph for each span—2.40 m,
2.80 m, and 3.20 m, respectively—thus enabling direct visual comparison of the overall

structural performance across different replacement levels.
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Figure 45. Average load-displacement curves for M0-0 (black), M20-20 (red), M70-70 (blue) and M100-100 (green) with a span of
2.40 m, recorded using LDT L (left) and LDT M (right).
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Figure 46. Average load-displacement curves for M0-0 (black), M20-20 (red), M70-70 (blue) and M100-100 (green) with a span of
2.80 m, recorded using LDT L (left) and LDT M (right).
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Figure 47. Average load-displacement curves for M0-0 (black), M20-20 (red), M70-70 (blue) and M100-100 (green) with a span of
2.80 m, recorded using LDT L (left) and LDT M (right).
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Figure 48. Average load-displacement curves for all mix designs with a span of 2.40 m, recorded using LDT L and LDT M.
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Figure 50. Average load-displacement curves for all mix designs with a span of 3.20 m, recorded using LDT L and LDT M.

6.2.3. Load versus horizontal displacements

Figure 51-Figure 53 illustrates the average load-horizontal displacement curves for each mix
design, measured using LDT A&G and LDT E&H, corresponding respectively to span lengths of
2.40 m, 2.80 m, and 3.20 m. A general trend observed across all figures is that horizontal
displacement remains negligible during the initial loading phase and increases significantly
only once the debonding process initiates. The exact location at which initial slip occurs
appears to be somewhat irregular, likely affected by local imperfections in the slab geometry,
support positioning, or slight asymmetries in load application. Once the peak load is reached,
a sharp drop in load is observed. Following this drop, a second phase emerges in which the
curve exhibits a partial recovery of bearing capacity alongside a progressive increase in
horizontal slip. Finally, in the third phase, the load stabilizes or slightly decreases while
horizontal displacement continues to increase significantly.
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As the span increases, the slip tends to occur at progressively lower loads. However,
the development of slip generally occurs over a shorter load range as the span increases,
except for M70-70 and M100-100, which exhibit both an earlier onset and a more sustained
progression of slip. This suggests that higher RCA content accelerates the onset of interfacial
damage while also reducing bond uniformity, resulting in a more extended debonding process.
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Figure 51. Average load-displacement curves for M0-0 (black), M20-20 (red), M70-70 (blue) and M100-100 (green) with a
span of 2.40 m, recorded using LDT A-G (left) and LDT E-H (right).
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Figure 52. Average load-displacement curves for M0-0 (black), M20-20 (red), M70-70 (blue) and M100-100 (green) with a
span of 2.80 m, recorded using LDT A-G (left) and LDT E-H (right).
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Figure 53. Average load-displacement curves for M0-0 (black), M20-20 (red), M70-70 (blue) and M100-100 (green) with a
span of 3.20 m, recorded using LDT A-G (left) and LDT E-H (right).
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6.2.4. Discussion

The experimental findings highlight the complex interaction between material composition,
span length, and interfacial behaviour in composite slabs incorporating RCAs. The load-
displacement curves consistently revealed the typical three-phase mechanical response
observed in steel-concrete composite systems: an initial elastic stage, a debonding phase
characterized by abrupt load drops, and a post-peak flexural regime associated with ductile
deformation and gradual load redistribution. The presence of RCA substantially influenced
both the amplitude and the progression of these phases, confirming that the bond mechanism
at the steel-concrete interface is sensitive to the modified microstructural features of recycled
aggregates.

At shorter spans (2.40 m), the enhanced peak load attained by the M20 mix suggests that
moderate RCA replacement can contribute to a more efficient load transfer mechanism. This
finding aligns with the hypothesis that limited quantities of recycled aggregates, due to their
rough and irregular surface texture, may enhance frictional interlock at the steel-concrete
interface, counterbalancing the moderate loss of intrinsic concrete strength. The behaviour
corroborates previous observations by Zhang et al. [180] and Chen et al. [181], who identified
that intermediate RCA ratios can yield competitive longitudinal shear resistance compared
with natural aggregate concretes, provided that the interfacial transition zone (ITZ) remains
sufficiently compact and continuous. For higher replacement ratios (M70 and M100),
however, the interface becomes progressively more heterogeneous, leading to premature
debonding and larger oscillations in the load signal, indicative of unstable shear transfer. This
transition reflects a reduction in the stiffness of the bond—slip relationship, as documented in
pull-out and push-off tests on RAC composite slabs, where 1—s curves show an earlier onset of
slip and a lower ultimate bond stress compared with conventional concretes [180], [182].

The effect of increasing span length is equally significant. Longer spans (2.80 m and 3.20 m)
reduced the peak load and accentuated the ductile post-peak branch, revealing that flexural
deformation increasingly governs the global behaviour. The evolution of load recovery after
initial slip—particularly pronounced in M20 at 2.80 m—suggests that partial interfacial
degradation does not necessarily lead to total loss of composite action but can activate
secondary load paths through frictional mechanisms. Such recovery phases are consistent
with the multi-stage debonding mechanisms identified by Saccone et al. [53], where recycled
concretes exhibited a more progressive redistribution of shear stresses after initial bond
failure. In contrast, the full replacement mix (M100) demonstrated a more stable yet lower-
strength response: its reduced initial stiffness was compensated by a smoother decay and
sustained deformation capacity, confirming the potential of RCA concretes to maintain global
ductility even when interfacial integrity is compromised.

The average collapse loads summarized in Table 4 confirm these trends quantitatively. The
limited variation between MO and M100 for short spans indicates that global load-bearing
capacity is not solely governed by the compressive strength of the concrete but also by the
interfacial efficiency and geometric stiffness of the composite section. Nevertheless, as the
span increases, the influence of RCA content becomes more pronounced, with M100 showing
a 12-15 % reduction in collapse load relative to the control mix. This reduction reflects the
cumulative effect of lower modulus of elasticity and weaker aggregate—matrix bonding, which
together accelerate slip initiation and decrease effective stiffness. Similar findings were
reported by Lu et al. [182], who noted that higher RCA contents promote earlier interfacial
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cracking but can still sustain stable load—deformation evolution under controlled flexural
regimes.

From a design perspective, these results underscore the need to refine analytical formulations
for longitudinal shear resistance in RAC-based composite slabs.

In summary, the experimental evidence confirms that moderate RCA replacement (=20 %) can
enhance interfacial efficiency and delay slip initiation, while excessive substitution (>70 %)
compromises the stiffness and ultimate capacity of the slab. The distinct post-peak behaviour
observed for fully recycled mixes, however, points to a beneficial ductile mechanism that
ensures stable deformation under increasing displacement, an aspect of great interest for
safety design under service and extreme conditions. Overall, the results support the
conclusions drawn by Saccone et al. [53] that sustainable composite slabs with recycled
concrete can achieve satisfactory longitudinal shear performance provided that mix design,
span-to-depth ratio, and steel deck geometry are jointly optimized to balance stiffness,
ductility, and bond integrity.

6.2.5. Theoretical Collapse Load by the Partial Shear Connection (PSC) Method

To predict the collapse load due to longitudinal shear of the 2024 RACCS slabs, the Partial
Shear Connection (PSC) procedure—consistent with the provisions of EN 1994-1-1 and the
guidelines provided in the accompanying lecture notes—was applied. Within this framework,
the theoretical moment resistance ( My, ) of the composite section was first determined
based on the degree of interaction between the concrete and the profiled steel sheeting. This
calculated moment resistance was then converted into the corresponding collapse load ( Fgc4
) for the four-point bending configuration adopted in the experimental campaign. For a simply
supported slab subjected to two symmetrically placed loads, located at a distance ( Ly = L/4
) from each support, the relationship between the applied load and bending moment is
defined as equation (7):

F,L 2Mp
M== = Fa=——

(7)

This expression allows the theoretical load-carrying capacity predicted by the PSC method to
be directly compared with the experimentally observed collapse loads, providing a consistent
basis for evaluating the longitudinal shear behaviour of the composite slabs.

The Partial Shear Connection (PSC) method was applied assuming that the ultimate limit state
(ULS) is governed by longitudinal shear failure at the concrete—steel interface, where the steel
deck behaves plastically and the concrete within the ribs provides no contribution to the
overall resistance. The interface shear strength (t,) was assumed in the range 0.16—0.20 MPa.
These values were adopted from the technical information provided by Spinelli company and
refer to measurements performed by the manufacturer for conventional (natural-aggregate)
concrete; therefore, they represent the characteristic shear capacity of the metal decking
when used with standard concrete mixes. The key geometric and material parameters
considered in the calculation include the effective slab width ( b ), concrete thickness above
the steel deck ( h. ), total slab depth ( h; ), steel sheet area (A, ), plastic centroid eccentricities
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(e)and (e, ), and the design strength of steel ( f,,4 ) obtained from manufacturer data. The
mean compressive strength of concrete ( f.,, ) was taken from the experimental results of the
2024 campaign.

The governing equations used in the PSC calculation are summarized as equations (8-(14:

Interface force and degree of interaction:
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Figure 54. Stresses distribution on the composite section.
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Figure 55. Approach for the determination of the degree of interaction (EC4).

Steel plastic tension capacity:

81



Npa = Ap fpd

(10)
Plastic moment component of the steel sheet (PSC reduction):
My, = 1.25 M,, (1 ~ Ny ) < M,,
Ap) fpa
(11)
Lever arm of the internal force couple:
N¢s
z=h;—05h,—e,+ (e, — e
t c D ( p )Ap fpd
(12)
Design moment resistance at longitudinal shear collapse:
Mgq = Mp, + M N 2
(13)

Finally, the predicted collapse load corresponding to longitudinal shear failure in the four-
point bending configuration is obtained as:

2Mp,
F =
EC4 LS

(14)

This analytical framework allows for a consistent estimation of the theoretical collapse load
for each RACCS slab configuration, enabling a direct comparison between experimental results
and the predictions from the PSC method.

Table 9 presents the comparison between the experimental collapse loads (B, ¢xp) and the
theoretical loads (Fgc4) calculated using the Partial Shear Connection (PSC) method. The
results provide an evaluation of the predictive capability of the PSC approach for the 2024
composite slabs (RACCS) tested with varying RCA replacement ratios (0%, 20%, 70%, and
100%) and span lengths (2.40 m, 2.80 m, and 3.20 m).
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Table 9. Comparison between experimental and theoretical collapse loads of RACCS slabs predicted by the Partial Shear
Connection (PSC) method for different RCA contents and span lengths.

RCA (%) Span (cm) Pu,exp (kKN) Feca (t=0.16) Error (%) Feca (t=10.20) Error (%)
M 0-0 240 48 56 17 58 21
M 0-0 280 42 49 17 51 22
M 0-0 320 36 44 22 46 29
M 20-20 240 55 56 2 58 5
M 20-20 280 42 49 17 51 22
M 20-20 320 36 44 22 46 29
M 70-70 240 42 56 33 58 38
M 70-70 280 40 49 23 51 28
M 70-70 320 36 44 22 46 29
M100-100 240 47 56 19 58 23
M100-100 280 43 49 14 51 19
M100-100 320 32 44 37 46 45

In general, the predicted collapse loads obtained from the PSC method exhibit satisfactory
agreement with the experimental results, with average discrepancies ranging between
approximately 2% and 38%, depending on the assumed interface shear strength and RCA
content. For (t, = 0.16) MPa, the calculated loads tend to slightly overestimate the
experimental results, with an average error around 20%, whereas adopting (t,, = 0.20) MPa
provides a closer correlation in most cases, particularly for mixes M20-20 and M100-100. This
range of variation is consistent with expected experimental uncertainties and modeling
assumptions in longitudinal shear analyses of composite slabs.

The influence of RCA content on the analytical predictions appears to be moderate. For lower
RCA percentages (M20-20), the theoretical and experimental loads show very close
agreement, with differences as low as 2-5%, confirming that partial RCA replacement does
not significantly alter the overall shear transfer mechanism. Conversely, for higher RCA
contents (M70-70 and M100-100), the PSC model tends to slightly overpredict the collapse
load, indicating that the real interface shear strength might be marginally lower than the
nominal value assumed in the calculations. This observation aligns with the experimentally
observed earlier onset of slip at the steel-concrete interface for high RCA mixes, which is likely
due to the increased porosity and weaker ITZ associated with recycled aggregates.

The span length also plays a noticeable role in the prediction accuracy. Longer spans (3.20 m)
show higher deviations, reaching up to 29-45%, which can be attributed to the amplified
influence of shear lag and the redistribution of longitudinal stresses along the interface.
Despite these differences, the overall trend of the theoretical predictions remains consistent
with the experimental data, successfully reproducing the hierarchy of strengths among
different mixes and span configurations.

The theoretical resistances calculated using the EC4 PSC method (Table 9) are generally higher
than the experimental collapse loads observed in the RACCS tests. This overestimation can be
explained by both material-related and methodological factors. First, the EC4 model was
developed for conventional concrete with dense aggregate structure and does not explicitly
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account for the higher porosity and weaker interfacial transition zone typical of recycled
aggregate concretes. As a consequence, the model assumes higher stiffness and bond
efficiency at the steel-concrete interface than those actually achieved in the RACCS
specimens. Second, the simplified assumptions of the PSC method—such as the full plastic
response of the steel deck at ultimate limit state and the neglect of local slip and partial
debonding effects—lead to an idealized interaction that enhances the predicted load capacity.
In contrast, the experimental slabs exhibited progressive slip and localized cracking that
reduced the effective longitudinal shear transfer. Finally, the EC4 analytical framework does
not include the reduction in interfacial cohesion caused by the rougher and more porous
surface of RCA concrete. As a result, the predicted shear interaction and ultimate bending
capacity appear higher than those measured experimentally. Overall, the higher theoretical
values underline the need to introduce correction factors or modified interaction parameters
for composite slabs incorporating recycled aggregates, to ensure that analytical predictions
remain conservative and consistent with the experimental evidence.

To address the selection of the input parameters used in the EC4 Partial Shear Connection
calculations, it is confirmed that the compressive strength of the concrete was taken
individually for each mix based on the experimental 28-day test results reported in the
mechanical characterization sections. This ensured that the PSC evaluation was representative
of the actual material performance of each concrete type. The design yield stress of the steel
sheeting (f,4) was adopted from the manufacturer datasheet and remained constant for all
specimens. The degree of interaction (1) was not assumed but was evaluated separately for
every mix and span configuration based on the experimentally measured collapse moment
and the PSC interaction domain. Therefore, the PSC calculations incorporate mix-specific
concrete strengths and span-dependent interaction behavior, while the steel contribution
remains constant due to the uniformity of the steel deck material across the tested slabs.
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7. Conclusion

The use of recycled concrete aggregates (RCA) derived from construction and demolition
waste (CDW) represents a significant advancement toward sustainable concrete production
and the transition to a circular construction economy. This research has demonstrated that
RCA offers substantial environmental benefits, including the reduction of landfill waste,
conservation of natural resources, and lower energy demand associated with aggregate
production. However, the mechanical and durability performance of recycled aggregate
concrete (RAC) is strongly influenced by the characteristics of the recycled aggregates, such as
the presence of adhered mortar, variable porosity, and contamination levels. These features
often lead to reduced compressive and tensile strengths, higher permeability, and lower
resistance to aggressive environmental exposure compared to concrete made with natural
aggregates. Nevertheless, through suitable pretreatment methods—mechanical, chemical, or
thermal—the quality of RCA can be significantly improved, reducing residual mortar content
and enhancing bonding within the cement matrix. Similarly, optimized mix design strategies,
the use of supplementary cementitious materials (SCMs), and extended curing times have
proven effective in improving both strength and durability, enabling RAC to meet structural
performance requirements while contributing to sustainability goals.

To comprehensively assess these aspects, this PhD research conducted two major
experimental campaigns (2023 and 2024) encompassing both material-level and structural-
scale investigations. The mechanical and durability properties of RAC were systematically
evaluated through tests on compressive strength, tensile and flexural strength, elastic
modulus, creep, oxygen and water permeability, carbonation depth, chloride penetration, and
freeze—thaw resistance. The results consistently confirmed that the replacement level and
quality of RCA are the dominant factors governing performance. In the 2023 campaign, which
employed conventional RCA, the compressive strength at 28 days decreased from
approximately 41.6 MPa for the control mix to 24 MPa for full replacement, while in the 2024
campaign—using higher-quality RCA with better gradation and lower porosity—the
corresponding range was 40-35 MPa, with 90-day strength reaching up to 45.3 MPa. These
findings highlight the crucial influence of RCA quality in mitigating strength loss and confirm
that extended curing enhances performance by improving the interfacial transition zone (1TZ)
between RCA and the cement paste.

Durability tests revealed parallel trends. Oxygen and water permeability coefficients increased
with RCA content, particularly in the 2023 series, while the 2024 campaign exhibited
significantly improved resistance due to the superior aggregate properties. Similarly,
carbonation and chloride ingress depths were lower for the 2024 mixes, confirming the
beneficial effect of well-graded, low-porosity RCA on limiting fluid and gas transport. Freeze—
thaw tests further underscored the importance of RCA quality: although mass loss and surface
damage intensified with RCA content in the 2023 campaign, the 2024 specimens displayed
stable performance even at high replacement levels. Correlations between mechanical and
durability indicators—such as between compressive strength and permeability, or
carbonation depth and oxygen diffusion—validated the interdependence of these properties
and emphasized the need for integrated durability evaluation frameworks.

Overall, the experimental evidence demonstrates that partial replacement of natural
aggregates (up to 50-70%) can be safely adopted in structural concrete, provided that high-
quality RCA, optimized mix design, and proper curing conditions are ensured. Extended curing
periods were shown to substantially recover strength and improve durability at 90 days,
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offsetting the inherent weaknesses of recycled aggregates. The results thus support the
practical feasibility of RAC in structural applications, offering reliable data for future design
and standardization efforts.

Beyond the material-scale investigations, this research extended to the structural
performance of recycled aggregate concrete composite slabs (RACCS). A total of 48 full-scale
slabs were produced encompassing six concrete mixes (M0-0, M20-20, M30-30, M50-50,
M70-70, M100-100) and three span lengths (2.40 m, 2.80 m, and 3.20 m). The results
confirmed that increasing RCA content led to a gradual reduction in compressive strength,
tensile strength, and elastic modulus; however, all mixes met the minimum mechanical
requirements for composite applications. Importantly, all specimens exhibited a consistent
three-phase behavior: an initial elastic regime, a debonding phase, and a post-peak ductile
response characterized by residual load-bearing capacity. Even at full RCA replacement, the
slabs maintained ductile post-peak performance, confirming effective steel-concrete
interaction.

Moderate RCA replacement levels (20-70%) yielded the most balanced results, combining
high load-bearing capacity, controlled deformation, and ductile failure modes. The mix M20-
20 achieved the highest collapse load (54.7 kN) for the 2.40 m span, while mixes with up to
70% RCA maintained comparable resistance at intermediate spans. The fully recycled mix
(M100-100) showed reduced peak load but a more stable post-peak response, indicating
improved energy dissipation and deformation capacity—an advantageous feature for seismic
design. These results highlight the strong potential of RCA to enhance mechanical interlock
and bonding with steel sheets, compensating for its lower intrinsic stiffness.

Collectively, the findings confirm that RCA-based composite slabs can achieve satisfactory
structural performance and ductility when appropriate mix design and span configurations are
adopted. The experimental outcomes contribute valuable data for the refinement of analytical
models.

From a broader perspective, this research demonstrates that the integration of RCA in both
conventional and composite concretes is not only feasible but also desirable from an
environmental standpoint. Although a quantitative environmental assessment was not
performed in this thesis, the use of recycled concrete aggregates is widely recognized in the
literature as a strategy with potential environmental benefits, mainly related to the reduction
of natural aggregate extraction and the diversion of construction and demolition waste from
landfills. Therefore, the possible reduction in carbon footprint associated with RCA concrete
should be interpreted as a qualitative implication derived from existing studies, rather than a
result directly assessed within the present experimental work. A comprehensive Life Cycle
Assessment (LCA) is recommended as a future research development to quantitatively
evaluate the environmental impact of RCA incorporation in concrete.

Despite the encouraging outcomes, several challenges remain before RCA can be fully
mainstreamed in construction practice. Future research should focus on developing
standardized RCA treatment and quality control protocols, as well as establishing unified
design guidelines for structural applications. Moreover, long-term investigations under cyclic,
fatigue, and environmental loading conditions are necessary to assess time-dependent
behavior and ensure reliability in service. Particular attention should be devoted to studying
the performance of RCA-based composite slabs under repeated and seismic loading, where
their ductile post-debonding response could provide significant advantages in terms of energy
dissipation and structural resilience.
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By addressing these remaining research gaps, recycled aggregates can evolve from a
sustainable alternative into a primary construction resource. This transformation will not only
reduce the environmental impact of the construction industry but also reinforce the
foundation of circular economy principles in civil engineering. The results of this doctoral
research thus provide both scientific evidence and practical guidance for integrating recycled
materials into high-performance, sustainable concrete structures, paving the way for a new
generation of environmentally responsible construction technologies.
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8. Appendix

Figure 56-Figure 67 presents the complete set of load—displacement curves recorded during
the 2024 experimental testing of all composite slab specimens from LDT F and LDT B, placed
under the loading points to monitor local vertical displacements. These figures provide a
comprehensive overview of the structural response for all mix configurations (M0-0, M20-20,
M70-70, and M100-100) and span lengths (2.40 m, 2.80 m, and 3.20 m). The load-
displacement curves depict the full loading process—from the initial elastic phase to the onset
of debonding and the subsequent post-peak flexural behavior—demonstrating both the
consistency of the experimental results and the influence of RCA content on overall ductility
and residual load-bearing capacity.
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Figure 56. Load-displacement curves for sample MO-0 with a span of 2.40 m, recorded using LDT F (left) and LDT B (right).
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Figure 57. Load-displacement curves M20-20 with a span of 2.40 m, recorded using LDT F (left) and LDT B (right).
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Figure 58. Load-displacement curves M70-70 with a span of 2.40 m, recorded using LDT F (left) and LDT B (right).
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Figure 59. Load-displacement curves M100-100 with a span of 2.40 m, recorded using LDT F (left) and LDT B (right).
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Figure 60. Load-displacement curves for sample MO-0 with a span of 2.80 m, recorded using LDT F (left) and LDT B (right).
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Figure 61. Load-displacement curves M20-20 with a span of 2.80 m, recorded using LDT F (left) and LDT B (right).
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Figure 62. Load-displacement curves M70-70 with a span of 2.80 m, recorded using LDT F (left) and LDT B (right).
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Figure 63. Load-displacement curves M100-100 with a span of 2.80 m, recorded using LDT F (left) and LDT B (right).
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Figure 64. Load-displacement curves for sample MO-0 with a span of 3.20 m, recorded using LDT F (left) and LDT B (right).
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Figure 65. Load-displacement curves M20-20 with a span of 3.20 m, recorded using LDT F (left) and LDT B (right).
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Figure 66. Load-displacement curves M70-70 with a span of 3.20 m, recorded using LDT F (left) and LDT B (right).
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Figure 67. Load-displacement curves M100-100 with a span of 3.20 m, recorded using LDT F (left) and LDT B (right).
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