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ARTICLE INFO ABSTRACT
Keywords: The environmental challenges posed by concrete production, particularly high carbon dioxide
Recycled aggregate concrete (RAC) emissions and the extensive use of natural resources, necessitate more sustainable construction

Composite slabs

practices. Recycled Aggregate Concrete (RAC) offers a promising alternative by reducing waste
Longitudinal shear behaviour

from construction and demolition activities while conserving natural aggregates. This review

Sustainability . . . . 1 . .. I
Steel-concrete structures investigates .RAC 1ntegrat.10n Wlthln‘ composite ste.:el—cor.lcrete slabs, err}phjasmlng longitudinal
Bonding shear behaviour—a crucial factor in structural integrity and load distribution. Through a

comprehensive analysis of experimental results and theoretical advancements, this study exam-
ines the effects of recycled concrete aggregate replacement ratio, water-to-cement ratio, and steel
deck geometry on shear bond strength and overall performance. Advanced analytical methods,
such as the m-k method and its adaptations, are reviewed to assess their predictive capabilities
and applicability in Recycled Aggregate Concrete Composite Slabs (RACCS). The study identifies
critical gaps in the current literature, particularly regarding the combined influence of geometric
and material variables on longitudinal shear resistance. The results highlight increased perfor-
mance variability in RAC systems, primarily due to interfacial degradation and reduced aggregate
quality, which compromise the mechanical interlock and friction-based shear transfer mecha-
nism. The review critically evaluates the m—k method and its extensions, showing that while the
framework remains applicable, the coefficients m and k are strongly influenced by Recycled
Concrete Aggregates (RCA)-related parameters and require physical reinterpretation. Overall, the
review concludes that RAC-based composite slabs can achieve satisfactory performance when
appropriately designed but require tailored analytical approaches to ensure safety and reliability
in structural applications.

1. Introduction

The requirement for landfills has increased with rapid urbanization, which thereby results in waste generation mainly due to debris
generated during construction and demolition activities that eventually lead to the loss of land area, followed by the destruction of
natural ecosystems [1,2]. Concrete, a composite material consisting of aggregates embedded in a cementitious matrix, has been the
most widely utilized construction material since the early 1900s. However, its production poses significant environmental challenges,
contributing approximately 8 % of global carbon dioxide emissions [3]. Over the past two decades, cement production worldwide has
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increased dramatically from 1.10 billion tonnes to 3.27 billion tonnes [4,5]. Furthermore, the extensive extraction of sand required for
concrete and glazing production has led to severe ecological degradation, endangering biodiversity and natural habitats [6,7]. To
address these environmental concerns, recycled aggregates from concrete demolition waste have emerged as a sustainable alternative.
The urgency to adopt recycled aggregates in construction is heightened by the aging infrastructure of buildings constructed during the
1950s and 1960s, especially in post-World War II Europe, many of which are coming to the end of their lifecycle [8]. Within the context
of sustainable structure, Recycled Aggregate Concrete (RAC) emerged as an alternative way to save costs on construction and reduce
the utilization rate of natural resources and the carbon dioxide emissions during the manufacturing process [9]. However, the
replacement of natural aggregates can reduce the mechanical properties of concrete when recycled aggregate is used. This is largely the
result of the residual mortar presence on recycled aggregates, which, as natural porous materials, are not universally fully saturated
during their life and thus require a surplus of water to achieve a full saturation state. This results in a higher water-cement ratio, which
affects the mechanical properties and will lead to lower bond adhesion between recycled aggregates [10-12].

Composite steel-concrete slabs, widely recognized for their established use in civil and industrial structural applications, are
defined by ASCE [13] as "a system comprising normal-weight or lightweight structural concrete placed permanently over cold-formed
steel decks, where the steel deck serves a dual purpose: acting as formwork during construction and providing positive reinforcement
during service." Incorporating Recycled Aggregate Concrete (RAC) into composite steel-concrete slabs offers significant potential for
enhancing sustainability in the construction sector, as these slabs are particularly suitable for the lower strength requirements of RAC,
though careful evaluation of the impact of recycled aggregates on overall performance remains essential [14]. Composite slabs can
experience bending failure and shear damage near the supports, with a distinctive form of failure being longitudinal shear damage
caused by slippage between the concrete slab and the steel deck [15]. The interfacial bond behaviour between concrete and steel is
crucial in preventing this type of failure [16,17], and the use of Recycled Concrete Aggregates (RCA) significantly affects this bond due
to its influence on the mechanical properties of concrete [18]. The shear bond between the steel deck and concrete is a complex
nonlinear interaction involving three main bonding mechanisms: chemical, frictional, and mechanical bonds. The chemical bond forms
when the cement paste adheres to the steel surface, but once it breaks, it can’t be restored, leading to slip initiation. The frictional bond
arises from the normal force acting perpendicular to the steel-concrete interface, and it directly depends on this force. Both the
chemical and frictional bonds are affected by the properties of the cement paste, which are modified when using RCA due to an in-
crease in the water-to-cement ratio (w/c), subsequently impacting the mechanical performance of the concrete [19]. The mechanical
bond, on the other hand, is created by the physical interlocking between the profiled steel sheeting and the concrete, enhanced by
surface roughness, indentations, or embossments on the steel surface. These combined mechanisms work together to provide the
composite slab with overall longitudinal shear strength [16].

Previous studies have shown that when natural aggregates are completely replaced by RCA, key mechanical properties, such as
compressive strength, tensile strength, and elastic modulus, tend to decrease [8,11,20]. Recent investigations have further confirmed
the influence of recycled or alternative aggregates on shear behaviour of reinforced concrete elements. Studies have shown that
materials such as Multi-Generation Recycled Aggregates (MGRAC), Electric Arc Furnace (EAF) steel slag, and recycled glass powder
have shown comparable shear performance to conventional mixes, though increased variability is observed due to changes in inter-
facial properties [21-23]. The use of nanomaterials and alternative binders, including Nano-TiO, and geopolymer matrices, proved to
improve strength and shear resistance in sustainable structural applications [24,25].

In light of this, it is essential to understand how RCA influences the bond between steel and concrete in composite slabs [18].
Researchers have developed general theoretical formulas for its calculation. In a pioneering study, Stark [26]conducted experimental
investigations on the behaviour of composite slabs, categorizing their responses into brittle and ductile types. Brittle behaviour occurs
when the maximum flexural strength is achieved immediately after longitudinal slip failure or shortly after the first slips arise, leading
to a sudden load drop. On the other hand, in ductile behaviour, the slab continues to support the load even after initial slips, with
increased slab curvature and a loss of alignment between the neutral axes of the profiled steel sheeting and concrete slab. Building on
this, the Eurocode (EN 1994-1-1:2004) [27] defined a slab as having ductile behaviour if the ultimate load is at least 110 % of the load
at which the first slip occurred. Porter & Greimann [28] introduce a semi-empirical method, known as the m-k method, which cal-
culates the shear capacity of composite slabs using experimental data. Subsequently, Eurocode 4 (EN 1994-1-1:2004) [27] introduced
two methods for assessing the longitudinal shear behaviour of composite slabs: the m-k method and the Partial Shear Connection Method
(PSM). The PSM for longitudinal shear behaviour in composite slabs, as referenced in Eurocode 4 [27], is primarily based on the work
of Johnson & Molenstra [29], who developed the theoretical framework for partial shear connection. Additional contributions were
made by Oehlers & Bradford [30], focusing on nonlinear shear behaviour and composite mechanics. The m-k method can be applied to
both brittle and ductile composite slab behaviour, while the PSM is limited to ductile failures since it uses simple plastic analysis to
estimate the slab’s flexural capacity. In both methods, longitudinal shear capacity is assessed through full-scale laboratory testing to
evaluate slab performance.

Although the longitudinal shear performance of composite slabs is an area of growing interest [31,32], it remains largely unex-
plored within the broader context of research on Recycled Aggregate Concrete Composite Slabs (RACCS). Current longitudinal shear
design methods have been developed and calibrated for Natural Aggregate Concrete (NAC), resulting in a substantial research gap
when addressing RACCS. The absence of structured methodologies to optimize the longitudinal shear performance of RACCS con-
stitutes a significant obstacle, especially given the increasing emphasis on sustainable construction materials [33]. In the authors’
view, a systematic investigation of these gaps, coupled with an in-depth exploration of the evolving thematic interconnections, is
essential. Such efforts have the potential to bring light to less-explored aspects of longitudinal shear behaviour in RACCS, contributing
to a more comprehensive and integrated understanding of this critical domain.

This paper examines the few methodologies currently available to evaluate longitudinal shear behaviour in composite steel-
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concrete slabs incorporating RAC. By reviewing recent case studies involving RACCS and the associated design approaches, the paper
provides a comprehensive overview of the primary factors influencing longitudinal shear bond behaviour when utilizing RCA.

2. Structure and methodological framework

The structure of this review paper is briefly outlined here. Section 3 presents the systematic literature search methodology
developed in accordance with the PRISMA guidelines [34]. These guidelines were specifically employed to document and strengthen
the scientific robustness of the literature identification and screening process, providing a transparent and reproducible pathway for
selecting the most relevant contributions on this topic. The PRISMA approach was applied exclusively to the literature retrieval phase,
with the primary objective of mapping the current state-of-the-art on recycled aggregate concrete composite systems, specifically on
composite slab applications, and identifying underexplored areas that represent true research gaps. The process began with an
exploratory search to capture the broad research landscape, followed by a structured search strategy on the Scopus dataset. Advanced
text-mining tools, including the Bibliometrix package [35] in RStudio [36] and SciMat [37], were used to detect keyword
co-occurrences, thematic clusters, and research trends, providing a data-driven refinement of the screening process and supporting the
objective detection of poorly investigated aspects of longitudinal shear behaviour in RACCS. Building on this structured mapping,
sections 4 and 5 review standardized experimental methodologies and theoretical frameworks commonly employed to evaluate
longitudinal shear capacity consistent with the Eurocode 4 [27] provision, such as the m-k and the PSM methods, providing the basis
for assessing whether available studies meet established design standards. This approach guided the selection of the few experimental
investigations discussed in Section 6, which specifically address the influence of recycled aggregate concrete replacement ratio on
longitudinal shear bond behaviour and structural performance in composite slabs. A particular focus is placed on the analysis of
load-deformation and load-slip curves, which provide valuable insights into the mechanical response and failure mechanisms of
composite slabs under varying conditions. Many studies lack standardized testing procedures or are limited to flexural performance
analyses, preventing a reliable comparison with the current design frameworks. Finally, section 7 synthesizes modified design methods
developed specifically for application to determine the longitudinal shear strength of RACCS and future research directions,
emphasizing the need for parametric studies and robust experimental data to close the research gaps identified through this
Prisma-guided literature screening. The overall review framework and structure are summarized in Fig. 1, illustrating how a structured
PRISMA-based approach enables a scientifically documented selection process and a clear identification of research gaps in this
emerging field.

Research on Longitudinal shear
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3. Text-mining

The longitudinal shear behaviour of Recycled Aggregate Concrete Composite Slab (RACCS) was explored through a structured
literature review aimed at identifying, mapping, and analysing the most relevant scientific contributions on this emerging topic. The
literature search was conducted to identify relevant research articles, reports, and publications, providing a structured understanding
of the state-of-the-art in this field. This review adopted a systematic methodology following PRISMA guidelines [34], ensuring
thoroughness and replicability. Advanced tools such as the Bibliometrix package [35] in RStudio [36] were utilized to facilitate
quantitative analysis and text-mining, while the biblioshiny module identified high-impact research themes. Additionally, SciMat [37]
was employed for keyword co-occurrence analysis, enabling the visualization of interrelationships and thematic developments within
the research domain. An initial broad search was carried out to explore the general landscape of research concerning RACCS, without
applying a strict filter or predefined keywords. This preliminary phase of the literature search, conducted using the Scopus database,
initially yielded 90 articles and allowed for the identification of relevant terminology, recurring research patterns, and major thematic
directions. Based on the insights gained from the initial exploratory step, a more structured search strategy was developed to sys-
tematically retrieve studies directly addressing the longitudinal shear behaviour of RACCS. Following the PRISMA guidelines, the
eligibility criteria were defined to include only peer-reviewed journal articles and conference proceedings published between 2009 and
2024. No restrictions were applied regarding language or study design, allowing for the inclusion of both experimental and
theoretical-analytical investigations, provided that the studies focused on RAC, RACCS, or explicitly addressed their longitudinal shear
performance and composite interaction mechanisms. The selection process followed a two-step screening approach. First, a refined
keyword-based filter was applied, followed by a manual screening of titles and abstracts to exclude documents unrelated to the topic or
falling outside the intended scope. The keyword-based filtering strategy was developed after the initial scoping phase and included
combinations such as (“recycled concrete aggregate™), (“composite slab”), (“concrete slab”), and combined terms like (“recycled
aggregate”) and (“concrete aggregate™), to capture literature specifically related to structural applications of recycled aggregates in
composite systems. To ensure disciplinary consistency, the search results were restricted to the “Engineering” subject area and sorted
by relevance. The data charting process was designed to systematically collect and organize relevant information from each included
study. Full bibliographic records were exported from Scopus and processed using a simple home-made spreadsheet. For each docu-
ment, a set of variables was recorded to support both bibliometric profiling and thematic synthesis. The data items collected included
authors, title, year of publication, source and document type, number of citations, publisher, authors’ affiliations, abstract, and both
authors and indexed keywords. As previously mentioned, the initial query yielded 90 documents, which were subsequently refined
through the application of the chosen criteria and filter steps. Following the removal of duplicates and the exclusion of records not
aligned with the keyword strategy or not classified within the “Engineering” subject area, a total of 43 studies were retained for in-
clusion, as summarized in Table 1. This filtering process ensured a targeted focus, identifying the nuances of longitudinal shear
behaviour in RACCS while maintaining broad thematic coverage. Moreover, the adopted methodological pathway not only enable the
systematic selection of relevant studies, but also provide insight into the current research direction, highlighting the extent to which
the literature addresses RAC and composite structures, and revealing whether the specific topic of RACCS and their longitudinal shear
performance has been adequately investigated or still represents an emerging area of study.

Fig. 2 illustrates the trend in publications and average citations per year from 2009 to 2024, providing an overview of the evolution
of scientific production and its corresponding impact. The analysis was performed using the Bibliometrix package [35] in RStudio [36]
based on data retrieved from the Scopus database. The time window was set to include all documents published between 2009 and
October 2024. Average citations per year were determined by dividing the average number of citations received by articles published
in that specific year by the number of years the article has been citable, i.e., the time elapsed from their publication up to the current
year. This approach normalizes the impact of articles based on the time available for accumulating citations. Between 2009 and 2014,
the number of publications was minimal, likely reflecting the early stages of research on the analyzed topics. From 2015 onwards, there
was a steady increase in publications, with significant peaks in 2022 and 2024, indicating growing attention to the field. However, the
trend in average citations per year follows a different trajectory, with a maximum peak recorded in 2019. This does not necessarily
reflect greater scientific relevance or innovation in the field during that year but rather the fact that only one article was published in
2019, which received many citations, disproportionately influencing the metric. In more recent years, such as 2023 and 2024, the
average citations per year are lower. This phenomenon can be attributed to the fact that recently published articles have had less time
to accumulate citations, as the number of citable years is limited. However, it is important to note that even if these articles gain more
citations in the future, their average citations per year may not necessarily increase proportionally. This is because, as the number of
citable years increases, the denominator grows, and if the growth in citations is not sufficient to offset this, the average value may
remain low or even decrease. Another notable observation arises when comparing 2018, 2020, and 2021, which have the same number
of publications per year but significantly different average citations per year. Specifically, the average citations per year for 2020 and
2021 are higher than those for 2018, despite articles published in 2018 having had more time to accumulate visibility and citations.
This might seem counterintuitive but highlights an important aspect: the growing relevance of the field in recent years. Articles
published in 2020 and 2021 likely received more immediate recognition due to increasing interest in the topic within the scientific
community, reflecting greater attention to the subjects addressed. In contrast, articles from 2018, despite having a longer citation
window, did not generate the same level of impact, suggesting that the field had not yet reached the level of relevance observed in
subsequent years. This analysis highlights that there is no direct correlation between the number of publications and their impact in
terms of citations. It also emphasizes that the average citations per year are influenced not only by the time elapsed since publication
but also by the scientific community’s interest in the topic, as well as the quality and visibility of the articles themselves. This dem-
onstrates the importance of evaluating not solely the quantity of publications but also the temporal context and the specific impact of
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Table 1
Dataset of scientific paper retrieved from Scopus.
Authors Title Year Reference
Bicher, B. Concrete-Filled Steel Tubes (CFT): Innovative composite construction 2009 [38]
method facilitated by high-performance superplasticizer technology.
Yao, Q., Yu, X., Zhang, Y., Huang, W. Mechanical characteristics and seismic performance of multi-rib slab wall. 2009 [39]
Zhang, J.-W., Zhu, Y.-T., Cao, W.-L., Dong, H.-Y. Flexural behavior of the recycled aggregate concrete composite slabs with 2014  [40]
closed-section steel deck.
Coppola, B., Di Maio, L., Courard, L., Scarfato, P., Lightweight cementitious mortar made with foamed plastic waste 2015 [41]
Incarnato, L. aggregates.
Li, W., Xiao, J., Shi, C., Poon, C.S. Structural behaviour of composite members with recycled aggregate concrete 2015 [42]
- An overview.
Zhang, J., Liu, F., Kazoza, E., Cao, W. Experimental study on flexural behavior of recycled coarse aggregate 2015 [43]
concrete composite beams with closed-section steel deck.
Wu, B., Ji, M.-M., Zhao, X.-Y. State-of-the-art of recycled mixed concrete (RMC) and composite structural 2016 [44]
members made of RMC.
Wang, Y., Wang, Q., Geng, Y., Ranzi, G. Long-term behaviour of simply supported composite slabs with recycled 2016  [45]
coarse aggregate.
Lapko, A., Grygo, R. Improving the structural behaviour RC precast concrete beams made of 2016  [46]
recycled aggregate concrete.
Mohamad, N., Khalifa, H., Abdul Samad, A.A., Mendis, P., Structural performance of recycled aggregate in CSP slab subjected to flexure 2016 [471
Goh, W.L. load.
Lopes Lima, P.R., Roque, A.B., Ariani Fontes, C.M., Feitosa  Potentialities of cement-based recycled materials reinforced with sisal fibers 2017 [48]
Lima, J.M., Barros, J.A.O. as a filler component of precast concrete slabs.
Wang, Y.-Y., Wang, Q.-H., Geng, Y. State-of-the-Art of Horizontal Structural Members Using Recycled Aggregate 2018 [49]
Concrete.
Mikulica, K., Hela, R Usage of recycled concrete as subsoil under industrial floor. 2018 [50]
Lima, P.R.L., Barros, J.A.O., Roque, A.B., Fontes, C.M.A., Short sisal fiber reinforced recycled concrete block for one-way precast 2018 [51]
Lima, J.M.F. concrete slabs.
Chan, R., Santana, M.A., Oda, A.M., Paniguel, R.C., Vieira, Analysis of potential use of fibre reinforced recycled aggregate concrete for 2019 [52]
L.B., Figueiredo, A.D., Galobardes, I. sustainable pavements.
Deresa, S.T., Ren, H.T., Xu,J.J. Flexural behavior of glubam-recycled aggregate concrete composite beam. 2020  [53]
Wang, Q., Yang, J., Liang, Y., Zhang, H., Zhao, Y., Ren, Q. Prediction of time-dependent behaviour of steel-recycled aggregate concrete 2020 [54]
(RAC) composite slabs via thermo-mechanical finite element modelling.
Zhang, H., Geng, Y., Wang, Y.-Y., Wang, Q. Long-term behavior of continuous composite slabs made with 100 % fine and 2020 [14]
coarse recycled.
Wang, Q.-H., Liang, Y.-Z., Zhang, H., Zhang, Y.-C., Ren, Q.- Time-dependent behavior of multi-span continuous steel-RCA composite 2021 [55]
X. slabs considering the loading distribution effects.
Tesfaye Deresa, S., Xu, J., Shan, B., Ren, H., Xiao, Y. Experimental investigation on flexural behavior of full-scale glued laminated 2021 [56]
bamboo (glubam)-concrete composite beams: A case study of using recycled
concrete aggregates.
Awan, A.B., Shaikh, F.U.A. Structural behavior of recycled tire crumb rubber sandwich panel in flexural 2021 [57]1
bending.
Zhang, H., Wang, Y.-Y., Wang, Q., Geng, Y. Experimental study and prediction model for non-uniform shrinkage of 2022 [58]
recycled aggregate concrete in composite slabs.
Yang, J., Liu, C., Wang, Q., Geng, Y. Time-Dependent Behavior of Composite Steel-Recycled Aggregate Concrete 2022 [59]
Beams via Thermomechanical Finite Element Modeling.
Zhang, H., Geng, Y., Wang, Y.-Y., Li, X.-Z. Experimental study and prediction model for bond behaviour of steel- 2022 [18]
recycled aggregate concrete composite slabs.
Zhao, H., Zhao, J., Wang, R., Zhang, W., Liu, F., Wu, S. Thermal behavior of composite slabs with closed profiled steel decking and 2022 [60]
recycled aggregate concrete in fire.
Zhang, H., Geng, Y., Wang, Q., Wang, Y.-Y. Compounding effect between influences of fine and coarse recycled 2022 [61]
aggregates on non-uniform shrinkage behavior of steel-concrete composite
slab section.
Ly, L., Gao, M., Guo, Y., Wang, W., Yan, H., Jiang, T. Experiments on flexural behavior of the prefabricated RAC and NWC 2022 [62]
composite slab.
Zhang, H., Zhang, H.-Y., Geng, Y., Fang, P.-Q., Wang, Y.-Y. Design formulae for Long-Term responses of continuous Steel-Recycled 2022 [63]
aggregate concrete composite slabs.
Liu, E., Lin, M., Xie, Q., Zhang, Y. Flexural Performance of Prestressed Composite Recycled Aggregate Slabs 2022 [64]
with Steel Tube Trusses.
Lu, L., Wang, W., Zhang, L., Shao, Y. Longitudinal shear strength of recycled aggregate concrete prefabricated 2023  [65]
superimposed slabs.
Dong, J., Liu, Y., Yuan, S., Wang, Q., Wei, Z. Study on fatigue performance of basalt fiber reinforced recycled concrete 2023 [66]
web box girder.
Chen, B., Zhang, T., Geng, Y., Wang, Q., Zhao, G., Yang, J. Longitudinal shear tests and design methods for corrugated steel-concrete 2023 [671
composite slabs with recycled coarse aggregate.
Zhang, R., Jiao, J., He, M., Tao, Z., He, P. Design, implementation and performance prediction of profiled steel sheet- 2023 [68]
mixed aggregate recycled concrete hollow composite slab.
Fareed, S., Khan, A.-U.-R. Behavior of reinforced recycled aggregate concrete beams and slabs 2024  [69]

strengthened in flexure and punching with CFRP composites.

(continued on next page)
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Table 1 (continued)

Authors Title Year Reference
Athulya, B., Jacob, M.M. Numerical Investigation on Shear Bond Improvement of High Performance 2024 [70]
Concrete Composite Slabs Containing Recycled Aggregates.
Niranjana, S., Jacob, M.M. Numerical Analysis on Flexural Strength of Composite Slab with Inverted U- 2024 [71]
Shaped Shear Connector.
Kefyalew, F., Imjai, T., Garcia, R., Khanh Son, N., Performance of recycled aggregate concrete composite metal decks under 2024 [72]
Chaudhary, S. elevated temperatures: a comprehensive review.
Stochino, F., Zucca, M., Simoncelli, M., Alibeigibeni, A., Experimental Investigation on the Structural Performance of Steel-Concrete 2024 [20]
Concu, G., Valdes, M., Pisani, M.A., Bernuzzi, C., Composite Slabs Incorporating Recycled Aggregates from Construction and
Saccone, M., Pani, L. Demolition Waste.
Kefyalew, F., Imjai, T., Garcia, R., Kim, B. Structural And Service Performance of Composite Slabs with High Recycled 2024 [73]
Aggregate Concrete Contents.
Zhao, H., Wang, J., Zhao, J., Liu, F., Wang, R. Fire performance of recycled aggregate concrete composite slabs with closed 2024 [74]
profiled steel decking.
Elgaali, H.H., Lopez-Arias, M., Velay-Lizancos, M. Accelerated CO, exposure treatment to enhance bio-receptivity properties of 2024 [75]
mortars with natural and recycled concrete aggregate.
Kefyalew, F., Imjai, T., Garcia, R., Son, N.K. Fire behavior of high-contents recycled aggregate concrete composite slabs 2024 [76]

with small openings.
Stochino, F., Alibeigibeni A, Zucca, M., Valdes, M., Concu, Mechanical behavior of composite slabs with recycled concrete aggregates: A 2024 [771

G., Simoncelli, M., Pisani, M.A., Bernuzzi, C. preliminary study.
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Fig. 2. Publication trend and average citation of Recycled Aggregate Concrete Composite Slab (RACCS).

articles to accurately assess the evolution of the field.

The Three-Field Plot in Fig. 3 offers a clear visualization of the relationships between cited sources (CR_SO), keywords (DE), and
contributing countries (AU_CO) within the research on Recycled Aggregate Concrete Composite Slabs (RACCS). Each node is asso-
ciated with a numerical value that indicates its connection strength within the dataset: for authors (CR_SO), the number represent the
total number of link occurrences generated by their publications in combination with the keywords and countries; for keywords (DE),
the value reflects the frequency of their co-occurrence with authors and countries; for countries (AU_CO), it indicates the total con-
nections established with authors and keywords. This metric does not correspond simply to the number of publications but to the total
weighted frequency of co-occurrences across the three selected fields. To improve clarity and comparability, the plot was limited to the
top five authors, top six keywords, and top six contributing countries. In the case of keywords, the higher number of items was
intentionally chosen to account for variations in term recognition (e.g., singular versus plural forms) and consequently detect the
breadth of terminology used in the field. From the keywords (DE), it is evident that ("Recycled aggregate concrete"), ("Composite
slabs"), and ("Recycled concrete") dominate the current research focus, emphasizing the importance of material properties and
structural performance. The term ("Flexural behavior") emerges, highlighting a strong research focus on the flexural response of
RACCS. However, it is significant to observe the absence of ("Longitudinal shear behavior") among the frequently used and correlated
keywords, despite its critical role in ensuring the load transfer efficiency and overall structural integrity of composite slabs. This gap
highlights an underexplored area of research that requires further attention. The cited sources show that authors like Zhang H., Xiao J.,
and Ranzi G. are key contributors, while the geographical contributions confirm China as the leading research hub, followed by
emerging activity from Italy, Thailand, and other countries.
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Fig. 3. Three-fiel plot of recycled aggregate concrete composite slab (RACCS).

This distribution suggests that a substantial portion of the available experimental evidence originates from Chinese research
groups, a predominance that can be reasonably linked to the country’s large population size and, consequently, a broader academic
community active in the field, which naturally results in a higher research output and greater bibliometric density. To provide a more
balanced view of contributions relative to population size, the plot was adjusted to include a broader range of countries, thus high-
lighting not only the leading hubs but also emerging research actors. Nonetheless, it is important to note that the methodologies used to
assess longitudinal shear behaviour in composite slabs are well established and internationally recognized, leading to consistent
evaluation approaches across different research contexts and avoiding major discrepancies in design standards worldwide. Overall, the
Three-Field Plot highlights a strong thematic concentration on general RAC applications, with recurring keywords on composite slabs
appearing in the literature but seldom explored in combination with recycled aggregates. This pattern underscores a fragmented and
geographically uneven research landscape, where studies on composite slab systems and recycled aggregate concrete tend to evolve as
separate lines of inquiry. As a result, coordinated and globally representative investigations addressing their combined effect,
particularly on the longitudinal shear response of composite slabs, remain scarce, leaving this area underdeveloped despite its rele-
vance for design and structural safety.

The text-mining cluster network analysis of Recycled Aggregate Concrete Composite Slabs (RACCS) in Fig. 4, performed by SciMat
[37,78], highlights the progression of research from 2013 to 2024, reflecting both the evolution of themes and emerging gaps in the
field. The analysis was deliberately started in 2013, as highlighted by the publication trend in Fig. 2, which shows that no relevant
studies on RACCS were present in the dataset between 2009 and 2013. This temporal adjustment ensured a consistent and meaningful
mapping of thematic developments, avoiding empty periods that could bias the visualization of research clusters and their evolution
over time. The cluster mapping analysis was carried out using SciMAT’s default co-word clustering algorithms and the simple centers
strategy for theme detection. The co-occurrence matrix was normalized using the equivalence index, as recommended for conceptual
structure mapping, and the minimum frequency threshold was set to one document per keyword, allowing emerging themes (e.g.,
CDW, longitudinal shear) to be captured rather than excluded due to low occurrence.

During 2013-2017, research activity within the dataset was primarily concentrated on the cluster labelled Composite Slabs, which
accounted for 4 core documents. This cluster recorded a centrality score of 65.6, indicating a moderate degree of connectivity to other
thematic areas within the network, and a density score of 33.3, suggesting that the internal cohesion of studies within this theme was
relatively limited, with contributions not yet forming a highly interconnected body of knowledge. Strong links were observed with
structural performance concepts such as Flexural Behaviour (3 documents) and Failure Mechanics (2 documents), which were
frequently co-addressed with composite slab studies to investigate load-bearing mechanisms and failure modes. Ductility, despite
being represented by a single document, showed a relatively thicker connection line, indicating that it was more tightly correlated with
multiple other themes within the network, particularly with Flexural Behaviour and Composite Slab, pointing to its perceived rele-
vance in structural performance evaluations. In contrast, Construction and Demolition Waste (CDW) appeared as a marginal node with
only 1 document, and the small size of the node and the absence of direct connections indicate a lack of exploration of its impact on
mechanical properties, despite its initial recognition as a potentially sustainable material. These bibliometric patterns highlight that
research in this early stage mainly addressed conventional mechanical aspects of composite slabs, while sustainability-oriented ap-
proaches and the use of recycled aggregates remained largely peripheral and insufficiently integrated into the thematic core of the
field.



M. Saccone et al. Journal of Building Engineering 113 (2025) 114002

Centrality score: 65.6 Centrality score: 116.7
Density score: 33.3 Density score: 119.3

KS

(a) Cluster Network for the period 2013-2017 (b) Cluster Network for the period 2018-2020
Centrality score: 101.1 Celltl'fllity score: 80.5
Density score: 96.8 Density score: 129.9

(c) Cluster Network for the period 2021-2022 (d) Cluster Network for the period 2023-2024

Fig. 4. Cluster Network Analysis (2013-2024): Evolution of the key themes in Recycled Aggregate Concrete Composite Slabs (RACCS), highlighting
shifts from structural properties to sustainability and emerging topics like longitudinal shear performance.

Between 2018 and 2020, the focus shifted toward greater emphasis on sustainability, with Recycled Aggregates (RA) gaining
prominence. The cluster Composite Slab maintained a dominant role in the thematic network, supported by 5 core documents, a
centrality score of 116.7, and a density value of 119.3. The high centrality score reflects the strong capability of this theme to act as a
bridge, connecting different research topics such as Recycled Aggregate (RA), Concrete Aggregates, Flexural Behaviour, and Failure
Mechanism. At the same time, the relatively high-density value indicates a well-developed and cohesive internal structure within the
cluster, meaning that the selected studies show strong interconnections and recurring co-occurrences of keywords related to composite
slabs. Despite this high relevance and integration within the research network, the absolute number of documents remains low, with
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only two studies directly linking RA to composite slab behaviour. This reveals that sustainability considerations were still in their early
stages of incorporation into composite slab research, and detailed analyses of longitudinal shear performance in RACCS had not yet
been systematically explored. Emerging connections with Strain, Structural Behaviour, and Long-Term Behaviour suggest growing
interest in the mechanical response and durability aspects of these systems, but a consolidated and coordinated research effort was still
lacking during this period.

During 2021-2022, research on RACCS exhibited stronger thematic interconnections compared to previous periods, with the
cluster RAC achieving a centrality score of 101.12 and a density score of 96.79, indicating both high relevance within the network and
a well-developed internal structure. This period shows notable progress in linking Composite Slabs (9 documents), Concrete Aggre-
gates (10 documents), and Longitudinal Shear (2 documents), reflecting an emerging interest in directly assessing longitudinal shear
transfer mechanisms in RACCS. The appearance of Design Methods and Prediction Modelling within the network demonstrates
increasing efforts to move from conceptual discussions toward practical frameworks for design and performance optimization.
However, the relatively small size of the Design Methods node, combined with its limited connections compared to RAC and Composite
Slabs, indicates that further research is needed to consolidate advanced design strategies specifically targeting longitudinal shear
behaviour in RACCS systems. While the thematic network suggests an initial attempt to integrate design approaches with
sustainability-driven material innovations, the body of evidence remains limited, leaving significant room for deeper methodological
development and broader experimental validation.

During 2023-2024, research on RACCS exhibited a marked consolidation of thematic interconnections, with the Composite Slabs
cluster re-emerging as the dominant focal point. This cluster achieved a centrality score of 80.5 and a density value of 129.9, supported
by 12 associated documents, highlighting its strong relevance and internal cohesiveness within the research network. Enhanced links
were observed between RAC (9 documents), Shear Strength (5 documents), Longitudinal Shear (5 documents), and Concrete Ag-
gregates (13 documents), demonstrating significant progress in associating recycled materials with key structural performance pa-
rameters. The cluster network highlights improved integration between sustainability-oriented materials and structural aspects,
showing that research is increasingly addressing the mechanical behaviour of RACCS in a more comprehensive way. Notably, a
connection was established between Design Methods (5 documents) and Longitudinal Shear, suggesting a growing attempt to translate
theoretical findings into practical design recommendations. However, the relatively small node size and limited connection thickness
of Design Methods compared to the central Composite Slabs and Concrete Aggregates nodes indicate that, while this topic is emerging,
further investigation is required to fully incorporate advanced design strategies into the optimization of longitudinal shear perfor-
mance in RACCS systems. Additionally, the inclusion of Construction and Demolition Waste (CDW) and Steel Decks among the linked
nodes shows a broader focus on sustainability and composite action components, yet the strength of their links remains lower,
signaling room for deeper exploration of their combined influence on longitudinal shear transfer mechanisms.

The landscape depicted in Fig. 4, characterized by an increasingly dense network of correlations, reflects a progressive consoli-
dation of knowledge on composite slab systems, with a growing emphasis on sustainability, RAC, and their structural performance.
Despite this positive evolution, the analysis reveals a persistent gap: research efforts addressing design methods specifically tailored to
optimize the longitudinal shear behaviour of RACCS remain scarce and fragmented. While fundamental evaluation approaches are
well established and internationally recognized, their targeted adaptation to RACCS applications is still limited. Bridging this gap
requires a deeper, methodologically structured investigation of available design strategies, enabling the development of optimized,
reliable, and globally transferable solutions for enhancing longitudinal shear performance in RACCS.

4. Longitudinal shear bond behaviour and failure mechanisms in composite slabs

The behaviour and strength of composite slabs are primarily influenced by the longitudinal shear bond at the interface between the
profiled steel sheeting and the concrete. The bond mechanism at the steel-concrete interface primarily relies on mechanical inter-
locking in combination with frictional resistance [79]. Its effectiveness is governed by several parameters, such as the geometry of the
profiled sheeting (type, size, thickness, rib spacing, embossment depth, and orientation), surface roughness, and the mechanical
properties of both steel and concrete [80]. Numerous researchers have investigated different parameters to assess the bond strength of
composite slabs. For instance, Wright H. et al. [81] noted that changes in concrete strength and cyclic loading have a minimal effect on
slab capacity, while embossment height plays a significant role in ultimate strength. Makelainen P. et al. [82] explored the longitudinal
shear behaviour by altering the profiled steel sheeting’s shape, size, and thickness, emphasizing that embossment depth has a more
substantial impact than its length and shape. Burnet M. J. et al. [83] conducted thirty-three tests to identify the key factors affecting the
chemical and mechanical bond strength of shear connectors. Their findings indicate that geometry, embossments, and surface prep-
aration are critical for bond effectiveness. Given the complexity of the involved factors, establishing universal design values for all slab
conditions is difficult. The longitudinal shear strength is typically assessed through full-scale bending tests, where the bond-slip
relationship is analyzed. The maximum longitudinal shear stress is calculated using two distinct methods prescribed by Eurocode 4
[27]: the m-k method and the Partial Shear Connection Method (PSM). Fig. 5 shows a typical composite slab specimen subjected to a
four-point bending test and its corresponding cross-section. Composite slabs can exhibit three main failure modes.

(i) Vertical shear failure at section (a-a)
(ii) Flexural failure at the peak moment region at section (b-b)

(iii) Longitudinal shear failure at section (c-c)

Longitudinal shear failure refers to the progressive loss of interfacial bond, resulting in horizontal relative slip between the two
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Fig. 5. (a) Full-scale test: four-point bending test, (b) Elevation and cross-section of a slab specimen in a four-point bending test, (c) Shear stress

versus inverted slenderness in a four-point bending test.
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Fig. 6. Side, front, plan, and 3D-view of the push-off test.

materials under increasing flexural load, often occurring well before the slab reaches its ultimate bending capacity [84]. It is a highly
nonlinear phenomenon governed by the complex interfacial behaviour between the profiled steel sheeting and the concrete, resulting
in a marked reduction in both stiffness and load-bearing capacity [80]. Due to its significant impact on structural performance,
longitudinal shear failure is considered one of the most critical failure mechanisms to address in composite slab design practice. Fig. 5
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Fig. 7. Side, front, plan, and 3D-view of the pull-off test.
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(c) presents the relationship between the nominal shear stress (V;/b-dp) and the inverse slenderness of the slab (A,/b-Ls), where V;
represents the support reaction, A, is the cross-section area of the profiled steel decking, b is the width of the slab cross-section, dj is the
effective depth of the slab, and L; is the shear span. By varying the shear span (L;), each of the previously described failure modes aligns
with distinct regions on the graph. The most common failure mode in medium-span slabs is associated with longitudinal shear collapse,
characterized by slip occurring between the profiled steel sheeting and the concrete under relatively high load levels, resulting in

substantially reduced stiffness and strength [85].

The high cost and complexity of the experimental investigations recommended by Eurocode 4 [27] prompted researchers to
develop simpler, small-scale tests. An alternative approach involves modelling the longitudinal shear bond through tests conducted on
smaller samples. Crisinel M. et al. [86] introduced a new simplified method to predict the behaviour of composite slabs, considering
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Fig. 10. Schematic diagram of the specimen (dimensions in mm).

the material properties of both steel and concrete, as well as the slab dimensions, to determine the shear bond characteristics at the
steel-concrete interface from small-scale pull-out tests. Burnet M.J. et al. [83] reviewed existing pull-out test methods developed by
other researchers and subsequently introduced a new approach based on concrete pushing, referred to as the push-off test.

Accurately modelling the interaction between the steel deck and concrete, represented by longitudinal shear stress, is crucial for
making reliable predictions. This interaction is governed by the bond-slip behaviour, which describes the non-linear relationship
between interfacial shear stress (7) and relative slip (s) developing along the interface. Under increasing horizontal shear force, partial
degradation of chemical adhesion and mechanical interlock may occur, leading to progressive slip localization, a reduction in stiffness,
and redistribution of shear stress. When the shear transfer capacity becomes insufficient, the frictional mechanism ultimately governs
the onset of longitudinal shear failure [86]. To investigate this phenomenon, small-scale push-off and pull-out tests are commonly
employed [87]. These tests are specifically designed to reproduce the interface conditions under longitudinal shear and enable the
experimental derivation of the t—s curve, which characterizes the interfacial shear response of composite slabs. Fig. 6 shows the
configuration of the experimental setup for the push-off test on a composite slab sample, highlighting both the side, front, and plan
views for a clear understanding of the setup. Similarly, Fig. 7 illustrates the pull-out test setup.

In a composite slab incorporating RAC, longitudinal shear failure is strongly influenced by the altered interfacial properties of RCA.
Due to the higher porosity and weaker interfacial transition zones (ITZs) associated with recycled aggregates, the mechanical interlock
with the steel deck is often less effective, leading to premature micro-shear cracking around the embossments. This early damage
reduces the initial shear transfer capacity and triggers the onset of longitudinal slip at lower load levels. However, the rougher and
more irregular surface texture of recycled aggregates could enhance frictional resistance in the post-peak stage, partially compensating
for the loss of mechanical interlock. This results in an earlier onset of the longitudinal shear failure mechanism, manifested by pro-
gressive horizontal slip and partial detachment between steel and concrete under increasing flexural loading [4,88]. The reduced
interlock capacity, combined with the consequent modification of the frictional response, alters the typical bond-slip behaviour of
RAC-based slabs compared to conventional concrete, representing a technical bottleneck for accurately predicting longitudinal shear
resistance using current design formulations, which are further discussed in Section 5.

5. Current theoretical debonding models

As described in Eurocode 4 [27], current design approaches for steel-concrete composite slabs offer two primary methods for
evaluating the longitudinal shear capacity: the m-k method and the Partial Shear Connection Method (PSM). Both methods rely heavily
on experimental data obtained from full-scale bending tests. However, they differ in their approach: the PSM is based on a partial

Table 2
Specimen parameters and numbers [65]. Notes: L, is the effective span of the superimposed deck slabs, L; is the shear span length, t; is the profiled
steel sheeting thickness, h is the total height of the slab, rrca is the recycled concrete aggregate replacement ratio.

Group number Specimen number Le Lg ts h TRCA
(mm) (mm) (mm) (mm) (%)

RAC-0 RAC-0-700-1 2800 700 1.0 150 0

RAC-0-700-2 2800 700 1.0 150 0

RAC-0-770-1 2800 770 1.0 150 0

RAC-0-770-2 2800 770 1.0 150 0

RAC0-840-1 2800 840 1.0 150 0

RAC0-840-2 2800 840 1.0 150 0

RAC-50 RAC-50-700-1 2800 700 1.0 150 50

RAC-50-700-2 2800 700 1.0 150 50

RAC-50-770-1 2800 770 1.0 150 50

RAC-50-770-2 2800 770 1.0 150 50

RAC-50-840-1 2800 840 1.0 150 50

RAC-50-840-2 2800 840 1.0 150 50
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connection model derived from composite beam theory, while the m-k method employs a statistical procedure for interpolating and
extrapolating experimental data. The m-k method, primarily developed from the work of Porter and Ekberg [28,89], assesses the
longitudinal shear design resistance Vg4 by ensuring that the maximum design shear does not exceed the calculated longitudinal shear
resistance Vj grq as shown in the following Eq. (1):

— b dP AP
VL,Rd = " (mb Ls + k) (1)

where b is the width of the slab in mm, d, is the distance in mm between the centreline of the profiled steel sheeting and the outer part
of the composite slab under compression as shown in Fig. 5 (b), A, is the effective area in mm? of the cross-section of the steel sheet, L;
represents the shear span, y; is the partial safety factor for the ultimate limit state with a recommended value of y, = 1,25, and m-k are
the experimentally determined coefficients through a four-point bending test in N/mm? The experimental setup for the test is
illustrated in Fig. 5 (a). The method involves rewriting Eq. (1) in the form of Eq. (2), where X and Y represent the independent and
dependent variables, respectively, and performing a linear regression analysis to obtain the plot shown in Fig. 8, which relates the

915

Fig. 11. Section of the superimposed slab (dimension in mm).

Table 3
Details for the pull-out test specimens [18]. Notes: W stands for the width of slabs, h, is the rib height, t; is the steel deck thickness, w/c is the
water-to-cement ratio, and rrca is the recycled concrete aggregate replacement ratio.

Specimens Dimensions (mm) h, (mm) t; (mm) w/c Trca (%)
1 b w
CS65-1.2-0.31-0 % 300 510 120 65 1.2 0.31 0
CS65-1.2-0.31-100 % 300 510 120 65 1.2 0.31 100
CS65-1.2.0.45-0 % 300 510 120 65 1.2 0.45 0
CS65-1.2-0.45-50 % 300 510 120 65 1.2 0.45 50
CS65-1.2-0.45-100 % 300 510 120 65 1.2 0.45 100
CS65-1.2-0.60-0 % 300 510 120 65 1.2 0.60 0
CS65-1.2-0.60-100 % 300 510 120 65 1.2 0.60 100
CS65-1.0-0.45-0 % 300 510 120 65 1.0 0.45 0
CS65-1.0-0.45-50 % 300 510 120 65 1.0 0.45 50
CS65-1.0-0.45-100 % 300 510 120 65 1.0 0.45 100
CS65-0.8-0.45-0 % 300 510 120 65 0.8 0.45 0
CS65-0.8-0.45-50 % 300 510 120 65 0.8 0.45 50
CS65-0.8-0.45-100 % 300 510 120 65 0.8 0.45 100
CS48-0.8-0.45-0 % 300 600 120 48 0.8 0.45 0
(CS48-0.8-0.45-100 % 300 600 120 48 0.8 0.45 100
30 25
5| 25 24 P
63 } =Y 48
| -
570 | | 600 |
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Fig. 12. Details of the profiled steel decks (dimensions in mm).

Table 4
Basic characteristics of aggregates [67].
Aggregate Apparent density (kg/m%) Water absorption (%) Water content (%)
NCA 2681 0.75 0.26
RCA 2597 3.75 2.60
NFA 2625 3.60
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nominal shear stress to the inverse slenderness of the slab.
Y=m X+k 2

From this plot, the parameters m and k are derived, where m represents the slope of the regression line and k represents its y-
intercept.

Although experimental evidence does not always confirm this behaviour [90], the Partial Shear Connection Method (PSM), de-
termines the flexural capacity of the composite slab through a straightforward plastic analysis of the cross-section, considering both the
concrete and the profiled steel sheeting, as shown in Fig. 9. Based on longitudinal shear tests, the bending moment at mid-span of the
slab is denoted as M., and the degree of shear connection 7, is defined as Eq. (3), where N, represents the compression force in the
concrete, and N is the compression force in the concrete at full shear connection. From the formulation of the degree of shear
connection in Eq. (3), it is possible to express the value of N, as shown in Eq. (4).

N,
_ 3)
Ntest Ny
N, =nNg “4)

At full shear connection, the flexural resistance of the section, denoted as M, zn, can be represented by Eq. (5) for a unit degree of
shear connection, 7. In this context, z refers to the internal moment arm, while M, ,, denotes the reduced plastic moment resistance of
the profiled steel sheeting. This reduction accounts for the effect of axial tensile forces, as expressed in Eq. (6), where M, , is the design
value of the plastic resistance moment for the effective cross-section of the profiled steel sheeting.

Mpva = 11ch - Z+ Mp,r (5)
N,

M,, = 1,25Mp_a(1-’7 d ) < M,q ©
Npa

Based on the previous analysis, the mean value for the ultimate longitudinal shear stress t, can be determined using Eq. (7) [27].

NreseN of

b(Ls + Lo) @

Ty =

Table 5
Concrete mix proportions and basic mechanical properties [67].Notes: rrca is the recycled concrete aggregate replacement ratio; w/c is the
water-to-cement ratio; ¢ is the cement; w, is the effective water consumption; w, is the extra water consumption; AE is the water-reducing agent.

Specimen ID rrea (%) w/c Concrete mix proportions (kg/m%) Slump (mm) Basic mechanical properties
c W, We NFA NCA RCA AE fe (MPa) E. (MPa)
CSRAC-0 0 0.45 400 167 0 670 1191 0 4 140 62.04 38.66
CSRAC-50 50 6 595 576 160 52.04 32.77
CSRAC-100 100 13 0 1154 170 46.25 29.43
Table 6
Mechanical properties of steel [67].
Steel Yield strength f, (MPa) Ultimate tensile strength f,, (MPa) Elastic modulus
E; (GPa)
Corrugated steel plate 397.4 497.2 210
Reinforcement 242.3 370.6 205
Studs 320.0 400.0 210
Table 7

The mixture ratio and compressive mechanical properties of RAC [65]. Notes: rrca is the natural coarse aggregate replacement ratio.

Material Cement Sand Stone RCA Water Water reducer (kg) Cubic compressive strength (MPa) Elasticity modulus (GPa) TRCA

(kg) (kg) (kg) (kg) (kg) (%)
RAC-0 360 727 1138 0 175 1.8 38.8 32.5 0
RAC-30 377 695 797 303 177 1.8 44.0 37.5 30
RAC-40 389 672 683 405 179 1.8 41.0 35.0 40
RAC-50 398 646 574 489 180 1.8 41.7 35.0 50
RAC-60 414 630 455 607 182 1.8 47.5 36.5 60
RAC-70 426 619 341 708 183 1.8 41.6 35.0 70
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The Force Equilibrium method represents a new approach for modeling the longitudinal shear bond in composite slabs [91,92].
This method, which is not yet recognized by Eurocode 4 [27], is based on the slab slenderness—defined as the ratio of the shear span
length to the effective depth of the concrete—and on experimental data obtained from small-scale bending tests on composite slab
specimens made using trapezoidal sheeting. The maximum shear stress value obtained using this method can be applied to other
analytical approaches, such as the PSM method for slab design [91]. The aforementioned methods for evaluating longitudinal shear
behaviour have been specifically designed and developed for conventional concrete-steel composite slabs utilizing Natural Concrete
Aggregates (NCA).

6. Literature review of design method for longitudinal shear behaviour in RACCS

Research on the longitudinal shear behaviour of composite slabs, particularly those utilizing Recycled Concrete Aggregate (RCA),
remains fragmented and significantly underrepresented in the scientific literature, despite the growing interest in sustainable alter-
natives to natural aggregate. While numerous investigations have explored the mechanical properties of RCA and its use in conven-
tional reinforced concrete elements, only a limited number of studies have addressed its application in composite slabs, and more
specifically, its influence on longitudinal shear mechanism at the steel-concrete interface, which governs composite action and it is
critical for structural safety and serviceability. The systematic literature review presented in Section 3 revealed that most experimental
studies on RACCS have focused primarily on global flexural behaviour or ultimate load-bearing capacity, offering only limited un-
derstanding of the fundamental interface mechanisms that govern the design of longitudinal shear resistance. Key parameters such as
the bond-slip relationship (t-s curve), the contribution of mechanical interlock and frictional mechanisms, and their sensitivity to
variations in aggregate quality or replacement ratio have been explicitly investigated in only three experimental studies, while most of
the available research does not directly assess these critical aspects of longitudinal shear behaviour. Given these limitations, the scope
of this review was deliberately narrowed to focus on three pivotal case studies, identified as the only experimental investigations that
analyze critical aspects of longitudinal shear performance in Recycled Aggregate Concrete Composite Slab (RACCS). These works try to
evaluate whether the existing approaches used for natural aggregate concrete (e.g., empirical formulations and design rules in
Eurocode 4) remain valid for RAC applications or require modification. The selected studies are unique in proposing calibrated pa-
rameters or discussing the effectiveness of current code-based methods, making them directly relevant for future standardization
efforts and safe implementation of RACCS.

Each study is presented with a focus on its objectives, methodologies, and findings, exploring.

Table 8
Material properties of profiled steel sheeting and reinforcements [65]. Notes: t; is the thickness of profiled steel sheeting; d is the reinforcement
diameter; f, is the yield strength; f, is the ultimate tensile strength; E; is the elastic modulus.

ts or d (mm) fy (MPa) fu (MPa) Es (10° MPa) Elongation 6 (%)
1.0 226.36 339.47 1.975 42
6.0 383 453 1.77 33
8.0 445 660 2.01 27
Table 9
RCA and NCA mix proportions [18]. Notes: rrca is the recycled concrete aggregate replacement ratio, SP is short for superplasticizer.
w/c rrca (%) Mass content of materials (kg/ms)
Water Cement NCA RCA Sand SP
0.31 0 180 581 1085 0 611 2.9
0.31 100 180 581 0 1083 611 2.9
0.45 0 180 400 1185 0 667 2.0
0.45 50 180 400 592 591 667 2.0
0.45 100 180 400 0 1182 667 2.0
0.60 0 180 300 1240 0 698 1.5
0.60 100 180 300 0 1237 698 1.5
Table 10
Mechanical properties of profiled steel decks [18].
Type of steel decks t; (mm) E; (GPa) Hs fy (MPa)
DW65 0.8 195 0.276 284
1.0 176 0.283 340
1.2 206 0.279 341
DW48 0.8 198 0.291 300
1.2 186 0.293 290
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i. The role of recycled aggregate replacement ratio in influencing longitudinal shear behaviour;
ii. The analysis of load-deflection and load-slip curves derived from experimental investigation;
iii. The development of innovative design methodologies, supported by experimental analysis, to optimize longitudinal shear
performance.

6.1. Aim of the studies

The first study, conducted by Chen B. et al. [67], evaluates the impact of recycled concrete aggregate replacement ratio (rrca) and
the configuration of end anchorage on the longitudinal shear performance of Corrugated Steel-Recycled Aggregate Concrete (CSRAC)
composite slabs. Six specimens were tested to analyze their failure modes, load-bearing capacity, and deformation behaviour. The
schematic diagram of the specimens is illustrated in Fig. 10. The four-point bending test was conducted following the provisions of
Eurocode 4 [27] for steel-concrete composite structures.

In the second reference case study, Lu L. et al. [65] conducted twelve full-scale bending tests on superimposed slabs, varying both
the shear span and the replacement ratio of recycled coarse aggregate concrete (rgca). The slabs were divided into two groups based on
the aggregate replacement ratio, as outlined in Table 2, while the schematic configuration of the specimens is illustrated in Fig. 11.

The experimental study investigated the behaviour of superimposed slab specimens under static monotonic loading using sym-
metrical double-line loads. The schematic setup and test arrangement are illustrated in Fig. 5. Subsequently, the factors influencing the
flexural and longitudinal shear behaviour of the slabs were examined through sixty-six finite element models (FEM). Based on the
experimental findings and the m-k method, as detailed in Section 5, a simplified calculation method was proposed for designing
longitudinal shear resistance.

Table 11

Mechanical properties of aggregates [18].
Properties NCA RCA Sand
Oven-dried Density (kg/m®) 2801 2660 2597
SSD density (kg/m%) 2821 2796 -
Water absorption ratio (%) 0.7 5.1 1.11
Residual mortar content (%) - 40 -

Table 12
Mechanical properties of NAC and RAC [18].
w/c Trea (%) fe (MPa) f: (MPa) E. (GPa)
0.31 0 70.2 4.31 39.2
0.31 100 63.4 3.60 33.1
0.45 0 55.6 3.74 34.4
0.45 50 51.4 3.14 32.3
0.45 100 50.0 2.90 30.5
0.60 0 46.5 2.44 32.5
0.60 100 39.5 2.14 30.8
80 80
70 + 70
60 = 60
L ~50
Z>0 z
< =
<40 540
S 3 £
s §
=30 —e—CSRAC-N-0 =30 —e—CSRAC-N-0
20 —&— CSRAC-N-50 20 —&— CSRAC-N-50
10 | —&— CSRAC-N-100 10 —&— CSRAC-N-100
0 1 L L 1 1 1 J 0 1 1 L )
0 20 40 60 80 100 120 140 160 0 5 10 15 20 25
Mid-span deflection (mm) Relative slip (mm)
(a) (b)

Fig. 13. Load-deformation curves of CSRAC composite slabs without end anchorages: (a) Load-midspan deflection curve, (b) Load-slip curve [67].
The sample is identified by the label Corrugate Steel Recycled Aggregate Concrete (CSRAC) composite slab without end anchorages (N).
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Fig. 14. Load-deformation curves of CSRAC composite slabs with end anchorages: (a) Load-midspan deflection curve, (b) Load-slip curve [67]. The
sample is identified by the label Corrugate Steel Recycled Aggregate Concrete (CSRAC) composite slab with end anchorages (S).
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Fig. 15. Effect of the RCA replacement ratio on the longitudinal shear strength of CSRAC composite slabs [67].
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Fig. 16. Load-deformation curve for 700 mm shear span specimens: (a) Load-vertical midspan displacement, (b) Load-horizontal end slip.
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Fig. 17. Load-deformation curve for 770 mm shear span specimens: (a) Load-vertical midspan displacement, (b) Load-horizontal end slip.
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Fig. 18. Load-deformation curve for 840 mm shear span specimens: (a) Load-vertical midspan displacement, (b) Load-horizontal end slip.
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Fig. 20. Influence of rrca on the t-s curves [18].

Compared to the previous cases, this study, conducted by Zhang H. et al. [18], focuses on analyzing the interfacial bond behaviour
in steel-recycled aggregate concrete (RAC) composite slabs. Pull-out tests were performed on 15 groups of specimens, considering
variables such as the replacement ratio of RCA, the water-to-cement ratio (w,), the profiled steel sheeting thickness (t;), and the rib
height (h,). The main characteristics of the specimens are summarized in Table 3, while the two steel deck profiles used, DW65 and
DW48, are shown in Fig. 12. The experimental procedure is illustrated in the schematic setup shown in Fig. 7. The bond-slip curves
obtained were used to analyze the failure mechanisms and the influence of the variables mentioned above. An empirical model for
predicting bond-slip behaviour was then developed based on the experimental data.

Table 13

Fitting results for shear bond coefficients of m and k [67].
Trca (%) m-value k-value
0 183.13 0.2808
50 180.59 0.2916
100 177.94 0.3006
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Fig. 21. Equivalent calculation diagram of the lower reinforced concrete bottom slab.
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Fig. 22. Typical curve for the interfacial bond-slip relationship of composite slabs.
6.2. Material properties overview

This section provides a comprehensive overview of the material properties used across the analyzed studies, including aggregates’
physical and mechanical characteristics, concrete mix proportions, and steel components. The methods employed to determine these
material properties, covering both physical and mechanical characteristics, are thoroughly detailed in the referenced articles [18,65,
67]. This approach ensures that all data, from mix design to mechanical performance, is framed within standardized testing pro-
cedures, enabling accurate comparisons and ensuring reproducibility across studies. The detailed data for each case study is presented
below.

In the first study, conducted by Chen B. et al. [67], the physical properties of the recycled concrete aggregates (RCA) and natural
aggregates, both coarse (NCA) and fine (NFA), are summarized in Table 4. The concrete mix proportions and basic mechanical
properties are outlined in Table 5, while the mechanical properties of the steel components are detailed in Table 6.

The second study, conducted by Lu L. et al. [65], provides information on the mixture ratios and compressive mechanical properties
of the Recycled Aggregate Concrete (RAC) in Table 7, while Table 8 outlines the mechanical properties of the profiled steel sheeting
and reinforcements. A comprehensive explanation of the methodologies and material testing procedures is also presented in Refs. [62,
93] from the same authors.

In the third study, conducted by Zhang H. et al. [18], seven distinct concrete mixes were prepared, with their mix proportions
summarized in Table 9. The average values for the elastic modulus (Ey), yield strength (f,), ultimate tensile strength (f,), and Poisson’s
ratio (us) of profiled steel sheeting are presented in Table 10. The characteristics of the aggregates, including NCA, RCA, and sand, are
provided in Table 11 and Table 12.

6.3. Mechanical behaviour

Chen B. et al. [67] and Lu L. et al. [65] identified similar failure phenomena in composite slabs during a four-point bending test,
characterized by a progression from elastic behaviour to failure, with longitudinal slip and interface debonding as key mechanisms.
Initially, the slabs exhibited elastic behaviour, with no visible deformation. As the load increased, cracks appeared, primarily in the
concrete near the steel-concrete interface or in the mid-span area. These cracks propagated with further loading, eventually widening
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and intensifying near the loading points or along the slab thickness, reaching widths of approximately 0.3 mm in the study by Lu L.
et al. [65]. In both cases, the onset of debonding between the concrete and the profiled steel sheeting marked a critical phase. This
debonding, coupled with longitudinal slippage, led to a sharp drop in load capacity as the load approached the ultimate value. Further
loading caused rapid mid-span deflection, with cracks widening significantly. While Chen B. et al. [67] noted that the use of end
anchorages and shear studs improved longitudinal shear capacity, both studies concluded that longitudinal slip and interface
debonding remained the dominant failure mechanisms, regardless of the use of RAC.

In the pull-out tests conducted by Zhang H. et al. [18], the bond-slip behaviour (z-s) progressed through distinct stages. Initially, no
visible phenomena occurred, but as the load increased, slips began, marking the failure of the chemical bond. Slips then increased
linearly, followed by a nonlinear phase where cracks appeared near the profiled steel deck ribs. Upon reaching the ultimate bond stress
(zy), the slips increased significantly as the load decreased. Distinct slip values were observed on the everted and embedded sides, with
the slips at the embedded edges being much smaller due to the relatively higher bonding strength. This behaviour was attributed to the
asymmetric geometry of the composite slab, which induced torsional moments in the concrete. These moments led to penetrating
cracks along the slab length and through the deck ribs.

6.4. Load deformation curve

The reviewed studies provide valuable insights into the load-deformation behaviour of composite slabs under various conditions,
highlighting critical trends and mechanisms. In the first study by Chen B. et al. [67], the load-mid-span deflection curve and the
load-slip curve, shown in Figs. 13 and 14, illustrate the performance of composite slabs with and without end anchorages under
varying (rrca)-

Disregarding the initial elastic phase, the increase in load caused bond degradation between the profiled steel sheeting and the
concrete, resulting in relative slip and a sharp reduction in load capacity. As the load increased, a progressive stiffness reduction was
observed, indicated by the decreasing slope of the curves during the transition to the elastic-plastic phase. Near the ultimate load, the
tested CSRAC composite slab presents a hardening behaviour, marking the plastic phase, where the load increased gradually while
deflection accelerated significantly. The results indicate that the incorporation of Recycled Concrete Aggregates (RCA) reduces the
longitudinal shear capacity of CSRAC composite slabs, with reductions ranging from 2.75 to 4.98 % for a 50 % NCA replacement ratio
and 5.55-10.02 % for a 100 % replacement ratio. This reduction is primarily attributed to the residual mortar on the RCA surfaces,
which weakens the concrete’s tensile strength, promotes cracking, and diminishes shear capacity. Furthermore, slabs with and without
end anchorages exhibited similar longitudinal shear strengths after the tests. This outcome is explained by the excessive shear forces
that led to connector failure in the anchored specimens, rendering the studs ineffective. Fig. 15 illustrates the influence of the RCA
replacement ratio on the longitudinal shear performance of CSRAC composite slabs.

In the second study by Lu L. et al. [65], two experimental tests were performed for each case (RCA-0 and RCA-50), considering
different shear spans. To analyze the results, the load-mid-span vertical displacement curves and load-horizontal slip curves, presented
in Fig. 16, Fig. 17, and Fig. 18, were interpolated using the Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) method [94].
This approach was chosen due to the high variability in the data, which did not exhibit strictly increasing or decreasing trends. PCHIP
is particularly suitable for datasets with peaks or non-uniform variations, as it preserves monotonicity and avoids the oscillations
typical of traditional cubic splines. The interpolated data were unified over a common domain, Xcommon, Spanning the minimum and
maximum values of the original data uniformly. These interpolated curves were subsequently used to calculate mean curves and
standard deviation bands, providing a comprehensive visualization of trends and variability. Extrapolation was cautiously performed
to estimate values beyond the available range, ensuring consistency and reliability in the analysis. Figs. 16, Fig. 17, and Fig. 18 show
that an increase in the span length results in a reduction of the mechanical performance of the superimposed slabs and a higher
mid-span vertical displacement, which is the typical behaviour of slabs under bending load. Considering RACCS, the load-vertical
mid-span displacement curves show a slight increase in ultimate load compared to NAC slabs, suggesting marginally higher longi-
tudinal shear strength in RACCS. The load-horizontal end slip curves reveal that slip initiates at lower loads as the span length increases
and progresses more gradually, indicating greater ductility. This ductile behaviour is further emphasized in RAC slabs, as they exhibit
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Fig. 23. Ratio between predicted longitudinal shear capacity (V,) evaluated with Lu L.et al. model’s [65] and Chen B. et al.’s [67] experimental
data (Vies) as a function of (rzca).
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larger slip values under comparable conditions.

Finally, in Ref. [18] by Zhang H. et al., an experimental investigation was undertaken to examine the influence of the recycled
concrete aggregate replacement ratio (rrca) on the bond-slip (t-s) behaviour of steel-concrete composite slabs. Figs. 19 and 20 derived
from the experimental results, provide a detailed representation of the structural performance as a function of rgca.

Fig. 19 illustrates the relationship between s, the slip displacement at the ultimate bond stress, and rgca, showing a linear increase
in sy as rrca rises. Slabs with full RCA replacement rgca = 100 % exhibit an ultimate slip displacement approximately 31 % greater than
those with rrca = 0 %, reflecting enhanced ductility. This behaviour is linked to the stiffness (S;) reduction of the t-s curves, commonly
observed in composite slabs with RAC [18]. Fig. 20 illustrates the influence of rrca and additional parameters, such as water-to-cement
ratio (w/c), steel deck rib height (h;), and steel deck thickness (t;), on the bond-slip behaviour. From the experimental results, a typical
bond-slip (t-s) curve was obtained, generally characterized by four phases: an initial non-slip stage with no relative movement, a linear
elastic phase where bond stress increases proportionally with slip, a nonlinear phase characterized by non-proportional behaviour and
the formation of cracks, and a descending phase where bond stress decreases as slip continues to increase. The experimental data
confirm that when rgcp increases, the ultimate bond stress (t,) decreases, with reductions ranging between 4 % and 20 % for slabs with
full RCA replacement. This reduction is attributed to the weakened mechanical strength of the mortar, caused by a higher
water-to-cement ratio (w/c) due to water absorption by the RCA during the mixing process [18].

6.5. Design method for longitudinal shear strength of RACCS

Chen B. et al. [67], starting from the m-k method, explored the calculation of longitudinal shear strength for steel-concrete
composite slabs and provided insights into the influence of key parameters on their performance. The Chinese code JGJ 138-2016
[95] proposes an Eq. (8) to evaluate the shear capacity of profiled steel-concrete composite slabs.

v, A,
Wﬁ:m7125stﬁ+k (8)
where V,, represents the shear capacity of the composite slab, b is the width of the composite slab, h is the effective height of the
composite slab cross-section, f; is the design value of the axial tensile strength of concrete, A, is the cross-sectional area of the profiled
steel sheeting, L, is the shear span length, and m and k are the shear bond coefficients. The difference in tensile behaviour between
Recycled Aggregate Concrete (RAC) and Natural Aggregate Concrete (NAC) can be attributed to the presence of residual mortar on the
recycled aggregates. This leads to RAC exhibiting slightly higher tensile strain, as demonstrated in Ref. [96]. For this reason, Xiao et al.
[96] proposed a tensile stress-strain model that incorporates the RCA replacement ratio, providing a more accurate method for pre-
dicting the performance of CSRAC composite slabs. By integrating the m-k method with these tensile strain models, a comprehensive
approach was developed for calculating the longitudinal shear strength of steel-concrete composite slabs with end anchorages. The
model is based on the previous Eq. (8), which captures the geometric and material properties of the composite slab but does not
consider the influence of shear studs. To address this limitation, Nie J.G. et al. [97] introduced a refined formulation that incorporates
the contributions of shear studs and the concrete compression zone, significantly improving the prediction of composite behaviour.
Considering also this contribution, Xiao et al. [96] proposed the following Eq. (9):
Vu A

. ni; ()
bhf, - 125 Lbf, X OO Lbhf,

(9)

Table 13, taken from Chen B. et al. [67], shows that when the RCA replacement ratio (rgca) increases, the m-value decreases,
indicating reduced mechanical interlock between the corrugated steel and concrete. Conversely, the k-value increases by 3.85 % at a
50 % replacement ratio and by 7.05 % at a 100 % replacement ratio, reflecting enhanced frictional interaction. Based on these findings,
a design method for calculating the longitudinal shear capacity of CSRAC composite slabs was developed, incorporating the RCA
replacement ratio (rrca) based on the m-k method, as detailed in Eq. (10).
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Fig. 24. Ratio between predicted longitudinal shear capacity (V,) evaluated with Chen B. et al.model’s [67] and Lu L.et al.’s [65] experimental data
(Viest) as a function of (rrca).
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Fig. 25. Ratio of predicted longitudinal shear capacity (V,) evaluated with Chen B. et al.model’s [67] and Lu L.et al. [65] experimental data (Vies)
as a function of the shear span length in (a) NAC composite slab, (b) RAC composite slab.
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where, my and ky represent the shear bond coefficients of corrugated steel-natural concrete composite slabs, a and f are correction
factors used to modify these coefficients to reflect the influence of the RCA replacement ratio, denoted by rgca-

In the second study by Lu L. et al. [65], the superimposed slab is conceptually divided into two parts to better analyze the behaviour
of each slab and to understand the experimental failure phenomena depicted in Figs. 16, Fig. 17, and Fig. 18. Based on this approach,
the longitudinal shear capacity of the superimposed slab (V,q) is expressed in Eq. (13), where V,4; is the shear resistance of the upper
reinforced concrete slab and V4> is the shear resistance of the lower composite bottom slab.

2h, + hs-zas-%fgcb)
an

Af
A, P)’(
Vud:bho(%+k>+

The first term of Eq. (11) represents the shear resistance of the upper composite slab determined using the m-k method, see
Eurocode 4 [27]. In Eq. (11), b is the width of the upper composite slab, hy is the maximum thickness of the superimposed surface
concrete, A, is the cross-sectional area of the steel deck within width b, and L; is the shear span. The values of m and k were exper-
imentally determined to be 93.65 N/mm? and 0.0995 N/mm?, respectively. The second term of Eq. (11) accounts for the shear
resistance of the lower reinforced concrete bottom slab. This value is derived by establishing a moment equilibrium equation at the
ultimate limit state. For the sake of simplicity, the reinforced concrete bottom slab with concave and convex openings is approximated
as an equivalent rectangular slab, as illustrated in Fig. 21, where there is the definition of the remaining symbols is given in Eq. (11).

Finally, in the third study conducted by Zhang H. et al. [18], a design approach was developed to estimate the longitudinal shear
properties of composite slabs by characterizing the interfacial behaviour. A bond-slip relationship model was considered suitable for
slabs incorporating re-entrant steel sheeting.

Fig. 22 illustrates a typical interfacial bond-slip relationship, derived from the interpretation of experimental data and the failure
phenomena observed during testing, as shown in Fig. 20. The curve is expressed in Eq. (12), where the damage evolution coefficient k
represents the progressive stages of interfacial damage and can be determined using Eq. (13).

L

_Jt(0<Tt<1) s=0
= { To+ (1-k)S;s s>0 12
1. x<1
n-1+4x*
k= p 13)
a(x-1)" +x

The parameters p, n, and x are dimensionless variables related to key features of the bond-slip curve, including 7o (MPa), 7, (MPa), S;
(MPa/mm), and s, (mm). These parameters are calculated using Egs. (14)-(17). Additionally, the parameter a, representing the
descending branch of the bond-slip relationship, is determined through Eq. (17).
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The expressions for 1, 7,, S;, and s, were established based on the experimental results, incorporating the effects of several key
variables, including the compressive strength of NAC (f;, MPa), the RCA replacement ratio (rrca, %), the steel deck thickness (t;, mm),
and the rib height (h,, mm). These dependencies are expressed in Egs. (19)-(22).

22 h
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7. Discussion

The longitudinal shear performance of the Recycled Aggregate Concrete Composite Slab (RACCS) is significantly influenced by the
presence of Recycled Concrete Aggregate (RCA). The analysis of three case studies [18,65,67], presented in Section 6, underscored the
recycled concrete aggregate replacement ratio (rrca) as a pivotal factor for the structural behaviour of composite slabs. A key factor is
the residual mortar present on RCA, which contributes to higher concrete porosity, reduced tensile strength, and a weakened me-
chanical bond between the concrete and the profiled steel sheeting.

All the considered composite slabs present a similar failure mechanism, where the ductile flexural failure is typically anticipated by
a brittle longitudinal shear behaviour collapse. This brittleness is characterized by a clear loss of mechanical performance due to
debonding between steel and concrete, which can occur even at relatively low loads when rgca is high. However, the use of RAC seems
to improve the system’s overall ductility, as indicated by the smoother softening branch of the t-s curves, reflecting enhanced energy
dissipation capacity. The load-deformation curves, as analyzed in both Chen B. et al. [67] and Lu L. et al. [65], reveal important trends.
In the study by Chen B. et al. [67], an increase in rgca results in earlier slip and larger ultimate slip values, leading to reduced lon-
gitudinal shear strength but improved ductility. In contrast, Lu L. et al. [65] demonstrate that at moderate rrca levels, such as 50 %, the
longitudinal shear strength of RACCS can exceed that of NACCS under comparable conditions. However, even in this case, as the shear
span length increases, the longitudinal shear strength of RACCS decreases. Additionally, RACCS in both studies demonstrate a higher
ultimate slip and a reduced slope in the load-deformation curve at rgca increased, indicating enhanced ductility. This response can be
attributed to two interacting mechanisms that fundamentally modify the interfacial transfer process. Firstly, the weaker ITZ and higher
porosity of RAC favour early formation of microcracks around the embossments of the steel decking. These microcracks allow relative
slip to initiate earlier but evolve gradually, preventing abrupt debonding and sudden loss of load capacity. Secondly, the intrinsic
roughness and angularity of RCA particles, although associated with weaker chemical adhesion, enhance frictional resistance once slip
occurs, allowing residual interfacial stress transfer to persist over larger slips and contributing to a more energy-dissipative post-peak
behaviour [98]. As a result, while the initial bond degradation occurs earlier, the post-peak load-displacement rate is lower compared
to NAC ones, modifying the overall ductility and failure mode of the slab.

Future parametric analysis is essential to deepen the understanding of the variables influencing the behaviour of RACCS. Identi-
fying the most critical parameters and assessing their combined effects will not only enhance design efficiency but also promote greater
sustainability and reliability in the use of RAC in modern construction. Key parameters that should be considered are.

i. Water-to-cement ratio (w/c): this parameter significantly influences the quality and porosity of the cementitious matrix,
impacting the mechanical strength and durability of concrete. A high w/c ratio amplifies the negative effects of the rgca on steel-
concrete bond strength, especially when using RCA with high absorption capacity, as it promotes the formation of a less
compact paste-aggregate interface and increases the likelihood of microvoids leading to increased porosity and a weakened
mechanical bond. These microcracks tend to nucleate and propagate around the embossments of the profiled steel sheeting
under early-age shrinkage or mechanical loading, facilitating premature slip initiation at the interface. In the analyzed studies,
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the w/c ratio ranged from 0.31 to 0.60, with an optimal range of 0.40-0.45 to balance workability and mechanical performance
in mixes with high RCA content. Ratios above 0.50-0.60 were particularly detrimental, leading to a highly porous concrete with
aweaker ITZ. These limitations highlight the need for corrective measures when using RCA, such as pre-saturating aggregates to
reduce water demand, employing water-reducing admixtures or supplementary cementitious materials to refine pore structure,
and adopting optimized mix designs that maintain a lower effective w/c ratio while ensuring adequate workability. Without
such adjustments, the combined effect of RCA porosity and high-water content produces an interface unable to ensure consistent
mechanical interlock, thereby undermining the longitudinal shear performance of RACCS [99].

ii. Profiled steel sheeting geometry: the geometric configuration of the steel sheeting, particularly rib height (h;) and plate
thickness (ts), plays a crucial role in stress transfer and system stability. Experimental observations indicate that taller ribs
(60-75 mm) generally improve mechanical interlocking, allowing higher load transfer by providing a greater embedded area
and resisting longitudinal shear failure. However, when RAC is used, the presence of a porous matrix and weaker ITZ covering
the embossments makes this mechanical interlock less effective. Higher ribs lead to increased stress concentrations around the
embossment edges, which can trigger premature microcracking in the concrete. These cracks tend to propagate quickly,
facilitating early debonding despite the apparent mechanical anchorage. Thin sheets (< 0.8 mm) may suffer from local de-
formations or warping under concentrated forces, further reducing the effectiveness of interlock and bond transfer. On the other
hand, increasing the sheet thickness enhances both the structural stiffness and the overall tensile resistance of the composite
slab due to the higher steel content. However, it has only a marginal influence on bond quality when the steel-concrete adhesion
is already compromised by the weak ITZ associated with RCA. Case studies indicate that when taller ribs and thinner plates are
combined with a low water-to-cement ratio, RACCS can even exhibit higher ultimate bond stresses than NACCS under com-
parable conditions. Trapezoidal or V-shaped profiles have demonstrated superior performance compared to straight or parallel-
walled corrugated profiles because their inclined rib surface provides a larger contact area between steel and concrete,
enhancing both frictional resistance and the transfer of tangential stresses along the interface. The sloped rib geometry creates a
wedge effect, whereby the concrete, under loading, is progressively locked against the inclined rib walls. This interaction
triggers passive confinement forces, delaying slip initiation and enhancing the longitudinal shear transfer mechanism. In
contrast, profiles with nearly vertical sides tend to fail by detaching an entire block of concrete once debonding starts, leaving
minimal residual interlock to mobilize and resulting in a sudden and more brittle loss of shear transfer capacity [100]. These
findings highlight rib height and shape profile as a more critical factor than plate thickness in governing the overall composite
slab behavior.

iii. Mechanical properties of concrete: key factors such as tensile strength and elastic modulus significantly influence the overall
behaviour of the slab, whereas compressive strength has shown a negligible impact on structural performance in the case
studies. Tensile strength is critical for preventing debonding at the steel-concrete interface and ensuring efficient load transfer.

iv. Steel-concrete interface parameters: the case studies indicate that the initial chemical bond strength (7o) has a negligible impact
on structural behaviour, as performance remains consistent until this value is reached across all analyzed cases. Conversely,
factors such as the initial stiffness of the t-s curve, which decreases by 8 %-16 % with higher rrca, and the post-failure
behaviour, where ductility improves with a 22 % increase in maximum slip, are critical. Future parametric analyses should,
therefore, focus on initial stiffness and post-failure ductility rather than 1y, which remains relatively uniform across
configurations.

A critical aspect is the importance of advanced design methods to predict and enhance the structural behaviour of RACCS. The
comparative analysis of traditional design models has revealed significant limitations in their application to RACCS. These models,
originally developed for Natural Aggregate Concrete (NAC), fail to adequately account for the distinctive characteristics of Recycled
Concrete Aggregates (RCA). In light of these findings, the available analytical models were thoroughly examined, including the
modified m-k methods for predicting the longitudinal shear capacity of RACCS.

The comparative analysis of analytical models further emphasizes the distinct behaviour of RACCS. Both Chen B. et al. [67] and Lu
L. et al. [65] observed that the slope (m) of the linear regression in the m-k method decreases with increasing rgca, while the intercept
(k) tends to increase. This trend reflects a shift from a mechanical interlock-dominated longitudinal shear transfer, typical of NAC, to a
mechanism where friction plays a more significant role after initial bond degradation. However, current empirical formulations,
originally derived from tests on conventional concrete, do not represent these variations, and the physical meaning of m and k under
the influence of recycled aggregate remains unclear. The strong sensitivity of these parameters to mix properties and experimental
setup introduces significant variability in predicted longitudinal shear capacities, raising concerns about the reliability of the direct
application of NAC-based design methods to RACCS.

In this review, two analytical models developed by Chen B. et al. [67] and Lu L. et al. [65], both designed to estimate the longi-
tudinal shear strength (V,) in RACCS, have been compared. The primary objective was to investigate whether the experimental pa-
rameters, such as the m-k coefficients derived from one model, could be directly applied within the framework of the other, or if their
use was inherently context-dependent. Indeed, m and k are not universal constants but depend on the specific experimental conditions
under which they are derived. This dependency makes direct comparisons of the models quite complex, as each set of coefficients
reflects unique conditions, making them non-transferable without adjustments. To address this challenge, this analysis employed a
cross-application of m-k coefficients between the two models. The longitudinal shear strength (V,) was calculated using each model
while substituting the coefficients derived from the other, and the theoretical predictions were compared against experimental data.

A selection criterion for the samples was established to ensure the validity of the comparison and the proper adaptation of the
model formulation to the specific case study. This was necessary because the second model, presented in Eq. (11) by Lu et al. [65], does
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not explicitly account for the presence of end anchorages. Consequently, the comparison was conducted exclusively on the case of
Corrugated Steel Recycled Aggregate Concrete composite slabs without end anchorage (CSRAC-N), as the inclusion of anchorages
would have required the addition of a specific term, as highlighted in the formulation of the first model in Eq. (10) by Chen B. et al.
[67]. Conversely, the second model in Eq. (11) [65] incorporates the contribution of the superimposed bottom slab, which, being
absent in the specimens tested by Chen B. et al. [67], led to the consideration of only the first term of Eq. (11).

Refer to Fig. 23 for a summary of the comparative analysis between Lu et al.’s model [65] (V,) and experimental data (Vi) from
Chen B. et al. [67]. The V, exhibited an unexpected increasing trend, accompanied by a rise in errors relative to the experimental
values as the rpca increased. However, in the case of CSRAC-N-0, the predicted V;, closely matched the experimental results. This
alignment highlights the model’s suitability for ordinary concrete with natural aggregates (NAC), where recycled aggregates (RCA) are
absent. However, its accuracy diminishes significantly with higher RCA content, overestimating V, by up to 20 % despite adjustments
using mix-specific m-k coefficients derived by Chen B. et al. [67]. This indicates the model’s limited ability to account for the complex
mechanical behaviour introduced by RCA.

Indeed, Lu et al.’s model, as a formulation of the m-k method, shares these limitations, as it does not incorporate adaptations to
address the unique properties of RCA, confirming what was discussed in the prior sections. While it demonstrates limited applicability,
it can still be effectively used for ordinary concrete with natural aggregates (NAC).

While, according to Figs. 24 and 25, the second model proposed by Chen B. et al. [67] demonstrates a greater capacity to represent
Lu L. et al.’s experimental V. data [65]. The tensile strength of concrete (f;) in Eq. (10) was calculated according to Eurocode 2 [101],
ensuring consistency in the evaluation process.

Chen B. et al.’s model in Eq. (10), while based on the m-k method, has been explicitly adapted and modified to account for the
influence of recycled aggregates within the mix design. This enhancement extends its applicability beyond ordinary concrete with
natural aggregates (NAC) to also include concrete incorporating recycled concrete aggregates (RCA).

After this comparison, a common observation highlights a critical limitation. Despite applying a safety factor of 1.25, the theo-
retical results closely match the experimental data, raising concerns about the model’s ability to provide an adequate safety margin.
Real-world uncertainties, such as material variability and unpredictable loads, require a greater margin for deviations.

Overall, the reviewed evidence demonstrates that the use of RAC does not merely lead to a reduction in peak longitudinal shear
strength but alters the fundamental mechanism governing interfacial load transfer in composite slabs. RACCS exhibits earlier slip than
NAC counterparts, caused by a weaker interfacial transition zone, increased porosity, and premature microcrack formation around
embossments. However, once slip starts, failure progresses more gradually, sustained by frictional resistance activated by the rougher,
more angular RCA surface texture, resulting in a higher residual bond capacity and improved post-peak ductility. These findings
confirm that the behaviour of RACCS cannot be reliably represented by the current empirical m-k formulations, which were originally
developed for NAC and assume empirical coefficients from experimental calibration, independent of aggregate quality, mix design, or
the altered micromechanical mechanism introduced by RCA. While the m-k method indirectly considers deck geometry through the
effective cross-section area, it does not account for the specific load-transfer mechanism activated by inclined rib walls in trapezoidal
or re-entrant profiles. Profiles with similar contact area but different wall inclinations can exhibit markedly different post-slip resis-
tance, as inclined ribs lead to additional confinement forces that delay block detachment and enhance frictional transfer [83].

A critical limitation highlighted by this review is the large variability in experimental results among studies, partly due to RCA
heterogeneity but also to non-standardized test methodologies. Differences in specimen geometry, anchorage details, and loading
procedures, combined with the frequent absence of statistical reliability due to the number of specimens tested, undermine the ability
to establish consistent and reproducible trends for m and k parameters. Moreover, the lack of complementary analyses using the Partial
Shear Connection Method (PSM) to directly evaluate slip stresses (t) and compare bond-slip trends prevents a more robust under-
standing of interfacial behaviour. This lack of methodological harmonization reduces the reliability of empirical coefficients derived
from NAC and questions their direct applicability to RACCS, where altered micromechanical mechanisms further increase uncertainty
in longitudinal shear predictions.

Despite these discrepancies, two distinct behavioural ranges can be identified. At rgca < 50%, the interface response remains
primarily mechanical interlock-driven, with limited reductions in initial stiffness and peak longitudinal shear strength compared to
NACCS. Above 50% rgca, the ITZ becomes significantly more porous, microcracks appear earlier around embossments, and the
dominant mechanism shifts progressively towards frictional slip, resulting in earlier bond degradation but higher ductility and energy
dissipation. The exact threshold value at which this transition occurs remains unknown, due to the limited number of intermediate
replacement ratios tested. A broader number of concrete mixes with additional replacement levels is therefore essential to identify this
shift accurately and to calibrate future predictive models.

To address this gap, a more mechanical interpretation of the m and k parameters is necessary. Rather than treating them as fixed
empirical coefficients, they should be expressed as functions of RCA content, water-to-cement ratio and steel deck profile type, which
collectively control ITZ quality, interlock efficiency and post-bond frictional resistance. The introduction of correction factors would
allow distinguishing the relative contributions of mechanical interlock and friction to overall longitudinal shear resistance.

i. a (% rrca,w /c) quantifies the progressive loss of mechanical interlock efficiency with increasing RCA content and its sensitivity
to mix porosity, as higher w/c values accelerate microcracking and weaken cohesive bond around embossments.

ii. B (% rrea,w /c) represents the residual shear transfer capacity mobilized by frictional resistance once bond degradation occurs,
capturing how surface roughness of RCA particles and mix quality sustain post-peak load transfer.
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iii. y accounts for the influence of rib geometry and inclination, differentiating profiles that activate passive confinement and wedge
mechanisms (e.g., trapezoidal, re-entrant) from those with parallel walls, which tend to experience more abrupt block
detachment despite similar contact area.

Defining such correction laws cannot rely on isolated datasets with sparse replacement ratios and inconsistent methodologies. A
large-scale, systematic parametric investigation is required, combining harmonized experimental campaigns with accurate finite
element simulations able to reproduce microcrack formation, local stress redistribution, and post-peak frictional mechanisms. This
approach should explore a denser range of RCA contents, particularly in the 30-70 % range, together with variations in mix properties
and deck geometry, to map the transition between interlock and friction-dominated behaviour. The resulting dataset would enable
multi-variable regression and surrogate modelling, produce reliable correction factor laws, and identify optimal combinations of
material and geometric parameters that maximize both peak longitudinal shear strength and ductility.

Building on this foundation, the proposed methodology could evolve into a next-generation, code-calibrated predictive tool,
replacing empirical coefficients with rational, physically justified laws capable of accurately predicting m and k in RACCS. This
evolution is essential to close the gap between experimental observations and design practice, enabling engineers to design RACCS
structures without unsafe simplifications or excessive conservatism. It would also allow the integration of complementary approaches
such as the Partial Shear Connection Method (PSM), providing a more direct evaluation of slip stresses and enabling consistent
comparisons between predicted and observed bond-slip behaviour. Such developments would pave the way for evidence-based
provisions in future Eurocode revisions, establishing a more reliable and physics-based informed design framework for RACCS.

8. Conclusion

In this paper, integrated methodologies were reviewed to investigate the longitudinal shear behaviour of RACCS. The study pre-
sents a comprehensive synthesis of experimental findings, analytical models, and design approaches, with the primary aim of
examining how the recycled concrete aggregate replacement ratio (rrca) influences mechanical performance, focusing on the concrete-
steel plate interface and overall structural parameters.

The review adopts a systematic methodology based on PRISMA guidelines [34], enhanced by advanced text-mining techniques to
systematically map existing research, identify prevailing trends, and highlight critical knowledge gaps in the field. The analysis en-
compasses experimental investigations, including full-scale bending tests and detailed bond-slip measurements, aimed at evaluating
the longitudinal shear response of RACCS under different loading and material conditions. In parallel, existing design provisions for
longitudinal shear strength in composite slabs originally developed for natural aggregate concrete (NAC) are examined to assess their
validity and limitations when applied to RACCS. The study also synthesizes available analytical modelling approaches, with particular
emphasis on modified m-k methods and interfacial bond-slip formulations, providing a comparative overview of their predictive
capabilities and applicability to RACCS design.

The text-mining analysis provided deeper insights into the current research landscape on RACCS. Although interest in sustainable
construction materials is steadily increasing, the keyword distribution revealed that most investigations still concentrate on
compressive strength, flexural behaviour, and general mechanical properties of RAC, with comparatively few studies dedicated to
longitudinal shear transfer and interfacial mechanisms. This imbalance was further emphasized by the scarcity of RACCS-focused
publications within the broader pool of research on composite slabs. Keyword clustering highlighted inconsistent terminology, a
lack of harmonized descriptors, and limited cross-study comparability, largely due to the absence of standardized experimental
protocols. Network analysis of co-occurring terms also exposed a critical research gap: three dedicated design methodologies or bond-
slip constitutive laws specifically calibrated for RACCS currently exist. The fragmentation of available datasets, particularly at higher
Trca, significantly restricts the development of reliable predictive models that can capture key microstructural effects such as residual
mortar layers, increased porosity, and degradation of the Interfacial Transition Zone (ITZ), all of which directly govern interfacial
mechanical bond and frictional resistance. Moreover, the existing literature often reports contradictory findings on the influence of
RCA content on longitudinal shear strength. While some studies consistently show a progressive reduction in longitudinal shear ca-
pacity with increasing rrca, others suggest that enhanced mechanical interlock or surface roughness can partially offset the lower
intrinsic quality of RCA. These discrepancies underline the strong interaction between multiple parameters, including residual mortar
thickness, water-to-cement ratio, and steel deck geometry, that are seldom investigated in a combined and systematic manner, leaving
substantial uncertainty regarding their coupled effects on the longitudinal shear behaviour of RACCS.

Beyond experimental and parametric investigations, the advancement and implementation of innovative design approaches are
essential to predict and enhance the structural behaviour of RACCS. Analytical modelling approaches also exhibit substantial limi-
tations. The widely used m—k method, originally developed for NAC, lacks physical calibration for RACCS, leading to potentially unsafe
or overly conservative predictions of longitudinal shear resistance. A comparative analysis of available models revealed significant
variability in both their accuracy and range of applicability, underscoring the absence of a unified, reliable framework for RACCS.
These discrepancies highlight the need for advanced analytical formulations explicitly grounded in a micromechanical understanding
of the RCA on longitudinal shear behaviour in composite slab applications. Future models should capture the progressive loss of
adhesion, the reduction and variability of frictional resistance, and the altered mechanical interlock mechanisms that emerge at
different RCA contents, ensuring a more reliable prediction of longitudinal shear transfer in RACCS.

Research efforts need to move beyond isolated experimental datasets and simplistic empirical calibrations toward the creation of a
rational, physically informed predictive framework for RACCS. Instead of treating the coefficients m and k as fixed empirical pa-
rameters, upcoming analytical approaches should express them as functions of key variables, including RCA replacement ratio, water-
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to-cement ratio, and steel deck profile geometry, that collectively govern ITZ quality, interlock efficiency, and post-bond frictional
resistance. Introducing appropriate correction factors would enable a mechanistic decomposition of longitudinal shear resistance into
its primary contributors, improving both accuracy and physical consistency in design predictions.

Developing reliable models requires coordinated experimental campaigns with harmonized protocols, expanded RCA content
ranges (particularly 30-70 %), and systematic variation of mix parameters and steel deck geometries. These efforts, combined with
high-fidelity finite element simulations capturing microcrack initiation, stress redistribution, and post-peak frictional mechanisms,
would provide the comprehensive datasets needed for multi-variable regression and surrogate modelling. Such a foundation would
pave the way for next-generation, code-calibrated predictive tools that replace empirical simplifications with mechanistically derived
functions, enabling more accurate, non-conservative design predictions, integration with approaches like the Partial Shear Connection
Method (PSM), and evidence-based updates to Eurocode provisions, ultimately bridging the gap between experimental evidence and
safe, sustainable design practice for RACCS.

Finally, while existing studies provide valuable insights into the structural behaviour of composite slabs incorporating recycled
aggregates, the current body of knowledge remains fragmented and fails to deliver a coherent understanding of the complex in-
teractions among critical parameters. This lack of integration not only constrains theoretical understanding but also prevents the
formulation of robust, code-compliant design recommendations, ultimately slowing down the safe and sustainable adoption of RAC in
real-world composite slab applications. By systematically consolidating the available evidence and highlighting the most critical
knowledge gaps, this review sets the foundation for future research and the development of improved analytical and experimental
frameworks that can reliably guide the use of RACCS.
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