


Integrating Safety and Circularity: A Protocol Framework for Material-Reuse in Construction Workflows



ABSTRACT
	Aims: The construction industry continues to face dual challenges of occupational hazards and unsustainable material consumption. While circular economy principles such as material reuse have gained momentum, their integration with construction safety protocols remains underdeveloped. This research aims to develop a practical and scalable protocol that integrates health and safety standards with circular construction practices. The specific objectives are: (1) to identify core safety risks associated with material recovery and reuse on construction sites; (2) to evaluate existing protocols that support safe deconstruction and material handling; and (3) to propose a unified framework that ensures worker safety while maximizing resource circularity. 
Study design: This study follows a qualitative research study design.
Methodology: A bibliometric literature review was conducted using the Scopus database, analysing publications from 2014 to 2025 using keywords such as “construction safety”, “circular economy”, “material reuse”, “deconstruction”, and “occupational health”. PRISMA screening and VOSviewer tools were used to map trends and knowledge gaps across construction safety and circularity domains.
Results: The findings reveal limited intersection between both fields, with only 9% of reviewed studies addressing them jointly. 
Conclusion: The study recommends a “Safety-Circular Integration Framework” (SCIF) comprising adaptive PPE guidance, standardized reusable material handling procedures, and embedded safety checks within circular workflows. This approach offers a dual pathway to reduce construction waste and improve on-site wellbeing, contributing to the sustainable transformation of the built environment.
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1. INTRODUCTION

[bookmark: _Hlk203607803][bookmark: _Hlk203608071][bookmark: _Hlk203608125]The global construction sector is undergoing mounting scrutiny to curb its environmental footprint while safeguarding worker health. The industry not only consumes vast amounts of materials accounting for 36% of global energy use and nearly 40% of CO₂ emissions but also generates between 20–40% of municipal solid waste, with construction and demolition waste constituting a major fraction (Gasparri et al.,2023; Soares and Tavares, 2025). Simultaneously, the construction industry remains one of the most hazardous sectors: despite mature health and safety regulations such as the UK’s Clean Development Mechanism (CDM) Regulations and the US Occupational Safety and Health Administration (OSHA) standards, on-site incidents often during deconstruction or material handling continue to affect worker welfare (Chen et al., 2022). In parallel, circular economy (CE) principles especially material reuse, selective deconstruction, and modular design have gained traction. These approaches are recognized for reducing embodied carbon and extending material lifecycles, with the global material circularity rate remaining low (~9% recycled) yet increasingly emphasized in sustainability agendas (Bertino et al., 2021; Garusinghe et al., 2023). According to Okimi et al; (2024), these strategies emphasize life-cycle thinking, reduce-reuse-recycle tactics, and digital enablers like BIM and material passports. Though CE frameworks encourage waste reduction and material efficiency, they frequently overlook important aspects of on-site safety, especially in workflows involving deconstruction and reuse (Di Vaio et al., 2023; Awino and Apitz, 2024). This neglect limits the viability and resilience of circular strategies within practical construction settings.
Despite growing momentum in circular practices, these strategies often adopt an environmental lens, overlooking the occupational risks inherent in manual dismantling, handling of reclaimed materials, and on-site contamination (Gasparri et al., 2023; Soares and Tavares, 2025). This disparity is alarming. Workflows involving material reuse, like deconstruction, reconditioning, and placement, present serious safety risks, such as exposure to contaminants and site hazards. Every step of the reuse process, from the first hazard assessments of recovered materials to the integration of PPE use, digital traceability, and safety checklists, must incorporate risk engineering protocols in order for an architecture to be considered truly sustainable (Bertino et al., 2021; Garusinghe et al., 2023). Ignoring safety jeopardizes project results, legal compliance, and human welfare in addition to undermining the viability of circular practices.
CE publications have increased significantly since 2016, according to recent bibliometric reviews, with prefabrication, modularity, digitalization, C&DW management, LCA, and component reuse being the main areas of focus (dos Santos Goncalves et al., 2025). However, there are not many studies that actively connect occupational health and safety frameworks with circular material protocols. Despite the emergence of digital tools such as blockchain, IoT, and BIM, there are still technological gaps in integrating safety risk assessment with reuse workflows (Gasparri et al.,  2023). There are some notable exceptions, like probabilistic grading systems for component reuse and ontology-based EoL decision tools, but they are still isolated and hardly ever address combined circular safety requirements (Adu-Duodu et al., 2025).
[bookmark: _Hlk203608831]Existing literature in construction safety focuses on hazard identification, PPE, and risk management, but is typically designed for linear workflows (Tang and Golparvar-Fard, 2021; Larbi et al., 2024; Salzano et al., 2024). Conversely, circular economy research emphasizes reuse and deconstruction protocols often spotlighting design-for-deconstruction (DfD) but rarely engages with embedded safety controls during reuse processes.
These compartmentalized efforts highlight key limitations:
1. Safety protocols are not tailored for circular processes. Standard PPE and risk management frameworks do not account for the unique hazards posed by reclaimed materials, including structural instability or contamination (Tang and Golparvar-Fard, 2021; Larbi et al., 2024; Salzano et al., 2024).
2. Circular economy frameworks lack operational safety guidance. Material passports, digital tracking platforms, and deconstruction guidelines focus on logistics and sustainability metrics, with scant attention to on-site health protections (Keles et al; 2025).
3. Insufficient empirical analyses. There is a lack of evidence-based evaluations demonstrating how integrated safety measures can be operationalized within circular workflows.
These gaps generate the guiding research questions for this study:
· [bookmark: _Hlk203750543]RQ1: What is the core occupational health and safety risks associated with material recovery and reuse on construction sites?
· RQ2: How effective are extant deconstruction and material handling protocols in mitigating these identified risks?
· RQ3: What framework can integrate circular practices and safety standards to optimize both outcomes?
· RQ4: How can such integration be standardized and scaled across diverse project typologies and regulatory landscapes?
To address these inquiries, this research proposes the Safety–Circular Integration Framework (SCIF) a systemic and operational methodology embedding health and safety considerations directly within circular workflows. The SCIF incorporates adaptive PPE protocols for reclaimed materials, standardized handling and inspection procedures, structured safety checkpoints at workflow transitions, and digital monitoring via material passports and BIM platforms (Bertino et al; 2021; Mayer, 2020).
This framework is novel in three respects:
1. It directly bridges two previously siloed domains. Unlike existing models that treat safety and sustainability separately, SCIF operationalizes their convergence.
2. It is research grounded.   Using bibliometric and evidence-based tools (e.g., PRISMA screening and VOSviewer mapping), it systematically identifies and addresses gaps within both fields.
3. It is practical and scalable. Designed to align with current safety regulations and varying project contexts, SCIF supports real-world adoption and potential incorporation into policy frameworks.
The integration proposed by SCIF contributes to global sustainability and worker safety objectives, particularly advancing UN SDG 8 (Decent Work and Economic Growth) and SDG 12 (Responsible Consumption and Production), by demonstrating that circularity and on-site wellbeing are mutually reinforcing goals.
By delivering a structured, scalable protocol, that unites material reuse and worker protection, this research offers both theoretical advancement and tangible solutions for industry practitioners and regulators. The SCIF framework thus represents a strategic pivot toward sustainable, health-conscious, and circular construction workflows an indispensable step in the next generation of built-environment transformation.

2. METHODOLOGY

The primary objective of this research is to systematically explore and integrate the domains of construction safety and circular economy practices, particularly material reuse, by conducting a structured bibliometric literature review. A quantitative research approach was employed to identify, synthesise, and critically analyse existing scholarly contributions that inform the development of a Safety–Circular Integration Framework (SCIF). To ensure comprehensive and replicable results, the Scopus database was selected for its robust indexing of peer-reviewed journals, conference proceedings, and book chapters, and its wide disciplinary coverage in the fields of engineering, environmental science, and construction management (Aria and Cuccurullo, 2017; Gusenbauer, 2022). The Scopus database was queried to obtain relevant documents that intersect safety management and circular economy strategies within the construction sector.
The study strictly followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 framework to guide the selection process in a transparent, rigorous, and standardised manner (Page et al., 2021). The PRISMA flow diagram illustrates the four-stage process—identification, screening, eligibility, and inclusion used to refine the document set for final analysis. Criteria for inclusion required publications to be written in English and to fall within the publication years of 2014 to 2025, ensuring the relevance and contemporaneity of the dataset. Similar PRISMA-based approaches have been validated and adopted in prior studies investigating sustainability and construction-related challenges (Gao et al., 2018; Moustafa et al., 2025). The PRISMA flowchart of the study is indicated in Figure 1.
The keyword strategy was designed to capture overlapping themes between occupational safety and circular economy within the built environment. The final combination of search terms included “construction safety”, “circular economy”, “material reuse”, “deconstruction”, and “occupational health”. These were queried across the fields of ‘title’, ‘abstract’, and ‘keywords’ to maximise precision and recall. The search results were refined to include document types such as articles, review papers, conference papers, and book chapters. A total of 264 records were identified, downloaded in CSV format from Scopus on 20 June 2025, and processed for bibliometric analysis. The exact query structure applied was:
(TITLE-ABS-KEY (“construction safety” OR “occupational health”) AND (“circular economy” OR “material reuse” OR “deconstruction”)) AND PUBYEAR >2013 AND PUBYEAR <2026 AND (LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”) OR LIMIT-TO (DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “ch”)).
The extracted bibliographic data were first organised in Microsoft Excel for pre-analysis structuring, then imported into the Biblioshiny interface of the Bibliometrix R-package. This software facilitated keyword co-occurrence analysis, author and country productivity, trend topic evolution, and thematic mapping all of which enabled a comprehensive understanding of the research landscape (Aria and Cuccurullo, 2017). Additionally, VOSviewer version 1.6.18 was used to generate co-authorship networks, keyword clustering maps, and bibliographic coupling diagrams. These visualisations assisted in identifying underrepresented intersections between circular construction and health and safety domains (Gao et al., 2018).
While various bibliometric tools like SciMAT, CiteSpace, and CitNetExplorer are available, Bibliometrix distinguishes itself by offering end-to-end support for data retrieval, preprocessing, analysis, and visualisation within a statistical computing environment. Its robust integration with the R programming ecosystem provides enhanced flexibility, reproducibility, and statistical power compared to other tools (Aria and Cuccurullo, 2017). VOSviewer complemented this capability through its superior network mapping and clustering functionalities, making it particularly suitable for identifying relational patterns across large volumes of text (Sood et al., 2022).
The bibliometric output revealed that only 9% of the reviewed literature addressed construction safety and circularity in a unified manner, underscoring a significant research gap. This insight provided the empirical foundation for the development of the Safety Circular Integration Framework (SCIF), which embeds adaptive PPE protocols, standardised material handling procedures, safety checkpoints within circular workflows, and digital integration through BIM and material passports. The method adopted in this study not only enables structured insights into fragmented domains but also supports the formulation of actionable strategies that can be scaled across diverse regulatory and project contexts.

The word cloud generated from the study's findings visually represents the most frequently occurring keywords across the dataset (Figure 2). In this visual, larger and bolder words indicate higher frequency or stronger relevance within the context of the research. For instance, terms such as "smart building," "sustainability," "energy," "design," "AI," and "efficiency" appear more prominently, suggesting they are central themes in the literature and data analysis. Medium-sized terms like "automation," "data," "environment," and "comfort" point to supporting concepts or recurring subtopics. Smaller words represent less frequent but still relevant ideas, contributing to the broader picture. Overall, the word cloud reflects the study's core emphasis on how artificial intelligence and sustainable design principles intersect in shaping smart buildings and improving user experiences. Figure 3 highlights the most frequently cited journals in the study. Buildings, Sustainability, and Frontiers in Built Environment were cited three times each, showing a strong focus on sustainability and construction-related research. Journals like Engineering, Construction & Architectural Management and Applied Sciences appeared twice, reflecting the study’s multidisciplinary nature. Other journals were cited once, covering areas such as environmental management, urban design, safety, and automation. This diverse mix of sources underscores the interdisciplinary approach of the research, rooted in architecture, sustainability, and innovative construction practices.
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Fig. 1. PRISMA Work Flow
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Fig. 2. Word cloud showing Keywords Occurrence




Fig. 3. Journal Representation

3. ANALYSIS OF FINDINGS

RQ 1: What is the core occupational health and safety risks associated with material recovery and reuse on construction sites?

[bookmark: _Hlk203763178]When workers engage in material recovery and reuse on construction sites, they face layers of risk that go well beyond routine construction activities. Manual deconstruction in particular, a foundational technique in circular construction, exposes workers to a striking array of hazards and existing research underscores just how under-studied and under-managed these risks remain. Bhattacharjee et al. (2025) study mapped out deconstruction processes into discrete phases and identified fifty-one distinct health hazards and thirty-five safety hazards ranging from struck-by and trip, slip, and fall incidents to ergonomic strain, respiratory issues, and eye fatigue. These findings reveal that tasks as seemingly straightforward as carefully removing materials or salvaging components often involve navigating unstable structures, cumbersome manual handling, and unpredictable debris, all of which amplify the likelihood of acute injury or chronic harm. One of the most pervasive threats arises from materials with unknown or deteriorated conditions (Kumar Singh et al., 2024; Wuni and Abankwa, 2025). Unlike new materials with documented properties, reclaimed components frequently harbour hidden hazards: lead paint residues, asbestos fibers, volatile organic compounds, or mold are common in aged buildings (Torgautov et al., 2021). Exposure to these contaminants can trigger long-term illnesses from lung disease to neurological disorders yet such risks are seldom screened or tracked rigorously in reuse workflows (Charef et al., 2021)
[bookmark: _Hlk203762980]In fact, because these hazards are often embedded within surfaces or bound in coatings, workers may remain unaware until exposure has occurred. That makes initial hazard identification a critical but frequently overlooked step in safely handling salvage materials (Rashid, 2025; Hasibuan et al., 2025). Equally concerning is the likelihood of physical accidents during the deconstruction phase. Working often at heights with unstable or partially demolished structures increases exposure to falls or collapsing elements. As the European Agency for Safety and Health highlights, demolition and dismantling work is notorious for high noise, vibration, fire, and explosion potential. It also frequently involves working near excavations deeper than one meter, which carry their own collapse risks unless thoroughly surveyed and stabilized (Hoang et al., 2022). Noise and vibration hazards from heavy machinery and power tools may seem ancillary but can impair communication and suppress warnings, creating further vulnerabilities.
Musculoskeletal disorders and ergonomic strain represent another core dimension of risk. Material reuse inherently requires manual sorting, lifting, loading, and repositioning of irregular, heavy, or awkward components. Without proper planning and mechanical support, repetitive strain injuries and acute incidents become likely, especially where time constraints and informal labour practices downplay ergonomics in favour of speed (Hoang et al., 2022). The hazards tied to prolonged physical labour, compounded by unpredictable material weight and shape, are rarely acknowledged in sustainability-oriented deconstruction guidelines. Moreover, operational complexities around site logistics further heighten risk. Circular construction sites must often accommodate multiple material streams: new deliveries, incoming salvaged items, sorting zones, temporary storage areas, and outgoing recyclable or waste materials. Poorly organized vernacular stack zones or paths create trip hazards, collisions, and the potential for dropped or shifting loads, which can affect both workers and the surrounding public (Torgautov et al., 2021). Inadequate housekeeping, tool misplacement, and electrical cord misuse common complaints in practical site reports further contribute to hidden but serious threats observed in real-world settings. Summarily, these insights make clear that material recovery and reuse work cannot rely on standard construction safety protocols alone. Circular workflows bring unique challenges: degraded or contaminated materials; unstable disassembly environments; unstructured logistics; and elevated physical strain (Daniele et al., 2025). Each of these intersects to create a dense web of occupational health and safety risks that demand protocols tailored to the very nature of reuse-driven construction sites. Without redesigning hazard identification, material profiling, PPE use, and site planning to account for these realities, circular construction may unwittingly put workers in harm’s way even as it promotes sustainability.

RQ2: How effective are existing deconstruction and material-handling protocols in mitigating these identified risks?

Current deconstruction standards offer solid starting points but fall short of comprehensive risk control. Most guidelines focus on general safety: hazard audits, site prep, structured dismantling, and PPE usage. Tools like checklists and worker training programs especially around power tools, heavy machinery, and fall prevention have effectively reduced typical construction accidents (Bertino et al., 2021; Moustafa et al., 2025). Specific examples like the Boulder hospital deconstruction project achieved impressive 90%+ landfill diversion. Yet, these projects often stop at ensuring proper structural staging; they may overlook deep chemical screening or bespoke handling instructions for reclaimed materials. Toolkits like OSHA’s hazard guides emphasize chemical and physical risk controls but are not tailored to reuse environments. They provide strong hierarchical guidance; elimination, substitution, engineering controls, administrative measures, and PPE but rarely address nuances like repeated reuse cycles or material tracing (Hoang et al., 2022; Daniele et al., 2025).
Similarly, formwork reuse studies from CPWR highlight severe hazards falls and form collapse warning of insufficient evidence and inconsistent safety measures when reused beyond established lifespan (Vigneshkumar, 2023). Overall, while current protocols successfully manage many risks, gaps remain in addressing contaminants, tracing material history, ensuring reliable handling of uncertain-material conditions, and evaluating hazards in informal recovery contexts.

RQ3: What framework can integrate circular practices and safety standards to optimize both outcomes?

To achieve effective integration of circular practices with safety standards, the proposed Safety Circular Integration Framework (SCIF) stitches together material reuse workflows and risk management into a cohesive process (Obiuto et al., 2024; Abu-Bakar and Chrnley, 2024). Fundamentally, SCIF begins with a dual audit: every material slated for reuse undergoes simultaneous evaluation for its circular potential and any latent hazards chemical, structural, or biological. This approach addresses the persistent issue of treating salvaged materials as if they were new, a flaw that leaves workers exposed to dangerous contaminants hidden within reclaimed components. Once materials are screened, they are tagged using physical labels or digital passports with clear indicators of risk profiles and reuse suitability (Kristensen et al., 2021; Basiru et al., 2023). These passports not only trace lifespan and origin but also prescribe appropriate personal protective equipment (PPE) and handling protocols tailored to each material’s specific hazards (Amir et al., 2023; Wang et al., 2022).
SCIF embeds safety controls directly into digital tools like BIM and ontological systems. For instance, SCIF-driven BIM models can trigger alerts when reused elements with identified risks are scheduled for installation, automatically prompting engineering controls or requiring worker briefings. This mirrors growing industry practice in safety-in-design, but extends it by ensuring that circularity is not just a material consideration, it is intrinsically linked to worker welfare at every stage (Rahla et al., 2021; Chen et al., 2024). Complementing this, the framework encourages use of Computer-Aided Health and Safety training techniques such as virtual reality drills layered over interactive BIM environments to simulate hazardous reuse scenarios and build worker competence. Evidence supports that these tech-assisted trainings outperform traditional programs in user engagement and knowledge retention. At its heart, SCIF is iterative and knowledge-driven. Data gathered from performance reviews, near misses, and incidents feed updates into the passports and digital models creating continuous improvement (Ilankoon and Vithanage, 2023; Talla and Mcllwaine, 2024). When a chemical hazard is misclassified or a handling procedure proves insufficient, the system updates risk thresholds or mandates new controls for future projects (Behun and Behunova, 2023; Sadeghi et al., 2023; Rodrigo et al., 2023). SCIF thus ensures that operational use of reclaimed materials becomes safer over time, not merely repeatable. By weaving together material auditing, digital traceability, adaptive training, and iterative feedback, SCIF delivers a practical, scalable answer to reconciling circularity with occupational health and safety in construction.

RQ4: How can such integration be standardized and scaled across diverse project typologies and regulatory landscapes?

Widespread adoption of SCIF demands a strategic alignment between standardized frameworks, regulatory pull, and sector-wide collaboration. In Europe, committees like CEN/TC 350’s dedicated sub-committee on circular economy are already shaping standards that link lifecycle stages from design through deconstruction with sustainability goals (Yu et al., 2022; Elghaish et al., 2023; Morel et al., 2021). However, current efforts tend to emphasize material performance and environmental metrics rather than worker safety. SCIF’s integration agenda advocates expanding these standards to incorporate safety signage (akin to ISO 3864) and contamination labelling into digital passports and passports’ associated standards a move that would close the loop between reuse intent and health safeguards. Regulatory agencies and certification bodies can drive scale through incentives and enforcement (Charef and Lu, 2021; Shooshtarian et al., 2022). For instance, public procurement guidelines could mandate use of SCIF-compliant passports and documented safety checks for any project seeking government funding. Certification schemes like LEED or BREEAM could offer credits for documented reuse practices paired with documented safety audits. Fiscal stimuli whether tax rebates or waste diversion credits could further tip the business case in favour of SCIF aligned workflows, making projects safer and more circular simultaneously.
Crucial to scaling SCIF is consistent training and accreditation. Safety officers, reuse managers, and BIM practitioners must learn to speak a unified language and operate interoperable digital systems (Charef et al., 2021; Wuni and Abankwa, 2025).  National or international SCIF certification programs would ensure broad competency and credibility, much as BS 8001 began normalizing circular economy thinking at the organizational level. With accredited professionals, projects across retrofit, demolition, modular building, and new construction could adopt SCIF as standard practice, regardless of regulatory context.
Ultimately, the path to scale lies in cross-sector coordination. Industry alliances encompassing trades, material recyclers, safety agencies, and digital innovators can share case studies, refine protocols, and lobby for harmonized standards. Institutions like ISO/TC 323 (circular economy) and CEN/TC 350 can embed SCIF’s safety-circular logic into global norms, aligning occupational health and circularity requirements. When governments, certification schemes, and professional bodies converge around shared guidelines that call for hazard-tagged material passports and safety-validated reuse, SCIF shifts from a pioneering idea to a baseline norm. In doing so, it ensures that sustainability is not pursued at the expense of people making safe circular construction a scalable, regulated reality.

[image: ]
Fig. 4. Schematics of SCIF Framework

Core Components of the SCIF Framework
Adaptive PPE Protocols: SCIF recognizes that reused materials may pose unique hazards (e.g., chemical residues, sharp edges, structural degradation). It recommends personal protective equipment (PPE) guidelines that are adaptive to the nature of reclaimed materials.

Standardized Handling and Inspection Procedures: The framework calls for a systematic process to inspect, handle, and certify reused materials before they re-enter the construction process. This includes checking for contaminants, strength integrity, and usability.

Structured Safety Checkpoints: SCIF introduces designated safety checkpoints at different stages of the material reuse lifecycle (e.g., after deconstruction, during storage, before integration into new builds). These checkpoints allow for early detection of risks.

Digital Monitoring Tools: The framework integrates digital technologies such as BIM (Building Information Modeling) and material passports to track material history, safety inspections, and future handling instructions. This ensures traceability and data-driven safety assurance.

Scalability and Context Sensitivity: SCIF is designed to be scalable across different project sizes and adaptable to local safety regulations and construction practices, making it real-world applicable.

4. CONCLUSION AND RECOMMENDATION

This study shows that material reuse on construction sites brings unique and under‑appreciated safety hazards such as chemical exposure, structural instability, and ergonomic stress. While existing guidelines effectively manage generic construction risks, they fall short when applied to reused materials without known histories or contamination risks. The proposed SCIF framework remedies this by integrating hazard screening, adaptive PPE protocols, material passports, BIM-driven safety checks, and iterative learning loops bridging the domains of circular economy and occupational safety. However, realizing its potential requires broad institutional backing. To bring SCIF into mainstream practice, it is essential to secure regulatory and certification recognition by incorporating safety-tagged material passports into standards and public procurement policies. Scaling requires accredited training for safety professionals, reuse specialists, and BIM operators, ensuring consistent application across project types. Finally, piloting SCIF across diverse real-world settings urban retrofits, formal demolitions, modular construction will generate the empirical evidence needed to refine protocols, demonstrate safety gains, and encourage adoption. By embedding safety at the heart of circular material workflows, SCIF not only protects workers but also strengthens the social license for circular practices, making sustainable construction both safe and scalable.
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