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Abstract: The rapid escalation of urban development, coupled with the continuous
rehabilitation and retrofitting of existing infrastructure, has precipitated a dramatic surge in
the demand for raw mineral aggregates within the global construction industry. Concurrently,
the exponential depletion of natural resources underscores an urgent, fundamental need to
transition toward sustainable practices, making the recycling of construction and demolition
(C&D) waste a highly logical and essential proposition. This comprehensive study investigates
the feasibility of recycling construction debris with a dual-pronged approach: a managerial
perspective and an executive framework. From a managerial standpoint, the research
evaluates the advancements in waste management both globally and within Iran, meticulously
analyzing disposal methods through the lens of sustainable development indicators—
encompassing environmental, economic, and social dimensions. From an executive and
operational perspective, the study undertakes a rigorous qualitative assessment of construction
debris. Experimental procedures, conducted strictly in accordance with ASTM standards,
involve the systematic separation of concrete materials and the application of various
treatment methods designed to enhance the physical and mechanical properties of the recycled
aggregates. The primary objective is to yield optimized recycled materials suitable for
structural concrete applications. Furthermore, this research lays the groundwork for future
evaluations of varying replacement percentages of natural aggregates with recycled ones,
aiming to empirically validate the performance of recycled construction debris in concrete
mixtures.
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1. Introduction

The modern construction industry is currently operating at an unprecedented scale,
driven by continuous global urbanization, demographic expansion, and the perpetual need
for infrastructure development and modernization. This rapid proliferation of construction
and structural rehabilitation projects in urban centers has proportionally increased the
industry's reliance on primary building materials, particularly natural stone and aggregates.
However, this linear consumption model—extracting finite natural resources to produce
materials that eventually become waste—is fundamentally unsustainable. As virgin
material reserves deplete and the environmental cost of extraction becomes critically high,
the implementation of circular economy principles in construction is no longer optional but
an absolute necessity. Consequently, the systematic recycling of construction materials,
particularly the repurposing of concrete debris as structural aggregate, emerges as a highly
rational, ecologically sound, and scientifically viable solution that warrants extensive
investigation.

The conceptualization of recycling concrete debris to serve as aggregate is not an
entirely novel paradigm; its historical roots can be traced back to the immediate aftermath of
World War 11, a period characterized by abundant rubble and severe shortages of virgin
building materials. Despite its early inception, systematic and academically rigorous
exploration of this practice gained significant momentum much later. During the pivotal decade
between 1970 and 1980, foundational research by Zhang and colleagues brought the issue to
the forefront of materials science. Their pioneering studies meticulously documented the
feasibility and application of recycled construction debris in the remanufacturing of concrete
across major industrialized nations, specifically Japan, the United States, and China.

Following this critical period of initial documentation, the academic and industrial
focus on recycled concrete aggregates (RCA) experienced a paradigm shift, attracting the
sustained attention of researchers worldwide. The trajectory of this interest is perhaps most
prominently observed in China, a nation experiencing rapid infrastructure growth. Currently,
over thirty distinct academic universities, dedicated research institutes, and commercial
enterprises in China are actively engaged in extensive theoretical and empirical investigations
into the optimization of concrete recycling processes.

This global mobilization of research efforts highlights a universal consensus: the
traditional paradigm of the construction industry must be fundamentally altered. The shift

towards the reuse and recycling of materials is now recognized as a critical global imperative,
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prompting the vast majority of developed and developing nations to formulate and implement
strategic, state-level programs aimed at maximizing the utility of construction and demolition
waste.

By adopting a comprehensive methodology, this paper aims to bridge the gap between
theoretical waste management frameworks and practical, operational material science. It will
explore the intricate dynamics of sustainable development as it pertains to waste management,
systematically identifying and ranking the factors that influence disposal strategies.
Furthermore, it will critically analyze the environmental and energetic imperatives driving the
need for recycling, detailing the mechanical properties of RCA and exploring innovative
methodologies to mitigate their inherent deficiencies, thereby paving the way for their reliable

integration into modern concrete production.

2. Sustainable Development in Construction Waste Management
The integration of sustainable development principles into the construction sector
represents a critical paradigm shift from traditional, linear consumption models toward circular,
restorative systems. To rigorously evaluate the sustainability of construction and demolition
(C&D) waste management practices, objectives are systematically categorized into three
interdependent domains. These dimensions serve as the foundational metrics for assessing the

developmental maturity and ecological viability of any proposed waste management strategy.

2.1. The Triad of Sustainability

The Social Domain: This dimension prioritizes indicators that are directly correlated
with human well-being, societal health, and demographic equity. It encompasses socio-cultural
factors that act as either facilitators or systemic barriers to enhancing the overall quality of life
for populations residing within urban centers and their peripheries. Effective waste
management inherently intersects with public health, occupational safety, and community
aesthetics, making the social domain a vital component of sustainable evaluation.

The Environmental Domain: This sphere pertains to the intricate balance of natural
ecosystems and the preservation of biophysical resources—encompassing both renewable and
non-renewable capitals—that constitute the spatial environment in which human construction
activities occur. The environmental evaluation of waste management critically analyzes the
ecological footprint of material extraction, the carbon emissions associated with processing,
and the long-term toxicological impacts of unregulated landfilling on soil and groundwater

matrices.
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The Economic Domain: The economic pillar oversees the macroeconomic and
microeconomic mechanisms dictating the equitable distribution, utilization, and financial
optimization of finite resources required for societal advancement. In the context of C&D
waste, this domain analyzes the cost-benefit ratios of implementing recycling infrastructure
versus traditional disposal methods, assessing factors such as material recovery value,

transportation logistics, and the fiscal implications of prolonged landfill reliance.

2.2. Definition and Strategic Objectives of Debris Management

Management of construction debris is formally defined as the systematic and
multidisciplinary application of specialized knowledge, technical methodologies, advanced
tools, and operational procedures across various phases of a construction project's lifecycle.
The primary objective of this management framework is to meticulously analyze, strategize,
allocate resources, and control the generation, handling, and ultimate destination of unwanted
or surplus materials produced during construction or demolition activities.

The implementation of a robust C&D waste management protocol is driven by a
multitude of strategic and operational objectives. Foremost among these is the imperative to
significantly reduce overall construction costs while simultaneously elevating the quality of
construction processes and modernizing the structural methodologies employed by the building
industry. From an ecological standpoint, a critical objective is the substantial mitigation of
widespread pollution stemming from the unregulated accumulation of debris in natural
habitats.

Achieving these goals necessitates the establishment of comprehensive legal
frameworks and actionable strategies to govern the use of eco-friendly materials, regulate the
safe transportation and disposal of waste, and introduce effective incentive and punitive
measures designed to safeguard environmental integrity. Furthermore, structured waste
management creates vital opportunities for academic and industrial research into advanced
recycling technologies. On a broader macroeconomic scale, these sustainable practices aim to
minimize the aggressive extraction of virgin raw materials from the earth's surface, thereby
stimulating local job creation, improving public health metrics, driving economic development,
and fostering the intelligent, efficient utilization of non-renewable energy sources. Ultimately,

these combined efforts drastically reduce the geographical necessity for sprawling landfill sites.
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2.3. The Waste Management Hierarchy and Optimal Disposal Strategies

The transition toward sustainability requires adhering to a strict waste management
hierarchy, often conceptualized as an inverted pyramid. This hierarchy dictates the
prioritization of strategies based on their environmental efficacy. The most optimal and highly
prioritized approach is the prevention and reduction of waste at the source (Source Reduction).
When waste generation is unavoidable, the immediate reuse of materials in their current state
is prioritized. This is followed by recycling (processing waste into new materials), resource
recovery (such as Waste-to-Energy incineration), and finally, as the least desirable option, the

permanent disposal of waste in environmental landfills.

2.4. Evaluating Final Disposal Options: An AHP Approach in Tehran

To empirically determine the most viable final disposal strategies for construction waste
based on local conditions, a comprehensive 2017 study focused on the metropolitan area of
Tehran utilized the Analytic Hierarchy Process (AHP). This advanced multi-criteria decision-
making technique evaluated various final disposal alternatives—specifically sanitary
landfilling, recycling, and direct reuse—strictly through the lens of the aforementioned
sustainable development indicators.

The hierarchical analysis systematically compared criteria and sub-criteria to establish
their relative importance. The findings revealed that "Reuse" emerged as the most optimal
disposal option, securing the highest relative weight of 0.439. "Recycling" was ranked as the
second most preferable alternative with a weight of 0.312, while traditional "Landfill Disposal"
was deemed the least favorable, receiving a weight of 0.250. Consequently, contemporary
executive waste management policies must be heavily re-oriented to prioritize capital
investment in material reuse frameworks, followed closely by the establishment of robust,
state-of-the-art recycling infrastructure. The specific weights and inconsistency ratios

determining these outcomes are detailed in Table 1 below.

Table 1: Inconsistency Ratio and Weight Value of Criteria and Sub-criteria

Main Criteria s&l;:atlegli:? Sub-criteria Su{)‘-/ce;';ftria Incol::‘itsi:)ency
Recoverable materials 0.109

Environmental 0.440 Water pollution 0.382 0.069
Air pollution 0.210
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. - Criteria - Sub-criteria Inconsistency
Main Criteria Weight Sub-criteria Weight Ratio
Soil pollution 0.131
Preservation of natural 0.168
resources
Raw material cost 0.200
Land occupation 0.085
Profitability 0.112
Economic/Financial 0.430 0.055
Common benefits 0.153
Operation cost 0.175
Initial investment 0.275
Community acceptance 0.125
Govemment 0.398
cooperation
Socio-Cultural 0.130 People's knowledge 0.015
0.093
level
Safety in construction 0.170
Job creation 0.214

3. Identification and Hierarchical Ranking of Factors Influencing Waste
Management
To formulate an effective, actionable framework for construction and demolition
(C&D) waste management, it is imperative to move beyond theoretical models and empirically
identify the specific, on-the-ground factors that either facilitate or hinder optimal waste
reduction and recycling practices. A comprehensive understanding of these variables allows
policymakers and project managers to allocate resources efficiently and target systemic

bottlenecks.

3.1. Methodology of the Multi-Criteria Evaluation
A pivotal research study presented at the International Conference on Architecture and
Urban Development Management in Iran (August 2018) provides a robust analytical

foundation for this section. The methodology of this research was explicitly designed to
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identify and rank the myriad factors influencing material waste management and to propose
pathways for enhancing productivity in civil engineering projects.

The researchers employed a highly structured, multi-tier methodology. Initially, an
exhaustive literature review and expert consultations were conducted to compile a preliminary
list of influencing factors. Subsequently, a specialized questionnaire was developed to gather
quantitative data. To mitigate the inherent ambiguity and subjectivity of human judgment in
evaluating these factors, the study utilized the Fuzzy TOPSIS (Technique for Order of
Preference by Similarity to Ideal Solution) analytical method. This advanced multi-criteria
decision-making (MCDM) approach converts linguistic variables obtained from the
questionnaires into fuzzy numbers, allowing for a more accurate and nuanced mathematical
scoring system.

The data was collected from a highly relevant statistical population comprising active
professionals and experts employed within the Isfahan Municipality, ensuring that the
empirical data was grounded in practical, municipal-level executive realities. The analytical
model was structured across four distinct hierarchical levels to provide granular insights:

e Level One: The overarching Objective (Goal).
e Level Two: The primary Criteria.
o Level Three: The specific Sub-criteria.

o Level Four: The available Options or alternatives.

3.2. Primary Categorization of Influencing Criteria
Through the application of pairwise comparisons of criteria against sub-criteria, the
research distilled the vast array of variables into five primary, encompassing categories. These
categories represent the fundamental pillars that dictate the success or failure of sustainable
waste management initiatives in urban construction:
1. Management (Managerial frameworks and oversight)
2. Facilities and Execution Methods in Civil Projects (Technical and operational
parameters)
3. The Impact of Culture and Education in C&D Waste Management (Socio-behavioral
elements)
4. Environmental Factors (Ecological considerations)
5. Financial Resources and Economic Justification in Projects (Fiscal viability)
The following sections detail the specific sub-criteria within each category, ranked

strictly by their calculated Importance Index derived from the Fuzzy TOPSIS analysis.
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3.3. Socio-Behavioral and Cultural Dimensions

The cultural paradigm within the construction industry, coupled with the educational
background of its workforce, plays a disproportionately large role in the successful
implementation of waste management protocols. A lack of internalized environmental

consciousness often subverts even the most well-designed technical systems.

Table 2: Importance Index of Sub-criteria Regarding the Impact of Culture and

Education
o . I
Sub-criteria (Culture and Education Factors) mportance
Index
Absence of construction waste management culture among contractors 0.250
Absence of construction waste management culture within existing legal 0.245
frameworks '
Training and elevating the cultural awareness of active site workers to implement 0.231
waste management principles ’
Education and fostering a culture of utilizing modern methods and machinery in 0.228
civil projects ’
Lack of a collaborative culture among diverse project stakeholders 0.218

3.4. Environmental Imperatives

Environmental indicators measure the extent to which ecological considerations are
prioritized during the execution and demolition phases of a project. The analysis highlights a
concerning trend where immediate operational expediency often overrides long-term

ecological preservation.

Table 3: Importance Index of Sub-criteria Regarding Environmental Factors

Sub-criteria (Environmental Factors) Im]I:)r(l)(ri‘tee;nce
Disregard for environmental factors resulting from the disposal of construction waste 0.678
Disregard for environmental pollution issues associated with waste disposal 0.589
Consideration of sustainable development factors from an environmental perspective 0.435

(determining the most ecologically suitable waste management method)
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3.5. Economic and Financial Barriers

The transition to sustainable C&D waste management is heavily contingent upon its
economic viability. Market dynamics, such as the artificially low cost of virgin materials
compared to the overhead required for recycling, create significant barriers to entry for

sustainable practices.

Table 4: Importance Index of Sub-criteria Regarding Financial Resources and

Economic Justification

Sub-criteria (Financial and Economic Factors) Importance
Index
Relatively low price of specific raw materials (e.g., gypsum and cement), which 0.435
negates the incentive for waste management ’
Absence of necessary infrastructure and conditions for investment in the C&D waste 0.321
recycling market ’
Low costs associated with the transportation and landfilling of construction waste 0.258
Deficiency in financial resources allocated for implementing waste management 0.251

within projects

3.6. Managerial Deficiencies
Strategic oversight at the organizational level is the primary driver of site-level
compliance. The data indicates that systemic failures in project mandates and technological

investments critically undermine recycling efforts.

Table 5: Importance Index of Sub-criteria Regarding Management

Sub-criteria (Management Factors) Importance
Index
Lack of laws mandating waste and demolition management in construction 0227
practices '
Absence of economically justifiable technologies for C&D waste management in 0.222
Iran .
Recycling management planning at the level of project stakeholders (client, 0.200
contractor, and consultant) '
Absence of a construction waste management system integrated into core project 0.198

requirements
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Sub-criteria (Management Factors) Importance
Index
Low knowledge level of managers and site supervisors regarding advanced waste 0.195
management protocols '
Proper management in the adequate packaging of materials and resources 0.154

3.7. Facilities and Operational Execution
This category evaluates the tangible, physical aspects of construction, examining how
the application of technology, design methodologies, and on-site logistics impact the

generation and mitigation of debris.

Table 6: Importance Index of Sub-criteria Regarding Facilities and Execution

Methods in Civil Projects

Sub-criteria (Facilities and Execution Methods) Importance
Index
Lack of national, regional, and municipal regulations governing waste 0.258
management '
Failure to implement correct material optimization management during the
. . 0.250
architectural design phase
Impact of utilizing modern methodologies within the construction industry 0.245
Lack of access to novel recycling technologies and continued reliance on
. 0.231
traditional methods
Establishment of a rigorous inspection unit to monitor the recycling and
. g . 0.230
separation of building debris
Absence of a micro-level program and strategy within the construction industry 0.228
for waste management '
Utilization of obsolete methods and outdated facilities in the construction industry 0.218
Failure to utilize defined standards for waste generation within civil engineering 0211
projects '
Apathy and irresponsibility among managers and project personnel toward waste 0.198
management )
Implementation of an on-site separation system for recoverable materials at civil 0193
engineering workshops ’
Drafting of efficient legislative codes regarding the use of sustainable building 0171

materials and green roofs
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Sub-criteria (Facilities and Execution Methods) Importance
Index
Failure to execute and manage operational tasks according to qualitative and 0.171
recognized standards '
Shortage of appropriate facilities and specialized equipment at waste disposal 0.165
centers ’
Municipal management's role in the segregation of construction debris 0.145
Time constraints and project delays stemming from weaknesses in planning and 0.145
project control '
Designing structures without incorporating critical waste management 0.139
considerations '
Utilization of antiquated machinery and equipment during the execution phase of 0.138

civil projects

3.8. Analytical Synthesis and Strategic Recommendations

A comprehensive quantitative synthesis of the aforementioned data reveals critical
insights into the systemic failures of current waste management paradigms. Notably, within the
operational execution category, two sub-criteria registered the highest mathematical
coefficients of importance: the "Lack of national, regional, and municipal regulations
governing waste management" and the "Failure to implement correct material optimization
management during the architectural design phase".

The prominence of these specific factors is a stark indicator of fundamentally flawed,
incomplete, or entirely absent managerial strategies at the executive level. To rectify this, there
must be a definitive, guaranteed commitment from high-level management to undergo a
paradigm shift geared toward institutional learning, maturity, and strict policy enforcement.

Furthermore, the data unequivocally demonstrates that integrating technologies and
facilities that possess strong economic justification is an absolute prerequisite for modern waste
management practices. A severe lack of financial resources, poor economic planning during
both the design and execution phases, and general macroeconomic constraints are identified as
the primary restrictive forces suffocating growth in the recycling sector.

In conclusion, achieving sustainable debris management is not merely a matter of
altering site-level behaviors; it requires a radical, fundamental transformation across the entire

industry pipeline. This transformation must invariably be initiated, cultivated, and strictly
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enforced by top-tier organizational management, subsequently filtering down through

comprehensive cultural re-education programs across all operational tiers.

4. Ecological Footprint of Concrete Production and Advanced Recycling
Methodologies
To comprehensively understand the necessity of recycling construction and demolition
(C&D) waste, one must first objectively quantify the profound and often irreversible

environmental toll exacted by the traditional global concrete industry.

4.1. Environmental Imperatives and Energy Consumption

Approximately 7% of all atmospheric carbon dioxide (CO2) emissions—equivalent to
an astounding 5.5 billion tons annually—are directly attributable to the global production of
1.6 billion tons of cement. Portland cement, the primary hydraulic binder utilized in modern
construction, is notoriously energy-intensive to manufacture and represents a primary catalyst
for greenhouse gas proliferation. With an annual global production rate approaching 18 billion
tons, concrete stands as the single most consumed manufactured material on Earth, driving an
unprecedented and continuous demand for cementitious binders.

The environmental implications extend far beyond atmospheric pollution. The
manufacturing process for a single ton of Portland cement requires an estimated 4 gigajoules
(GJ) of thermal energy and subsequently releases approximately 1 ton of CO; into the
atmosphere. Furthermore, the aggressive extraction of virgin primary materials, predominantly
limestone and clay, coupled with the combustion of coal required to fuel cement kilns, severely
exacerbates global deforestation and accelerates the irreversible depletion of fertile topsoil
layers.

In standard structural concrete mix designs, coarse and fine mineral aggregates account
for roughly 75% of the total mass, while cement constitutes approximately 12%. This
composition translates to a staggering annual consumption of 10 to 12 billion tons of natural
aggregates, including sand, gravel, and crushed stone. The extensive mechanical extraction,
processing, and long-haul transportation of these massive volumes consume colossal quantities
of fossil-fuel energy, fundamentally disrupting the delicate ecology of forest habitats and
riverbed ecosystems. Additionally, while standard construction debris is generally classified as
low-risk, the incidental inclusion of chemical adhesives, synthetic paints, and polymeric resins

poses significant long-term toxicological threats; unmitigated landfilling can result in the
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leaching of hazardous substances, including mercury and asbestos, into vulnerable

groundwater aquifers.

4.2. Advanced Concrete Recycling Methodologies

The industrial transition toward a circular construction economy relies heavily on the
efficacy of the methodologies used to reclaim concrete waste.

Mechanical Comminution: The most prevalent and industrially established
methodology for concrete recycling involves mechanical comminution using heavy-duty
crushers and abrasive mills. These systems can be dynamically deployed as mobile crushing
units directly on the demolition site—significantly mitigating transportation overhead—or
established as centralized, stationary recycling plants, which generally yield a higher-quality,
more consistent recycled aggregate due to superior calibration capabilities. To refine the
aggregate output, pneumatic blowers are utilized to isolate and expel low-density contaminants
such as timber, plastics, and sealing foams, while high-intensity electromagnetic separators
extract embedded ferrous reinforcements.

Electrodynamic Fragmentation: Beyond traditional mechanical crushing, cutting-
edge materials science research is exploring avant-garde recycling techniques utilizing thermal
processing, microwave irradiation, and electrodynamic fragmentation. Notably, researchers in
Germany have pioneered a highly efficient method leveraging artificial electrodynamic
pulses—analogous to highly controlled lightning strikes. When applied to submerged concrete
rubble, these targeted electrical discharges propagate through the material along the paths of
least resistance, effectively shattering the concrete matrix into its individual constituent
elements while maximizing the physical recovery of intact aggregates. Current laboratory-scale
implementations process approximately 1 ton of concrete per hour, with theoretical maximum
commercial capacities projected at 10 tons per hour.

Thermal-Mechanical Attrition (Heating and Rubbing Method): Another
innovative approach involves the simultaneous thermal heating and mechanical attrition of
demolished concrete. The abrasive friction generated during this process yields a highly
reactive fine byproduct known as Heating Rubbing Method (HRM) powder. This fine
particulate serves a dual purpose: it can be utilized as a valuable supplementary component in
new cement production and acts as a highly effective geotechnical stabilizing agent for earthen
slopes and embankments. Crucially, lifecycle assessments indicate that the incorporation of
these advanced recycling methodologies results in a drastically reduced or even net-negative

carbon footprint compared to traditional primary aggregate production.
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Table 7: Comparative CO2 Emissions of Aggregate Production and Recycling Methods

Production oy Total CO2 Emission (kg /
Scenario Methodology Description 1.000kg aggregate)

Heating & Rubbing Method (HRM) with cement

Case 1-1 soil stabilization deduction -85.0

Case 1.2 Heating & Rubbing Mgthod (HRM) with cement 877
load reduction deduction

Case 2 Traditional Crushed Stone Production (Natural 74

Virgin Aggregate)

4.3. Economic Viability and Logistical Justification

The strategic location of recycling facilities follows a hierarchical framework designed
to minimize capital expenditure: ranging from on-site recycling to minimize transport, to
localized separation, to centralized stations, and finally to remote processing units.

The primary economic drivers justifying the recycling of construction debris include
the escalating costs of virgin primary materials, the exorbitant logistical expenses associated
with hauling heavy debris from urban centers to peripheral disposal sites, and the steeply rising
taxation and tipping fees associated with landfill burial.

A historical, yet highly pertinent, case study validating the profound economic and
logistical advantages of C&D recycling is the reconstruction of the Eden Expressway in
Chicago during the 1950s. This landmark engineering project rigorously investigated the
feasibility of recycling 30,000 tons of existing concrete debris. The empirical results
demonstrated massive reductions in both total energy consumption and overall project
duration.

The logistical analysis calculated that heavy-duty transport vehicles, each with a 44-ton
payload capacity, consumed 1.22 MJ of energy per ton-kilometer. The study concluded that an
impressive 85% of the total concrete rubble generated was fully recoverable and recyclable on-
site. By strategically locating recycling nodes, the project achieved monumental savings in
fossil fuel consumption, preserved natural aggregate reserves, and drastically curtailed
atmospheric pollution. The stark contrast in logistical burdens between a traditional "dig-and-

dump" approach and an integrated recycling strategy is delineated below.
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Table 8: Economic and Energetic Comparison of Expressway Construction Logistics

Traditional Method (Without Sustainable Method (With

Logistical Metric Recycling) Recycling)

Total Debris Transported to 350,000 Tons 52.500 Tons

Landfill

Logistical Fleet Movement 7,900 outward tr1.ps & 7,900 1,200 outward tr1.ps & 1,200
return trips return trips

Total Energy Consumption 1.64 x 101 0249 x 10!

M)

5. Operational Framework and Material Characterization
While the theoretical and economic justifications for recycling construction and
demolition (C&D) waste are robust, the practical execution of these principles requires a
rigorous operational framework. This transition from macro-management to micro-level

material science is essential for integrating recycled materials into mainstream construction.

5.1. Prevailing Applications of Recycled Construction Debris
The utility of recycled construction debris extends significantly beyond mere landfill
diversion. When processed correctly, these materials can be reincorporated into various facets
of civil engineering, provided strict attention is paid to their physical and chemical sensitivities.
The most prevalent applications include:
e Structural and Non-Structural Concrete: Utilization as partial or complete replacements
for virgin coarse and fine aggregates in concrete and mortar mixes.
e Asphaltic Pavements: Incorporation into asphalt concrete, specifically in sub-base and
base layers for highway construction.
o Specialty Additives: The utilization of recycled rubber and plastic components within
specialized concrete matrices to enhance specific ductility or weight parameters.
e Architectural Components: Repurposing recycled tiles and pulverized brick powder for
aesthetic or secondary structural elements.
e Ancillary Construction Materials: Manufacturing plastic reinforcement spacers, water
stops, and synthetic fibers for crack mitigation in concrete.
e Geotechnical Applications: Employing crushed debris for landscaping, flood protection

walls, and moisture retention layers in extensive concrete pours.
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5.2. Global Paradigms vs. Local Context in Debris Management

To appreciate the necessity of local optimization, one must contextualize regional
practices against global standards.

The Global Perspective: Highly industrialized nations have conducted extensive
research on C&D waste, culminating in stringent executive regulations and engineering codes.
Prominent examples include the British Standard for demolition (BS 187:2000) and various
American standards (ACI guidelines, ASTM C1006, and ASTM C1021) focusing on the safe
deconstruction and recycling of hardened concrete. In China, construction debris accounts for
approximately 30-40% of all solid waste. Research indicates that China's concrete waste
volume surged from 239 million tons in 2010 to an estimated 638 million tons by 2020,
necessitating massive industrial-scale recycling infrastructure. Conversely, Japan, which
generates roughly 0.75 million tons of construction waste annually (accounting for 16% of its
total waste), has achieved an exemplary recycling rate, successfully recovering and repurposing
98% to 98.5% of its concrete and asphalt debris.

The Iranian Context: In stark contrast, construction debris constitutes a
disproportionately massive volume of the waste stream in Iran. The Tehran metropolitan area
alone generates an overwhelming 40,000 tons of C&D waste daily—equating to approximately
14 million tons annually. The vast majority of this debris is transported to massive landfill sites,
primarily Abali and Kahrizak. Alarmingly, only about 11% of this material is separated and
transported to private crushing units or brick kilns. Similar crises are evident in other major
Iranian urban centers; Shiraz generates roughly 3,500 tons daily, and Mashhad produces nearly
one million tons of masonry waste annually. This sheer volume underscores an urgent, critical

need for systematic management and localized recycling frameworks.

5.3. Empirical Sampling and Compositional Analysis: The Tehran Case Study

The structural recycling of concrete in Iran lacks a long-standing historical precedent,
making the acquisition of accurate historical data regarding waste composition exceedingly
difficult. To address this empirical gap, a direct observational and sampling study was
conducted at the Abali disposal site, one of the largest C&D landfills in Iran, located near the
Jajrud protected area on the outskirts of Tehran.

Field observations revealed a critical systemic failure: the complete absence of a
segregation management program. Debris originating from deep excavations, structural
demolitions, roadworks, and laboratory waste are systematically co-mingled and dumped as a

highly heterogeneous, unsegregated mass, forming massive artificial hills of rubble.

www.bmjournal.ir




Debris Management: Investigating the Feasibility of Recycling Construction ...

To objectively quantify the material composition, six random, representative samples
were extracted from the site following standard sampling protocols. These samples were
transported to a laboratory, initially passed through a 25mm sieve to remove oversized
anomalies, and subsequently subjected to meticulous manual separation and precise
gravimetric measurement. The materials were categorized into seven primary classifications:
Concrete, Brick, Natural Stone, Gypsum, Asphalt, Building Facade Stone, and Clay/Tile. The

granulometric and compositional breakdown is detailed in Table 9.

Table 9: Percentage Composition of Materials Present in the Extracted C&D Waste

Samples

Material Category Fraction Type Percentage (%)
Concrete Coarse Aggregate (Retained on Sieve No. 4) 36.0
Brick Coarse Aggregate (Retained on Sieve No. 4) 31.7
Natural Stone Coarse Aggregate (Retained on Sieve No. 4) 9.5
Gypsum Coarse Aggregate (Retained on Sieve No. 4) 12.0
Asphalt Coarse Aggregate (Retained on Sieve No. 4) 2.1
Building Facade Stone Coarse Aggregate (Retained on Sieve No. 4) 6.4

Clay / Tile Coarse Aggregate (Retained on Sieve No. 4) 1.3

Fine Aggregates (Soil/Dust) Fine Material (Passed through Sieve No. 4) 1.0

5.4. The Imperative for Mechanical and Physical Characterization

A primary barrier obstructing the widespread adoption of RCA in structural
applications is the profound lack of trust among employers, structural engineers, and
contractors regarding the material's mechanical reliability. Historical data and preliminary
trials indicate that this skepticism is often justified, as untreated recycled aggregates inherently
possess different microstructural properties compared to virgin rocks.

To overcome this barrier and scientifically validate the use of these materials, a
comprehensive suite of standardized laboratory tests must be executed. These tests are designed
to rigorously evaluate specific physical and mechanical properties, including but not limited
to:

o Compressive and Tensile Strength profiles.
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e Material Ductility and failure modalities.

e Carbonation depth susceptibility.

o Shrinkage and Creep over time.

e Modulus of Elasticity.

o Aggregate Density and Water Absorption rates.

e Abrasion Resistance (e.g., Los Angeles Abrasion Test).

e Durability under Freeze-Thaw cyclic loading.

e Aggregate Soundness against Sodium/Magnesium Sulfate degradation.
e Sand Equivalent values.

o Potential for Alkali-Silica Reactivity (ASR).

6. Empirical Evaluation and Characterization of Recycled Concrete Aggregates

To systematically address and potentially overcome the inherent skepticism within the
construction industry regarding the reliability of Recycled Concrete Aggregate (RCA), an
extensive array of standardized laboratory tests must be conducted. These evaluations are
paramount for quantifying the baseline physical characteristics of the raw recycled material
and understanding its subsequent mechanical behavior when integrated into a new concrete

matrix.

6.1. Physical Characterization of Sourced RCA

The samples extracted from the Abali disposal site were subjected to a rigorous testing
regimen to determine their suitability as structural aggregates.

Specific Gravity and Water Absorption: The presence of residual, adhered porous
mortar on the surface of crushed concrete particles fundamentally alters the density and
absorption profile of RCA compared to natural virgin aggregates. Testing conducted in strict
accordance with ASTM C127 and ASTM C128 standards revealed significantly lower specific
gravities and alarmingly high-water absorption rates. The high porosity of the adhered mortar
demands a higher water-to-cement (w/c) ratio to maintain workability, which, if not carefully
managed, can severely compromise the final strength of the concrete. The gravimetric
parameters are detailed in Table 10.

Table 10: Specific Gravity and Water Absorption Rates of Recycled Aggregates

www.bmjournal.ir



Debris Management: Investigating the Feasibility of Recycling Construction ...

. . . Water
Apparent Specific  Dry Bulk Specific SSD Bulk Specific .
Agegregate Type Gravity Gravity Gravity Abs(?;%tlon
(1]
Recycled Gravel
(Coarse) 2.28 1.79 2.00 12.2
Recycled Sand 1.57 132 1.48 12.4
(Fine) ’ ’ ) )

Abrasion Resistance and Mechanical Degradation: To assess the aggregate's
resistance to mechanical degradation and crushing during mixing and placement, the Los
Angeles Abrasion test was executed pursuant to ASTM C535. The tested RCA yielded a mass
loss of 42.8%. While this indicates a higher susceptibility to abrasion compared to premium
natural aggregates, it notably remains below the 50% maximum threshold mandated by both
ASTM guidelines and the Iranian National Standard, rendering it theoretically viable for
standard structural applications.

Durability and Environmental Soundness: The aggregate's resilience against internal
expansive forces caused by environmental weathering was evaluated through two primary
mechanisms. First, subjecting the aggregates to thermal freeze-thaw cycles (hot and cold
cycling) resulted in a nominal weight loss of 5.6%. Secondly, chemical soundness was assessed
by immersing the aggregates in a Magnesium Sulfate solution in accordance with ASTM C88.
As shown in Table 11, the degradation rates for both fine and coarse fractions fell well below

the 15% maximum allowable limit, demonstrating acceptable resistance to sulfate attack.

Table 11: Weight Loss of Recycled Aggregates in Magnesium Sulfate Solution

Aggregate Type Percentage of Weight Loss (%)
Recycled Gravel (Coarse) 8.7
Recycled Sand (Fine) 3.5

Additionally, the Sand Equivalent value (ASTM D2419), which indicates the relative
proportion of detrimental fine dust or clay-like materials, was recorded at 55%. Although this
value is lower than the historically recommended 75% threshold for premium concrete,
contemporary engineering standards often de-emphasize this specific metric for recycled

materials, provided other cleanliness parameters are met.
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6.2. Mechanical Properties of Concrete Utilizing RCA

The macroscopic mechanical behavior of the concrete matrix is intricately linked to the
quality of the substituted aggregates.

Compressive, Tensile, and Flexural Strength: Extensive research by Evangelista et
al. demonstrated that replacing up to 30% of natural fine aggregates with fine RCA yields
negligible detrimental effects on the ultimate compressive strength of the concrete.
Intriguingly, longitudinal temporal analyses revealed that, unlike conventional concrete whose
strength development plateaus, RCA-formulated concrete exhibits continued strength
acquisition at later ages. This phenomenon is primarily attributed to the latent hydration of
unreacted cementitious particles embedded within the recycled aggregates. Furthermore,
Evangelista noted an actual increase in tensile and flexural strengths correlative with the
substitution rate of fine RCA.

Corroborating these findings, Zega (2011) conducted evaluations on concrete
specimens utilizing a w/c ratio of 0.45, incorporating 20% and 30% fine RCA replacements.
As detailed in Table 12, the incorporation of RCA not only maintained but, in some metrics,

slightly enhanced the structural capacities compared to the natural control specimen.

Table 12: Comparative Mechanical Properties of Concrete with Fine RCA

Replacement

Mechanical Propert Curing Age Normal Concrete Concrete with Concrete with

PV (Days) (0% RCA) 20% RCA 30% RCA
Compressive
Strength (MPa) 28 41.4 42.7 43.6
Compressive
Strength (MPa) 84 48.6 49.4 50.2
Splitting Tensile
Strength (MPa) 28 4.0 4.4 4.3
Modulus of Elasticity
(GPa) 28 32.9 34.8 354

Ductility, Modulus of Elasticity, and Failure Modalities: Investigations by Song,
Xiao, and Li concerning the stress-strain behavior of RCA concrete revealed that structural
failure predominantly manifests as shear fracture. The data indicates that concrete formulated

entirely with recycled materials fails more abruptly, signifying a higher degree of brittleness
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compared to natural concrete. While the general morphological curve of the stress-strain graph
remains consistent, an increase in RCA replacement volume directly correlates with a reduction
in the total area under the curve and a corresponding depression in the maximum ultimate
compressive strength.

Furthermore, the Modulus of Elasticity in RCA concrete is demonstrably lower than its
natural counterpart, an expected outcome given the lower stiffness of the adhered mortar.
Evangelista verified that up to a 30% replacement threshold, elastic deviations are marginal;
however, 100% replacement triggers a severe drop in elasticity. This research also empirically
validated the predictive equation proposed by Zilch and Roos for calculating the Modulus of
Elasticity (E.) based on compressive strength (fc) and concrete density (p):

E.=ax (f; +8)'3 x (%)2

6.3. Long-Term Durability and Serviceability Parameters

Shrinkage, Creep, and Carbonation: The inherently high-water absorption capacity
of RCA translates directly to exacerbated volumetric instability. Empirical studies demonstrate
that the 90-day drying shrinkage of concrete comprising 100% RCA is approximately 0.600
mm/m, effectively double the 0.300 mm/m observed in standard natural concrete. Additionally,
the elevated porosity facilitates a rapid ingress of atmospheric CO,, accelerating the
carbonation process. At a 60% aggregate replacement level, carbonation depth was observed
to increase by a staggering 62%. Mitigating this chemical vulnerability requires the strategic
inclusion of supplementary cementitious materials (SCMs), such as fly ash or steel slag, which
actively densify the pore structure and reduce carbonation depths.

Alkali-Silica Reactivity (ASR) Potential: The potential for deleterious Alkali-Silica
Reactions was evaluated using the accelerated short-term method (ASTM C1260). At the
standard 14-day mark, the RCA specimens exhibited an expansion coefficient of less than
0.1%, nominally classifying the material as non-reactive. However, a critical longitudinal
observation of the data trajectory revealed a continuous upward trend in expansion approaching
the 35-day mark. This sustained expansive behavior indicates a latent risk of ASR-induced
micro-cracking over the extended service life of the structure, necessitating careful mitigation

strategies in mix design.
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7. Beneficiation and Surface Treatment Methodologies for RCA
As established in the preceding mechanical evaluations, the primary deficit of Recycled
Concrete Aggregate (RCA) lies in the porous, unhydrated mortar adhered to the surface of the
original virgin aggregate. To mitigate these deficiencies—specifically high-water absorption
and lower specific gravity—researchers have developed several sophisticated beneficiation

methods designed to either strip the weak mortar or reinforce its micro-structure.

7.1. Acidic Immersion and Chemical Peeling

One effective method involves soaking the RCA in low-concentration acidic solutions
(such as Hydrochloric Acid [HCI], Sulfuric Acid [H2SO4], or Nitric Acid [HNOs3]). The acid
chemically reacts with the alkaline cement paste, dissolving the weak, porous outer layer and
resulting in a denser, structurally sounder aggregate particle. Research demonstrates that this
chemical peeling significantly alters the bulk density and mass of the aggregates. Notably,
treatment with HoSO4 yields the highest mass loss (peeling effect) and subsequent density
recovery, while combined treatments (e.g., HCl with Silica Fume) show unique mass
stabilization. Consequently, concrete cast with these acid-treated aggregates demonstrates a

marked increase in compressive strength over standard RCA mixes.

Table 13: Alterations in Specific Gravity and Mass Loss Following Acidic

Beneficiation
Aggregate Designation Treatment Solution Mass Loss (%)  Specific Gravity
NA Natural Aggregate (Control) - 2.71
RA Untreated Recycled Aggregate - 2.47
RA(HCI) Hydrochloric Acid Solution 1.52 2.49
RA(H2SO4) Sulfuric Acid Solution 5.63 2.65
RA(HNO:3) Nitric Acid Solution 2.50 2.55
RA(HCI & SF) Hcﬂngrsei;fftiime 3.37 2.62

7.2. Thermal-Mechanical Attrition (Heating and Rubbing)
Research conducted by Shrinath H. and colleagues explored a dual physical-thermal
approach to remove adhered mortar. The RCA is initially heated to 150°C for 30 minutes,

which creates extreme thermal stresses that weaken the bond between the original aggregate
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and the old cement paste. Following thermal exposure, the aggregates are subjected to
mechanical abrasion using a Los Angeles machine operating at 150 RPM with 8-kilogram
batch loads. The abrasive action aggressively strips the embrittled mortar, and the resulting

material is passed through a 4.75 mm sieve to harvest the optimized coarse aggregate.

7.3. Cementitious Slurry Impregnation
Rather than stripping the weak mortar, the slurry impregnation method seeks to fortify
it by sealing the surface pores, thereby enhancing the interfacial transition zone (ITZ) within
the new concrete mix.
e Standard Slurry (CS): Untreated RCA is thoroughly mixed into a cement slurry with
a water-to-cement ratio of 0.50. The coated aggregates are sun-dried and subsequently
submerged in water for 7 days to allow the slurry coating to hydrate and cure fully.
e Slurry with Fly Ash (CS+FA): To further densify the coating and leverage pozzolanic
reactions, this variation replaces 20% of the cement in the standard slurry with fly ash.
A comparative analysis of these methods reveals that the Heating and Rubbing method
(H&S) yields the most substantial structural enhancements, outperforming the slurry
impregnation techniques across almost all mechanical indices, particularly in reducing

aggregate crushing and abrasion values.

Table 14: Comparative Evaluation of Beneficiated RCA against Untreated and

Natural Aggregates

Physical / Heating & Cement
Mechanical ANa?;re;lte Urﬁré:i[ed Rubbing RCA Slurry RCA S}l{ucrrg ;CI;IJZ]FA:)}I
Property gereg (H&S) (CS)
Specific Gravity 2.89 2.15 2.40 2.39 2.50
Water
Absorption (%) 0.50 4.50 3.18 3.20 3.25
Impact Value 7.00 9.00 8.00 18.00 16.00
(%0)
g;;shmg Value 9.25 16.50 11.25 16.79 15.20

(1]

8. Conclusion and Strategic Recommendations
The transition from a linear extraction model to a circular construction economy is no

longer merely an ecological preference, but a strict necessity for the survival and modernization
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of the global construction sector. Experimental data unequivocally demonstrates that while
untreated recycled concrete aggregates inherently exhibit higher water absorption—a factor
that can increase water demand and elevate the risk of shrinkage cracking—these properties
can be effectively rectified through advanced beneficiation methodologies such as thermal
attrition, chemical peeling, and surface coating.

However, achieving this paradigm shift requires systemic intervention beyond the
laboratory. Therefore, the following strategic mandates are proposed:

1. Industrial Realignment: The cement and concrete industries must be forcibly steered
toward sustainable development paths to mitigate escalating environmental and social
externalities.

2. Extended Material Lifecycles: Manufacturers must be incentivized to increase the
functional lifespan of building materials, encouraging end-users to adopt durable,
sustainable alternatives to preserve finite global resources.

3. Cultural and Educational Overhaul: A comprehensive, industry-wide educational
campaign is required to raise awareness among contractors and the general public,
building institutional trust in RCA and incentivizing waste segregation strictly at the
source of demolition.

4. Legislative Mandates: It is imperative that upper-echelon management, specifically
regional planning and budgetary organizations, immediately draft and enforce rigorous
engineering codes and quality assurance standards governing the mandatory inclusion
of recycled materials in public infrastructure concrete.

5. Privatization and Efficiency: To maximize operational efficiency and limit further
ecological degradation, government entities should actively outsource C&D recycling
operations to specialized private sector entities, particularly those contractors currently
engaged in virgin natural aggregate mining.

Through rigorous segregation, scientific beneficiation, and aggressive managerial
oversight, Recycled Concrete Aggregates can confidently transition from experimental

substitutes to the foundational cornerstone of sustainable urban development.

9. References
[1] Li, X. (2008). Recycling and reuse of waste concrete in china. Resources,

Conservation and Recycling, 53(1-2), 36-44.

www.bmjournal.ir



Debris Management: Investigating the Feasibility of Recycling Construction ...

[2] Tam, V. W. Y. (2009). Comparing the implementation of concrete recycling in the
Australian and Japanese construction industries. Journal of Cleaner Production, 17(7), 688-
702.

[3] Rao, A., Jha, K., & Misra, S. (2007). Use of aggregates from recycled
construction and demolition waste in concrete. Resources, Conservation and Recycling,
50(1), 71-81.

[4] Rezaei, H., & Lashgaripour, G. (2009). Geotechnical characteristics of
construction debris and their application in civil projects. 6th Iranian Engineering Geology
and Environment Conference, Tarbiat Modares University.

[5] Evangelista, L., & de Brito, J. (2007). Mechanical behaviour of concrete made
with fine recycled concrete aggregates. Cement and Concrete Composites, 29(5), 397-401.

[6] Zega, C. J., & Di Maio, A. A. (2011). Use of recycled fine aggregate in concretes
with durable requirements. Waste Management, 31(11), 2336-2340.

[7] Tabsh, S. W., & Abdelfatah, A. S. (2009). Influence of recycled concrete
aggregates on strength properties of concrete. Construction and Building Materials, 23(2),
1163-1167.

[8] Raval, D., Patel, N., & Pitroda, J. Eco-Efficient Concretes.: Use of ceramic
powder as a partial replacement of cement. International Journal of Innovative Technology
and Exploring Engineering.

[9] Maleki, F., & Peykanpour, P. (2015). Environmental impacts of the concrete
industry and the role of recycling in the environment. International Conference on
Engineering Sciences, Dubai, UAE.

[10] Gorjinia, A., et al. (2014). Mechanical and durability properties of concretes
manufactured with biomass bottom ash and recycled coarse aggregates: Materials and
Design.

[11] Saravanakumar, P., & Manoj, B. K. (2016). Properties of treated recycled
aggregates and its influence on concrete strength characteristics. Construction and Building
Materials, 111, 611-617.

[12] Marinkovic, S., Radonjanin, V., Malesev, M., & Ignjatovic, 1. (2010).
Comparative environmental assessment of natural and recycled aggregate concrete. Waste
Management, 30(11), 2255-2264.

[13] Majedi Ardakani, M. H., & Madani Homayoun. (2012). A review of construction
debris management. Building and Housing Research Center, Report No. 623 (Ist ed.).

www.bmjournal.ir



Debris Management: Investigating the Feasibility of Recycling Construction ...

[14] Arezoumandi, M., Smith, A., Volz, J. S., & Khayat, K. H. (2015). An experimental
study on flexural strength of reinforced concrete beams with 100% recycled concrete
aggregate. Engineering Structures, 88.

[15] Ali Mohammadi, E., & Mahdavi Adeli, M. (2016). Investigating recycling
methods of construction waste from debris in reconstruction in Masjed Soleyman.
International Conference on Innovation in Science and Technology, Barcelona, Spain.

[16] Sepehri, F. (2016). Construction materials produced from waste recycling.
International Conference on Innovation in Science and Technology, Barcelona, Spain.

[17] Berenjian, J., & Lotfi Omran Marzara. (2016). Laboratory evaluation of
replacing recycled aggregates on the mechanical properties of high-strength concrete with
an approach to sustainable development and environmental protection. 3rd International
Conference on Research in Engineering, Science and Technology, Batumi, Georgia.

[18] Sartipipour, F. (2014). Feasibility of material recycling in post-disaster
reconstruction.

[19] Past, V., & Yaghmaeian, K. (2017). Selection of the best construction waste
disposal management method in Tehran with a sustainable development approach based on
the AHP technique.

[20] Karimi Dastgerdi, M., & Mollazadeh, N. (2018). Identifying and ranking factors
affecting construction waste management using multi-criteria decision-making method.
International Conference on Civil Engineering, Architecture and Urban Development

Management in Iran, University of Tehran.

www.bmjournal.ir



