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ABSTRACT
OF THE THESIS OF

Hadi Mohamad Tawbe for Master of Engineering
Major: Civil Engineering

Title: Post-War Construction Demolition Wastes Recycling and Reusing in Sustainable
Practices

One of the major consequences of the recent war on Lebanon in 2023-2024 is the vast
destruction of infrastructure and habitations in various towns and villages, mainly in
South Lebanon, the Beqaa region, and the Southern Suburb of Beirut.

The full or partial demolitions that ensued resulted in massive amounts of construction
rubbles and debris of all kinds which, for the most part, are still lying on site. Solutions
are now urgently awaited, and some are being proposed to manage the waste debris,
ranging from large-scale to local interventions that are still under investigation.

The American University of Beirut (AUB) in partnership with South for Construction
(SFC) - “Jlee M 531 - "and with the engagement of the affected communities, are
herewith proposing a practical and rapid solution for the recycling/reuse of the
construction demolition wastes (CDW) that will have a valuable outcome to impact
positively on the built environment, the financial benefits, and the social fabric of
communities.

Technically, the solution that is here being explored aims at repurposing the waste
debris to be recycled and used as justifiable construction materials in the reconstruction/
retrofitting of the demolished/damaged habitations. In particular, the process to be
adopted considered the crushing of the debris to transform into construction aggregate
sizes, then to be used as a partial substitute for conventional aggregates consisting of
natural fine sands and coarse gravels. Such an environmentally sound process will
inherently contribute to the reduction of natural resource depletion, and thus present
itself as one viable and sustainable construction practice.

In the present circumstances, and for practicable and efficient reasons, the waste debris
were kept assembled on site “as is”, thus not sorted by material constituents and sizes.
In this research, rubbles from 5 demolished sites in South Lebanon from Zraryieh and
Ansar and the Southern Suburb of Beirut from Laylaki, Bir El Abed, and Sayed Hadi
Highway were identified and studied. Then samples of these materials were taken to
the crushing site, where part of each sample was crushed once and the other part was
crushed twice. Then these samples were investigated in the labs and their physical,
mechanical, and chemical properties validated as substitute construction aggregates
(fine and coarse).

Multiple tests in stages and phases were conducted similarly per site to evaluate the
physical, mechanical, and chemical properties of the crushed materials (Stage 1), with
the aim to reach the optimal cementitious and concrete mixes from preliminary testing



for each site, with the crushed aggregates at the two levels/sizes and considering the
various replacement percentages considered (Stage 2). And using this optimal mix,
further required tests on the concrete samples were conducted to assert the soundness
and validity of the crushed debris or alternate aggregates as viable sustainable
construction materials (Stage 3).

The current research and thesis focused on the technical aspect of CDW. This is
complemented with other parallel work which has been or is being concurrently
conducted on CDW management, economic feasibility, and policy advocacy with the
proper authorities.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..o eee e eeeeee e e 1

ABSTRACT e 2

ILLUSTRATIONS oot a e 6

A B L S e e e 7

ABBREVIATTIONS .o 8

INTRODUCGCTION ... 9
BACKGROUND, LITERATURE REVIEW, OBJECTIVES,

AND SCOPE ... e 12

2.]. BACKGROUND ... oottt e e e e e e e e e e e eanns 12

2.2. LITERATURE REVIEW ...ttt 17

2.3. OBJECTIVES AND SCOPE ...euu ettt e e e e eeeeeeenns 19

EXPERIMENTAL PROGRAM AND SETTING .......cceevneennen... 21

3.1. RUBBLE PROCESSING ...eeuttttieeie et e e e e e e e eeeeeenneaeees 21

3.2. SIEVE ANALYSIS AND GRADATION ....eiineeieeeeeeeeeeeeeeeeeeeeeneaeens 25

3.3. PHYSICAL CHARACTERISTICS . cteuteteneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennaeaens 25

3.4. CHEMICAL CHARACTERISTICS..ceuuteteueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenaeaees 25

3.5. HARDNESS AND ABRASION RESISTANCE TESTS w.ueevveeeeiieeeeinnnne. 28

3.0, MIX DESIGN ...ttt e e e e e e eaaeeees 29

3.7. EXPERIMENTAL PROGRAM ....cootteeeeiieeee et eeen 30

ANALYSIS AND RESULTS oo 32

4. 1. PHYSICAL RESULTS .. cetettte et e e eee e e e e e e e enans 32

4.1.1. SPECIFIC GRAVITY AND ABSORPTION ....covuneeeeieeeeeeieeeeeeeeeeeeeennnns 32



4.1.2. SIEVE ANALYSIS AND GRADATION ...ouuiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeennans 34

4.2. CHEMICAL RESULTS . ..ccctttiiiiiieeiiieeeieeeeieeesineessveeeseveeeenneeens 38
4.2.1. SULFATE AND CHLORIDE TESTS....ccuttiiiiiaiiieniieeniieeeieeeeiee e 38
4.2.2. ASBESTOS ANALYSIS ...uuttieitieeiteeeiieeeiiee ettt e siteesieeesieeeesieeeseaneens 39
4.3. MECHANICAL RESULTS ....cceiitiiieiiieeeiieeeiieeesinee e e eiveeeeeeeeens 40
4.3.1. LOS ANGELES AND IMPACT VALUE TEST......ccooctieriieeniieenieeeneneenn 40
4.4. COMPRESSIVE STRENGTH TEST.....cettiiiiiiiieeeeiiiieeeeieeee e 41

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS44

5.1 SUMMARY ...utttiiiiiiie ettt e e e e et e e e e e e e e e aaaraareeeeeeeeenans 44
5.2. PROCESSING, TESTING, RESULTS, AND CONCLUSIONS ................ 45
5.3. RECOMMENDATIONS FOR FUTURE WORKS: ........ccovvvvvvvveeeeeeenen. 47
APPENDIX ittt aees 49
REFERENCES ... ..ottt 50



ILLUSTRATIONS

1. Construction Rubbles In South Lebanon ..........cccccccevieniiiiinieniiienieneeieeeeeesene 14
2. Destruction In Southern Suburb Of Beirut ...........ccoevieniiiiniiniiiiiiceeeceeen 14
3. Collecting Rubbles From Destroyed Dwellings ............ccccveeviveeiiieeiiieeieeeieeeieeeae 23
4. Crushing Rubbles at South for Construction's Site..........cccevveeviivinicnieneniicneeneene. 24
5. Crushed RUbbles On Site.........coouiiiiiiiiieiieeieeie ettt 24
6. Recycled Aggregates Gradation For Four Different Samples..........ccccocenieninninin. 26
7. Sieve Shaker MaChiNe ..........coooiiiiiiiiiiiiiiie et 27
8. Specific Gravity And Absorption Tests On Fine Aggregate .........ccccevveveevenecnnnnnn 27
9. Los Angeles Test MaChiNe .........cceeviiiiiiiiiiiiieeieeee e 28
10. Aggregate Impact Value TeSt .......cccueeviiiiiieiiieiieieeeee et 28
11. Casting Concrete Mixes With Different Replacement Percentages ...........c..ccc.... 31
12. Compressive Strength Test For Concrete Cylinders..........cccoevieeiieniieiiieniiinienns 31
13. Graph Showing Sieve Analysis Results For All Crushed Once Samples................. 36
14. Graph Showing Sieve Analysis Results For All Crushed Twice Samples............... 37

15. Graph Showing Sieve Analysis Results For Sample From Bir El Abed Mixing 50%
Crushed Once And 50% Crushed TWICE ........cccoeruiriniiiriiieicieneeeneeeeeeeee e 37

16. SEM Image For CDW Sample .......c.coociiiiiiiiiiiiieriieeieeee et 39



TABLES

1. The Mix Design Of 1 M3 Of CONCIELE........covurieiieriieeiieiieeieerireeieeeee e seveevee e e 29
2. The Mix Design For Four Cylinders Using CDW Crushed Once.........cccccecvevurennnnne. 30
3. The Mix Design For Four Cylinders Using CDW Crushed Twice .........cccccoeeuenne 30
4. Specific Gravity And Absorption Results For Coarse Crushed Aggregates .............. 33
5. Specific Gravity And Absorption Results For Fine Crushed Aggregates .................. 34
6. Coarse And Fine Aggregates Percentages In The Ten Samples...........ccceevveeciiennnns 35
7. Chloride And Sulfate Content Results For All Samples..........ccccooeveviieviieniiiniennnnn, 38
8. Los Angeles And Impact Value Test Results For All Samples..........cocceveeviniennnn 40

9. The Compressive Strength Results For All Samples Crushed Once On Different
Replacement Percentages (Control Mix=34 MPa At 28 Days).......ccccevuerveenicnieennenns 42
10. The Compressive Strength Results For All Samples Crushed Twice On Different

Replacement Percentages (Control Mix=34 MPa At 28 Days).......ccccevvuveveinicniicennenns 43



ABBREVIATIONS

CDW — Construction Demolition Wastes

LIBNOR — Lebanese Standards Institution

ASTM — American Society for Testing and Materials
SEM — Scanning Electron Microscopy

LEAF — Laboratories for The Environment, Agriculture, and Food
BIR-S1 — Bir El Abed sample crushed once

LAY-S1 — Laylaki sample crushed once

ANS-S1 — Ansar sample crushed once

ZRA-S1 — Zrarieh sample crushed once

SHH-S1 — Sayed Hadi Highway sample crushed once
BIR-S2 — Bir El Abed sample crushed twice

LAY-S2 — Laylaki sample crushed twice

ANS-S2 — Ansar sample crushed twice

ZRA-S2 — Zrarieh sample crushed twice

SHH-S2 — Sayed Hadi Highway sample crushed twice



CHAPTER 1

INTRODUCTION

In the aftermath of crises - such as an explosion, war, or tsunami - being
surrounded by widespread destruction and ruins, the immediate and unavoidable
question arises: what should be done with all this devastation, and how can it be
possibly rebuilt?

From a civil engineering perspective, the widespread presence of ruins and
rubble following major crises represents not only a challenge but also a significant
opportunity. By rethinking debris as a valuable resource, this research explores the
potential of recycling concrete and construction waste as a sustainable solution for post-
disaster reconstruction. Such an approach can reduce environmental impact, alleviate
the burden on governmental waste management systems, and lower material costs,
while simultaneously accelerating recovery efforts. Moreover, advancing the reuse of
rubble contributes to innovation in engineering practices, promoting resilient, efficient,
and environmentally responsible rebuilding strategies that ultimately support a safer and
improved quality of life.

Recycling concrete has been a case of study for research since concrete wastes
are very hard to dispose of without harming the environment. Moreover, it is a pressing
need and a priority, not only in Lebanon but in different Middle Eastern countries as
well, due to the recent strifes and wars that took place and the destruction to buildings
which ensued. To cite, Lebanon Emergency Assistance Project (2025) mentioned that
the World Bank and Lebanon’s government estimate a total amount of rubbles
generated by the latest war on Lebanon (2023-present), which sheds light on an

environmental catastrophe seeking for urgent solutions.



Another problem is related to natural aggregates which lead to an excessively
high demand since the construction sector is the fastest-growing, thus it is one of great
interest considering that natural aggregates are depletable. In an investigation done in
the year 2015, consumption of natural aggregates recorded 48.3 billion metric tons and
rising steadily at the rate of about 5% per annum (Saif and Khalid, 2019).

Sand was ranked as the second most exploited natural resource after water and
the risk of its exploitation is increasing due to illegal and unsustainable methods used
for extraction, leaving marine ecosystems in actual catastrophe. Joyce Msuya, the
Acting Executive Director of UN Environment mentioned that “We are spending our
sand ‘budget’ faster than we can produce it responsibly” (Laguna, 2019).

Based on the studies and taking “advantage” of the current situation represented
by the availability of enormous amounts of rubbles, thus turning adversity into a
promising opportunity, reusing these rubbles reflects positively on both economic and
environmental aspects by reducing the cost and hazard of construction.

The technical solution to dispose of tons of rubble from demolished buildings
resulting from the current war on Lebanon is recycling in order to repurpose these
wastes in the domain of construction. In this study, the aggregate wastes were
transformed into a resource targeting a sustainable construction material, thus
decreasing their harmful environmental impact on nature. In particular, debris were
crushed into aggregates of different sizes to replace sand and gravel in concrete mixes
and other construction applications.

The research studied the particle size distribution, resistance of aggregates to
abrasion, durability against chemical attacks, and the compressive strength of different

concrete mixes with various replacement percentages targeting the optimal percentage
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of replacement. Such an attempt will have a significant impact on the environment,
reducing the consumption of natural resources, especially coarse and fine aggregates,
thus contributing to sustainability in the field of construction.

Further, and if the above is technically validated as a “good” alternative
construction material, it will then be vital to identify processes that will allow the
owners of the demolished residences to have control over and benefit financially from
their “own” debris. This can be achieved by empowering the residents to reuse their
debris and save on their own needed materials as they rebuild or retrofit their personal
habitations; alternatively, too, this will allow them to market and sell directly to
contractors or construction industries if they decide to do so. This will also contribute
to a speedier process of recovery that may allow the residents in the devastated areas to
return “home” faster and bring life back to their communities where they should be.

The process can also be used in other public applications by municipalities or
government, such as roads and other constructions.

This thesis is composed of five chapters. Starting with this introduction by
giving a wide scoop on the rubble use and the main problems for aggregates used in
concrete. Then chapter two includes background research and literature review related
to the use of recycled aggregates in cement and concrete especially for compressive
strength and other main characteristics. Chapter three expands the experimental part of
the research, outlining all lab tests done on different types and sizes of crushed rubbles
and explaining the way of using them. The fourth chapter discusses the results of the
tests done in chapter three. Finally, the conclusions and recommendations are

mentioned in the fifth chapter, leaving room for future research.
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CHAPTER 2
BACKGROUND, LITERATURE REVIEW,
OBJECTIVES, AND SCOPE

2.1. Background

The recent war in Lebanon has caused unprecedented destruction to the built
environment, generating an estimated tens of millions of tons of construction and
demolition waste (CDW). This waste presents significant environmental, public health,
and economic challenges, while also offering an opportunity for sustainable post-
conflict recovery through recycling and reuse. This research aims to develop
scientifically validated, technically sound, and locally applicable solutions for utilizing
CDW as sustainable construction materials in Lebanon. Building on extensive
preliminary and ongoing research conducted at the American University of Beirut
(AUB) since early 2025, the study expands experimental validation across multiple
demolition sites to capture material variability and improve the reliability of recycled
CDW applications.

The research integrates laboratory experimentation at AUB’s Civil and
Environmental Engineering laboratories with fieldwork involving CDW collection and
crushing in collaboration with industry partners. It investigates the physical,
mechanical, chemical, and environmental properties of recycled CDW and optimizes
cementitious and concrete mix designs for structural and non-structural applications,
including concrete elements, masonry blocks, paving units, and road base and sub-base
layers. In parallel, the study evaluates environmental risks, economic feasibility, and
life-cycle environmental impacts relative to conventional quarry-sourced aggregates. A

central objective is to translate research findings into practice and policy by supporting

12



the development of national standards in coordination with the Lebanese Standards
Institution (LIBNOR) and engaging key stakeholders to promote real-world adoption.
Collectively, the project contributes to sustainable reconstruction, resource
conservation, reduced environmental impact, and the advancement of circular economy
principles in post-conflict Lebanon.

The impact of replacing recycled aggregates in concrete mix depends on the
quality, degradation, and replacement percentage of aggregates. For this, studies were
conducted in the domain of recycled aggregate replacement in order to investigate their
impact on the compressive strength of variant mixes and the characteristics of these
recycled aggregates compared to natural ones.

Lebanon has experienced recurrent episodes of large-scale destruction over the
past decades, including civil conflicts, regional wars, and catastrophic events such as the
Beirut Port explosion. The most recent war (2023-2024) has resulted in unprecedented
levels of damage to residential, commercial, and infrastructural assets, particularly in

South Lebanon, the Southern Suburb of Beirut, and the Bekaa region (Figures 1 and 2).
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Figure 2. Destruction In Southern Suburb of Beirut
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According to the World Bank as quoted by the Lebanon Emergency Assistance
Project (2025), this destruction has generated about 14 million cubic meters of rubbles
or about 30 million of construction and demolition waste (CDW) from an estimated
270,000 partially or fully damaged housing units (these are early figures which have
increased with continuing post-war targeted destructions). These consisted primarily of
reinforced concrete, masonry blocks, bricks, tiles, and associated cementitious
materials. Post-war demolition debris in Lebanon is largely unsorted and accumulated
on site, posing immediate environmental and logistical challenges.

The 2019 economic and financial crisis in Lebanon intensified the inefficiencies
and unstable finances already affecting the solid waste management industry. According
to the World Bank, just 8% of solid waste was processed; the rest was handled by
unsanitary disposal methods and simple collecting systems. Given the extent of
infrastructure damage and the interruption of vital services, the solid waste and debris
management industry has significant recovery needs, totaling US$145 million. The
crucial safe removal and management of 16.9 million tons of hazardous trash and debris
accounts for US$105 million of this total. In order to reduce threats to the environment
and public health, it is crucial to clear, classify, and recycle debris, including hazardous
and e-waste, throughout the recovery phase. Rubble removal and sustainable
management to guarantee safe disposal and recycling are top priorities for the solid
waste sector. (World Bank, 2025)

In the post-2006 war period in Lebanon, the situation was mainly driven by
strong public resistance to new sanitary landfills, worsened by limited public awareness
and weak community consultation. Local authorities were reluctant to approve such

projects because importing waste from other areas was highly unpopular, while the
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absence of clear waste management legislation further hindered proper solutions. As a
result, open dump sites remained common across the country, prompting the European
Union to fund studies to assess and rehabilitate these sites. Construction demolition
wastes (CDW) were stored until 2011 and was later disposed of through sea dumping.
(UNEP, 2007)

This situation remained unchanged up to the present. In the absence of
systematic post-war debris management strategies, CDW has largely remained
stockpiled on-site or transported to temporary dumping locations. This situation poses
significant environmental risks, including land degradation, dust emissions, leaching of
contaminants, and uncontrolled resource depletion through renewed quarrying of
natural aggregates. At the same time, CDW represents a potentially valuable secondary
resource that can be transformed into usable construction materials if properly
characterized, processed, and regulated.

After the devastating earthquakes in Turkey that took place in February 2023,
the United Nations Development Programme (UNDP) and the Government of Japan
signed a US$4.83 million (JPY700 million) agreement to construct state-of-the-art
recycling facilities for rubble in Hatay and Kahramanmarag in 2023. The disaster
resulted in about 50,000 people dead and leveled more than 313,000 buildings, leading
to a bleak post-destruction environment marked by fractured concrete slabs and twisted
steel members.

Up to 90% of construction debris can be repurposed, according to past disaster
experience. Eighty-one percent of the material left over from the terrible 2011
earthquake and tsunami was recycled in Japan. The new facilities were used to carefully

extract asbestos and other hazardous wastes from the debris, sort scrap metal and other
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recyclables, and crush cement for use as paving and building material. They are the first
of their kind to be built in the area impacted by the earthquake. (UNDP, 2023)

While CDW recycling is widely practiced in controlled demolition contexts in
many countries, post-conflict environments present unique challenges. Debris is
typically unsorted, heterogeneous, and contaminated, and must be managed under
urgent recovery timelines. These conditions necessitate locally tailored research that
accounts for material variability, performance reliability, and safety considerations

before CDW can be responsibly reused in construction.

2.2. Literature Review

International research has demonstrated that recycled aggregates derived from
CDW can partially or fully replace natural aggregates in concrete and other construction
applications. Studies have reported acceptable mechanical performance at moderate
replacement ratios, particularly when mix designs are optimized to account for higher
porosity, water absorption, and variability of recycled aggregates (Evangelista and de
Brito, 2007; Hoffmann et al., 2012; Gupta et al., 2016; Kudupaje et al. 2017; Omary et
al., 2017). CDW has also been successfully applied in non-structural elements, precast
components, and road base and sub-base layers.

A case study in Beirut, Lebanon, was assessed by Srour et al. (2013), where the
economic feasibility of expanding a recycling facility was examined. The findings
support the need of creating and enforcing laws to prevent illegal dumping, building and
maintaining engineered landfills, and creating markets for recycled CDW.

However, most existing studies assume controlled demolition, source separation,

and standardized recycling processes—conditions that are rarely met in post-war
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settings. Furthermore, limited research addresses the combined challenges of unsorted
CDW, site-to-site variability, environmental and hazard assessment, and direct
applicability to national standards frameworks. In Lebanon, the absence of locally
validated standards and norms for CDW reuse remains a major barrier to adoption by
engineers, contractors, and public authorities.

Since early 2025, research teams at AUB have initiated a coordinated effort to
address the CDW crisis through experimental validation, applied testing, and
stakeholder engagement. A final year project (FYP) was completed where hollow
blocks from rubbles were crushed and the resulting aggregates reused specifically in
hollow blocks (Bdeir et al., 2025). Then the work on the current project started, in
partnership with industry collaborators to outline a practical framework for collecting,
crushing, testing, and reusing post-war CDW without prior sorting, except for the
removal of the “valuable” steel reinforcement. This effort has been supported by
laboratory experimentation conducted at AUB’s Civil and Environmental Engineering
(CEE) Laboratories, focusing on the physical, mechanical, chemical, and durability
properties of crushed CDW obtained from multiple but limited demolition sites.

In parallel, the research has been disseminated through academic and
professional platforms, including at an AUB conference on research in crisis settings
(Tawbe et al., 2025), and as a technical presentation delivered at a national coordination
meeting with the Lebanese Standards Institution (LIBNOR), a public institution
attached to the Ministry of Industry. These engagements highlighted both the technical
progress achieved and the urgent need for evidence-based standards to govern CDW use

in Lebanon.
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2.3. Objectives and Scope

The overall goal of this research is to develop scientifically validated,
environmentally sound, and locally applicable solutions for the recycling and reuse of
construction and demolition waste (CDW) as sustainable construction materials in
Lebanon, with direct relevance to post-conflict reconstruction and national standards
development. To achieve this goal, the research aims to expand and validate CDW
material characterization across multiple demolition sites; optimize cementitious and
concrete mix designs incorporating CDW as partial or full replacements for natural
aggregates; evaluate the performance of CDW-based materials in structural and non-
structural applications and in pavements; support the development of national standards
and technical norms for CDW utilization in coordination with LIBNOR; assess the
economic feasibility and cost competitiveness of CDW reuse; perform life-cycle
assessment to quantify environmental impacts and benefits; and promote dissemination,
stakeholder engagement, and real-world adoption of CDW-based construction practices.

The current research and thesis focused on the technical aspect of CDW. This is
complemented with other parallel work which has been or is being concurrently
conducted on CDW management, economic feasibility, and policy advocacy with the
proper authorities.

While initial findings are promising, further research is required to expand
sampling across additional sites, improve statistical reliability, and optimize mix
designs for a broader range of structural and non-structural applications. Moreover,
environmental hazard assessment, economic feasibility analysis, and life-cycle
assessment have not yet been comprehensively integrated into a unified framework

tailored to Lebanese conditions.
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This research builds directly on completed and ongoing work to address these
gaps. By combining extended experimental validation, applied construction testing,
standards benchmarking, and stakeholder engagement, the project seeks to provide a
scientifically robust and practically implementable foundation for the sustainable reuse
of CDW in Lebanon’s reconstruction efforts.

Collectively, the proposed research has the potential to fundamentally reshape
the management of construction and demolition waste (CDW) in post-conflict Lebanon
by shifting it from a source of environmental and logistical strain into a strategic
resource for sustainable reconstruction. By integrating rigorous scientific validation
with environmental assessment, economic evaluation, and standards-oriented outcomes,
the project establishes a comprehensive framework for the safe and effective reuse of
CDW in construction applications. The research supports informed decision-making by
governmental institutions, enhances regulatory capacity through contributions to
national standards, and promotes the conservation of natural resources by reducing
reliance on quarry-based aggregates. Furthermore, the project encourages local industry
participation, supports circular economy principles, and contributes to resilient
rebuilding efforts that balance technical performance, environmental responsibility, and
socio-economic recovery. Together, these impacts position the research as a nationally
relevant initiative with lasting benefits for Lebanon’s built environment, policy

landscape, and sustainable development goals.
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CHAPTER 3

EXPERIMENTAL PROGRAM AND SETTING

In order to study the quality and feasibility of using crushed aggregates in
construction applications, several lab tests should be conducted, compared and assessed
with international standards. But first, the rubble from demolished buildings should be
transported to the crushing site to be crushed using a crusher at South for Construction
(SFC) - “ e 58l - where rubble from five different sites from different locations
and specifications are brought for testing.

At the Civil and Environmental Engineering (CEE) Labs, sieve analysis, specific
gravity and absorption tests were applied to study the physical characteristics of the
crushed aggregates. In addition, Chemical tests were performed to determine the
chlorides and sulfates content; also, to check the presence of asbestos. In addition to
measuring the abrasion resistance by Los Angeles and impact value tests. These tests
are necessary for the quality of the aggregates before using them in the mixes.

Finally, the compressive strength at various replacement percentages from the
five different sites was analyzed, to reach the optimum mixes and replacement

percentages and compare the results of the different locations.

3.1. Rubble Processing

In the present circumstances, and for practicable and efficient reasons, the waste
debris were kept assembled on site “as is”, thus not sorted by material constituents and
sizes. In this research, rubbles from 5 demolished sites in South Lebanon from Zraryieh

and Ansar and the Southern Suburb of Beirut from Laylaki, Bir El Abed, and Sayed
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Hadi Highway were identified and studied. Then samples of these materials were taken
to the crushing site, where part of each sample was crushed once and the other part was
crushed twice.

One cubic meter collected from each site was crushed using the crusher on site,
then half of the quantity was crushed for the second time, forming ten different samples
from the five different locations. The second crushing time is to have finer aggregates so
that the two samples can be compared from each site. The collected rubbles are crushed
without processing (as they are), only steel reinforcement bars are removed during the
process of demolishing since the crusher cannot handle steel material. The reason
behind this is to reduce the process of sorting and preparing crushed aggregates as much
as possible making the steps easier and more applicable for demolished buildings’
Owners.

The following pictures (Figures 3 to 5) show the process of collecting and
crushing rubbles. These samples were transported to the CEE labs where they were
washed and oven dried, preparing them for the sieve analysis and the physical and

chemical tests.
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Figure 3. Collecting Rubbles from Destroyed Dwellings
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Figure 5. Crushed Rubbles on Site
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3.2. Sieve Analysis and Gradation

Gradation is the distribution of particle sizes within a material, describing how
coarse and fine particles are proportioned. The first step was therefore to test the
samples in the lab in order to check their gradation that affects the quality of the
concrete mixes. Besides, it was important to evaluate the particle size and the particle
distribution of the crushed aggregates produced by the crusher in order to assess its
performance and suitability for such work. The sieve analysis was conducted on the 10
samples, resulting in coarse and fine aggregate separation for both samples crushed
once and twice. Figure 6 shows the gradation of crushed samples after sieving using the

shaker shown in Figure 7.

3.3. Physical Characteristics

Another important test was to check the physical characteristics of these
recycled aggregates. The absorption of the recycled aggregates affects the mix of the
concrete, while the specific gravity is a standard test to check the quality of these
aggregates. Therefore, specific gravity and absorption tests were conducted for all the
samples above, crushed once and twice and on the coarse and fine recycled aggregates

separately. Figure 8 shows the specific gravity and absorption tests for fine aggregate.

3.4. Chemical Characteristics

In the same manner, chemical resistance tests were regulated to determine the
sulfate and chloride content presented in these samples. As known, chloride and sulfate
percentages in aggregates affects the quality of concrete and its ability to resist cracking

and corrosion for steel bars. This was essential to check these percentages before
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mixing the concrete. Also, the hazardous material analysis was done to check the

presence of asbestos which is a toxic material.

Figure 6. Recycled Aggregates Gradation For Four Different Samples
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Figure 7. Sieve Shaker Machine

Figure 8. Specific Gravity And Absorption Tests On Fine Aggregate
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3.5. Hardness and Abrasion Resistance Tests

Los Angeles and aggregate impact value tests, shown in Figures 9 and 10, were
carried out to test the hardness and abrasion resistance of the aggregates from each
sample. These tests are also needed to indicate the durability under repeated loads, and

to help predict service life of pavements.

Figure 9. Los Angeles Test Machine

Figure 10. Aggregate Impact Value Test
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3.6. Mix Design
The mix design followed was as shown in table 1. The values are for 1 m? of
concrete and they do not account for the variation of water absorption between recycled

and natural aggregates.

Table 1. The Mix Design Of 1 M3 Of Concrete

Mix Cement (Kg) | Water (Kg) | Sand (Kg) | NCA (Kg) | RCA (kg)
0 % RCA 400 160 680 1080 0
30 % RCA 400 160 680 756 324
50 % RCA 400 160 680 540 540
70 % RCA 400 160 680 324 756
100 % RCA 400 160 680 0 1080

Based on the water absorption results, the mix design was modified in order to
maintain a constant water cement ratio of 0.4 with respecting the quantity of water that
CDW will consume. It was observed that the crushed twice samples resulted in
approximately equal quantities of coarse and fine aggregates. However, the coarse
aggregates were between 80% and 90% in the samples crushed one time only. Two
different mixes were therefore adopted based on the sieve analysis results. Crushed once
aggregates can be taken as coarse aggregates, while crushed twice aggregates were
considered 50% coarse and 50% fine.

The new values of the mix design are shown in Tables 2 and 3 for mixing four

cylinders 10cm x 20cm, showing the values for crushed once and twice, respectively.
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Table 2. The Mix Design For Four Cylinders Using CDW Crushed Once

Mix Cement (Kg) | Water (Kg) | Sand (Kg) NCA (Kg) | RCA (kg)
0 % RCA 2.64 1.16 4.49 7.13 0.00
30 % RCA 2.64 1.30 4.49 4.99 2.14
50 % RCA 2.64 1.39 4.49 3.56 3.56
70 % RCA 2.64 1.49 4.49 2.14 4.99
100 % RCA 2.64 1.63 4.49 0.00 7.13

Table 3. The Mix Design For Four Cylinders Using CDW Crushed Twice

Mix Cement (Kg) | Water (Kg) | Sand (Kg) | NCA (Kg) | RCA (kg)
0% RCA 2.64 1.16 4.49 7.13 0.00
30 % RCA 2.64 1.30 3.14 4.99 3.49
50 % RCA 2.64 1.39 2.25 3.56 5.81
70 % RCA 2.64 1.49 1.35 2.14 8.13
100 % RCA 2.64 1.63 0.00 0.00 11.62

3.7. Experimental Program

Reaching the main goal, which is replacing natural aggregates with crushed
ones, different percentages of replacement (30, 50, 70, 100%) were mixed and poured in
cylinders for testing, in addition to the control mix with no replacement, as shown in
Figure 11. The crushed cylinders are shown in Figure 12. The compressive strength test
for all samples for different replacements were tested at 7,14 and 28 days. The amount
of added water varied to maintain constant water to cement ratio of 0.4. This is due to
the fact that recycled aggregates have a higher absorption value up to 8%. In addition,
the recycled rubbles crushed once were all considered as coarse aggregates, while those
crushed twice were considered 50% coarse and 50% fine. This assumption is taken for

the ease and enhancement of work and based on the sieve analysis results.
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Figure 12. Compressive Strength Test for Concrete Cylinders
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CHAPTER 4

ANALYSIS AND RESULTS

Multiple tests in stages and phases were conducted similarly per site to evaluate
the physical, mechanical, and chemical properties of the crushed materials (Stage 1),
with the aim to reach the optimal cementitious and concrete mixes from preliminary
testing for each site, with the crushed aggregates at the two levels/sizes and considering
the various replacement percentages considered (Stage 2). And using this optimal mix,
further required tests on the concrete samples were conducted to assert the soundness
and validity of the crushed debris or alternate aggregates as viable sustainable

construction materials. The tests analysis and results are presented below.

4.1. Physical Results
4.1.1. Specific Gravity and Absorption

The ten CDW samples collected from the five sites were lab tested for

absorption and specific gravity.

4.1.1.1. Coarse Aggregates

The first step was testing coarse crushed aggregates. As shown in Table 4, it was
noticed that the specific gravity corresponding to the five sites was approximately the
same with a slight variation between those crushed once and twice (average of 2.42).
All specific gravity value exceeds the minimum limit by EN13242, LIBNOR, and
ASTM C127 which is 2.3. This validation makes the CDW suitable for structural and

non-structural construction uses as well as road construction works.
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The absorption test showed a slight decrease between the CDW crushed once
and those crushed twice by approximately 15% in all five sites. This is due to the fact
that the surface area of crushed twice aggregates decreased compared to those crushed
once. With respect to standard limits of recycled aggregate, all the samples crushed
once and twice are below the maximum limit (10%) for non-structural and subbase uses
according to the standards mentioned above. However, for structural use, only samples

taken from Zrarieh site exceeded the limit which is 7%.

Table 4. Specific Gravity And Absorption Results for Coarse Crushed Aggregates

sumpte [ ot [sumergea [ ey [0S
Designation | Weight gr. | Weight gr. | Weight gr. Percent SSD
ZRA-S1 1087.6 623.8 991.3 9.7 2.34
ZRA-S2 1072.8 627.0 991.0 8.3 241
LAY-S1 1065.4 620.2 993.6 7.2 2.39
LAY-S2 1058.5 620.3 991.8 6.7 242
SHH-S1 1062.2 629.5 991.8 7.1 2.45
SHH-S2 1062.6 622.8 993.5 7.0 242
BIR-S1 1058.5 628.5 992.6 6.6 2.46
BIR-S2 1043.9 627.1 992.4 52 2.50
ANS-S1 1065.8 624.1 994.8 7.1 241
ANS-S2 1058.2 626.0 997.6 6.1 2.45

4.1.1.2. Fine Aggregates

Similarly, all the fine aggregates from the samples were also tested for
absorption and specific gravity. As shown in Table 5, the specific gravity results from
all samples were close to that of coarse aggregates (average of 2.37), and almost all
exceed the minimum limit by EN13242, LIBNOR, and ASTM C128 which is 2.3,

making it acceptable for all construction uses.
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However, the absorption test showed a wide variation between the five sites

noting that all the samples are usable for subbase and non-structural uses except

samples from Ansar which were below the limit.

Table 5. Specific Gravity and Absorption Results For Fine Crushed Aggregates

Sand Sand Weight of Weight of . Specific
Sample Pycnometer Absorption .
Designation Dry Wet + Water + Pycnometer Capacit Gravity
g Weight Weight + Water pacity SSD
Sand
g. g. g. g. Percent
ZRA-S1 176.93 197.8 481.19 370.1 11.8 2.28
ZRA-S2 156.10 173.5 461.88 366.1 11.1 2.24
LAY-S1 190.87 204.9 453.72 333.9 7.4 2.41
LAY-S2 182.29 1953 391.26 277.4 7.1 2.40
SHH-S1 185.49 199.8 455.43 339.5 7.7 2.38
SHH-S2 182.29 196.8 402.08 288.4 8.0 2.37
BIR-S1 183.65 198.5 403.30 288.5 8.1 2.37
BIR-S2 183.25 199.1 450.00 335.6 8.6 2.35
ANS-S1 181.72 192.9 462.79 349.2 6.2 2.43
ANS-S2 191.69 203.9 401.80 280.7 6.4 2.46

4.1.2. Sieve Analysis and Gradation

The aggregates gradation in the CDW were the base of the concrete mixes that

were done. The replacement between the fine and coarse natural aggregates were tested

according the results of the gradation, were the gradation itself is highly crucial for the

quality of the mix.

The first observation that was clearly shown in all the sieve analysis graphs from

the ten samples was that all the CDW are “well” graded. This factor asserted the process

for continuing the tests since it has significant impact on the mixes.
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Starting with samples crushed one time, the percentage of coarse aggregates
were between 74% and 89%, leaving approximately about 20% fine aggregates as an
average. While for samples crushed twice, the percentage of aggregates passing sieve
number 4 (4.75 mm) were very close to those remaining above it. This implies that the
percentage of fine aggregates is equal to that of coarse aggregates in each sample. The
results were consistent with the expectations, since larger aggregates were further
broken down during the second crush resulting in smaller particle sizes.

Based on the above results which are shown in Table 6, CDW crushed twice
were considered as 50% fine and 50% coarse. This assumption was the base of the mix
design percentages and replacement strategy followed.

On the other hand, CDW crushed once were taken as coarse aggregates,
neglecting the small percentage of the fines. This assumption was taken for the ease and

enhancement of work as a start for the testing.

Table 6. Coarse And Fine Aggregates Percentages in The Ten Samples

)
Sample % Coarse % Fine Pas/soing Max. Size of
Designation | Aggregates | Aggregates Sieve Aggregates (%)
#200

ZRA-S1 88.5 11.5 1.0 25.4 mm (15.3 %)
ZRA-S2 52.9 47.1 4.9 19.1 mm (6.8 %)
LAY-S1 89.6 10.9 0.9 38.1mm (6.5 %)
LAY-S2 49.6 50.4 2.6 25.4 mm (2.7 %)
SHH-S1 77.9 22.1 2.6 38.1mm (1.8 %)
SHH-S2 51.6 48.4 5.1 25.4 mm (1.9 %)
BIR-S1 74.7 25.3 1.7 38.1mm (5.1 %)
BIR-S2 473 52.7 3.1 19.1 mm (5.0 %)
ANS-S1 77.1 22.9 2.9 38.1mm (1.8 %)
ANS-S2 55.3 44.7 3.8 25.4 mm (2.4 %)

35



In Figure 13, for aggregates crushed once, the first part of all the graphs is
between the lower and upper limits BS882. The coarse part of the aggregates lay in the
acceptable boundaries and the crusher gave perfect outcome. However, for the lower
part which designates for the fine part, it was below the lower limit.

In comparison, the results for crushed twice aggregates showed the lower part of
the graph laying between the limits, while the upper part was above the upper limit
which is clearly shown in Figure 14. This insight gave an indication that the fines are
within the limits while coarse aggregates are not.

According to the above results, a trial for sample from Bir El Abed was done by
combining the results from booth crushed once and twice (50% from each type), and the
results are shown in Figure 15. This attempt resulted in an ideal mix gradation laying

totally between the limits (except a small part of the graph).

Aggregate Crushed Once
100 + 9greg =81 ower Limit
90 BS882
==e=Upper Limit
BS882
80 ZRA-S1
70 LAY-SI
%DGO
g SHH-S1
& 90 1 —4—BIR-S1
(=]
=40 —%—ANS-S1
30
20 \
10
0 ‘
100 10 0.01
Grain Diameter (mm)

Figure 13. Graph Showing Sieve Analysis Results For All Crushed Once Samples
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Figure 14. Graph Showing Sieve Analysis Results For All Crushed Twice Samples
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Figure 15. Graph Showing Sieve Analysis Results for Sample From Bir El Abed
Mixing 50% Crushed Once And 50% Crushed Twice
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4.2. Chemical Results

4.2.1. Sulfate and Chloride Tests

As below in Table 7, the sulfate percentage for the tested samples attain the
standards which is <0.08% (EN 1744-1). It is well known that the presence of sulfate

exceeding its maximum limits in concrete increases the expansion within it. Thus, this

result decreases the possibility of forming microcracks in concrete.

Besides, the chloride content in aggregates which leads to steel rebars corrosion
was found to be below the maximum specified limit. It was also noted that this
percentage decreased slightly when the aggregates were crushed twice.

In general, replacing natural aggregates by CDW did not have a negative impact

on the concrete’s durability and performance.

Table 7. Chloride And Sulfate Content Results for All Samples

Desszi‘;:lgi?on % Sulfates | % Chlorides
ZRA-S1 0.004 0.020
ZRA-S2 0.020 0.023
LAY-S1 0.030 0.018
LAY-S2 0.057 0.014
SHH-S1 0.046 0.033
SHH-S2 0.059 0.032
BIR-S1 0.051 0.035
BIR-S2 0.008 0.070
ANS-S1 0.026 0.012
ANS-S2 0.026 0.017
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4.2.2. Asbestos Analysis

All the samples were tested in the Laboratories for the Environment,
Agriculture, and Food (LEAF) at the AUB to identify whether the crushed samples
contain asbestos fibers. The results showed that no Asbestos Filaments were detected in
all tested samples, which means that the crushed aggregates are safe and poses no

hazardous risk in construction uses (Figure 15).

SEM HV: 7.0 kV WD: 1506 mm | it | MIRA3 TESCA
View field: 154 ym | Det: SE 20 ym
SEM MAG: 897 x| Date(midly): 11/26/25 | AUB-CRSL

Figure 16. SEM Image For CDW Sample
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4.3. Mechanical Results

4.3.1. Los Angeles and Impact Value Test

Both Los Angeles and aggregate impact value tests were performed on the
collected samples to measure the resistance of aggregates to wear and abrasion and
sudden impact. As shown in Table 8, the results came validating the EN13242 standards
for all samples for Los Angeles test, while the others seem to exceed the limits in some
sites. However, the impact value test specifications were met by all the tested samples
except Laylaki S1. These results ensure the durability of concrete under dynamic loads

and mechanical wear. CDW crushed twice showed a lower abrasion loss since the weak

outer mortar layer was already removed during the second crush.

Table 8. Los Angeles And Impact Value Test Results for All Samples

Sample Los Angeles Aggregate Impact
Designation Abrasion (%) Value (%)
ZRA-S1 43.6 28.3
ZRA-S2 41.4 29.3
LAY-S1 49.9 36.0
LAY-S2 39.6 28.4
SSH-S1 18.8 23.8
SSH-S2 42.1 NOT DONE
BIR-S1 41.1 24.4
BIR-S2 33.4 22.2
ANS-S1 37.7 26.3
ANS-S2 32.9 22.1
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4.4. Compressive Strength Test

All physical, chemical and mechanical tests done above where to check the
quality of the aggregates to study their validation to be used in cement and concrete
mixes. After analyzing the results, concrete mixes with various percentages 30, 50, 70
and 100% were poured and casted for compressive strength tests. For each percentage, 3
cylinders were crushed at 7,14 and 28 days to develop a complete picture for the results.
Therefore, 120 cylinders were crushed beside the control mix cylinders that were mixed
more than one time for validation. The compressive strength test followed the ASTM
C39.

As the replacement percentage increased, the compressive strength was
decreasing, which is expected when using recycled aggregates. Besides, at 7 days, the
strength of the cylinders was about 65% to 80% of the strength at 28 days. By
mentioning these readings, this helped to confirm that the mixes are behaving normally,
thus asserting that the testing plan was proceeding in the right direction. Two control
mixes were prepared and tested and the average of the compressive strength at 28 days
was 34 MPa, serving as the reference for comparison for all the other results.

For CDW crushed once, the compressive strength for the 100% replacement
were reduced to 19.64, 26.93, 25.54, 19.08, and 20.84 MPa which give a reduction of
58,79, 75, 56 and 61% from the control mix. Whereas for CDW crushed twice, the
results were significantly better. The least value was 26 MPa and the other sites gave a
range between 84 and 95% from the control mix.

For 70% replacement, the average strength was reduced or dropped by between
78% and 88% from the control mix for crushed once aggregates. Likewise, for crushed

twice the percentage was between 84% and 97%.

41



30% and 50% replacements also have similar results with compressive strength
results very close to the control mix. In general, the results for crushed twice aggregates
were slightly better than those of crushed once, except for 100% replacement were the
results for crushed once were not satisfying. This is due to the removal of weak adhered
mortar in crushed twice aggregates, and the better grading shown in the sieve analysis

results.

Table 9. The Compressive Strength Results For All Samples Crushed Once On
Different Replacement Percentages (Control Mix=34 MPa At 28 Days)

Mix (%) 7 days 14 days | 28 days

30% 20.68 23.57 29.67
50% 17.26 23.29 23.89

ZRA-S1
70% 21.12 24.6 26.78
100% 19.73 22.89 19.64
30% 25.36 26.08 30.37

0,

LAY-S1 50% 19.50 25.33 27.23
70% 22.44 26.88 27.69
100% 18.77 23.03 26.93
30% 16.90 31.96 33.52
50% 18.53 26.39 34.48

SSH-S1
70% 18.26 23.98 29.92
100% 15.22 21.74 25.54
0% 24.42 27.27 36.16
30% 25.21 22.36 28.47
BIR-S1 50% 23.97 19.23 26.97
70% 18.62 18.09 19.86
100% 16.84 12.58 19.08
0% 27.17 24.40 31.79
30% 26.80 21.15 31.49
ANS-S1 50% 24.42 14.21 30.21
70% 19.88 19.39 23.87
100% 17.92 13.78 20.84
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Table 10. The Compressive Strength Results For All Samples Crushed Twice On
Different Replacement Percentages (Control Mix=34 MPa At 28 Days)

Mix (%) 7 days 14 days | 28 days
30% 27.82 33.63 | 3639
JRAS) 50% 26.92 3054 | 2526
i 70% 23.32 2757 | 33.03
100% 20.56 23.14 | 26.05
30% 24.55 3541 | 40.16
L Av.s2 50% 30.43 3293 | 3776
70% ; 2931 | 3043
100% 20.83 2967 | 30.52
30% 25.51 32.64 | 3555
SSHLS2 50% 23.60 2835 | 31.05
i 70% 18.56 2379 | 28.82
100% 2.11 2460 | 2856
30% 26.93 2480 | 3584
BIR.S2 50% 12.94 2672 | 30.68
70% 2734 28.07 | 29.50
100% 28.37 3219 | 3253
30% 22.42 2793 | 3583
ANS.S) 50% 25.39 2759 | 31.68
70% 25.07 2400 | 23.47
100% 21.97 2638 | 3034
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CHAPTER 5

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1. Summary

This research aimed to provide a scientifically validated and environmentally
sustainable approach to managing war-generated construction and demolition waste
(CDW), which remains one of Lebanon’s most pressing post-conflict challenges.
Similar patterns of large-scale destruction have been observed in neighboring regions,
including Gaza, the West Bank, and Syria, where vast accumulations of rubble continue
to pose environmental, public health, and logistical burdens. Unmanaged debris
contributes to air, soil, and water pollution, limits available land, and hinders recovery
efforts, while also imposing significant economic costs. Although some local initiatives
for CDW reuse exist, they lack systematic technical validation, optimization, and
standardization to achieve scalable and reliable implementation.

The study seeks to transform this waste into a valuable resource by
characterizing the physical, chemical, and mechanical properties of CDW and
optimizing concrete mix designs for both structural and non-structural applications. The
anticipated outcomes include reduced reliance on natural aggregates such as sand and
gravel, minimized environmental impacts, and the production of safe, high-performance
recycled construction materials. In addition to these technical and environmental
benefits, the structured management and reuse of rubble can support the psychological
and social recovery of affected communities by restoring order, improving safety, and
fostering a tangible sense of progress during reconstruction. By integrating engineering

innovation, environmental stewardship, economic feasibility, and human-centered
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recovery, this research provides a locally applicable, sustainable framework for post-
conflict reconstruction—ultimately demonstrating that even in the aftermath of
destruction, science and engineering can turn ruins into resilience and opportunity.

Technically, the solution that is here being explored aims at repurposing the
waste debris to be recycled and used as justifiable construction materials in the
reconstruction/ retrofitting of the demolished/damaged habitations. In particular, the
process to be adopted considered the crushing of the debris to transform into
construction aggregate sizes, then to be used as a partial substitute for conventional
aggregates consisting of natural fine sands and coarse gravels. Such an environmentally
sound process will inherently contribute to the reduction of natural resource depletion,
and thus present itself as one viable and sustainable construction practice.

The current research and thesis focused on the technical aspect of CDW. This is
complemented with other parallel work which has been or is being concurrently
conducted on CDW management, economic feasibility, and policy advocacy with the

proper authorities.

5.2. Processing, Testing, Results, and Conclusions

On the testing side, previous research regarding recycled rubbles were examined
to synchronize our upcoming test with previous progress in testing the mechanical and
chemical properties of concrete samples. Rubbles were collected from multiple
demolition sites (Southern Suburb of Beirut and South Lebanon).

The collected rubble went through a process of sorting, crushing, and testing.
After that, the gradation of the samples was analyzed, along with testing the resistance

to abrasion of the crushed samples to ensure the satisfaction of different standards.
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Fine and coarse aggregates were replaced with increasing percentages in each
sample (30%, 50%, 70%, and 100%) and the results of the compressive strength were
compared with the control mix.

The tests conducted and their results, as well as the conclusions are summarized
below:

e Specific gravity results from all samples crushed once and twice for fine and coarse
aggregates have an average of 2.37 exceeding the minimum limit by EN13242,
LIBNOR, ASTM C127 and ASTM C128.

e Absorption results showed that fine crushed aggregates absorption is higher than the
absorption of coarse crushed aggregates. All samples were below the permissible
limits for non-structural applications, and some also satisfied the limits required for
structural use.

e CDW crushed twice gave equal classification, 50% fine and 50% coarse, while
CDW crushed once are 80% coarse and 20% fine as an average.

e Chloride and sulfate content in the CDW from all sites are in acceptable ranges.

e Both Los Angeles and impact value tests showed that the quality of CDW passed
non-structural and subbase uses from all samples, and even structural uses from
almost all sites according to LIBNOR and ASTM.

e For CDW crushed once, 100% replacement have an average 60% compressive
strength from the control mix while CDW crushed twice an average of 90%.

e For CDW crushed once, 70% replacement have an average 85% compressive
strength from the control mix while CDW crushed twice an average of more than

90%.
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As aresult, it can be concluded that 70% replacement for both types resulted in
promising results that can be relied on for structural and nonstructural uses. Even 100%
replacement can be used but with some modifications and more testing to target higher

environmental and economic benefits.

5.3. Recommendations for Future Works:

Further progress on testing will target the 100% replacement samples, to achieve
more perfect results economically and environmentally. After crushing all the samples,
an additional mix can be done as atrial for only 100% replacement, trying to enhance its
strength aiming better compressive strength. Two different mixes can be performed.
The first mix by increasing the amount of cement in the mix without changing any other
variable. Whereas in the second mix the crushed aggregates should be separated
according to their particle size. Fine crushed aggregates replace the natural sand and
coarse crushed aggregates replace natural ones. The effect of this modification may
enhance the strength to get better results.

Another important method that must be tested is trying different processing
techniques such as two-stage mixing approach (TSMA), mortar mixing approach
(MMA), sand enveloped mixing approach (SEMA) and double mixing approach
(DMA) and study the effect on the compressive strength and other properties (Jagan et.
al, 2021).

Moreover, the research can be expanded to several tracks, such as: evaluate the
performance of CDW-based materials in structural and non-structural applications and
in pavements; support the development of national standards and technical norms for
CDW utilization in coordination with LIBNOR; assess the economic feasibility and cost

competitiveness of CDW reuse; perform life-cycle assessment to quantify
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environmental impacts and benefits; and promote dissemination, stakeholder

engagement, and real-world adoption of CDW-based construction practices.
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APPENDIX
STANDARDS AND NORMS

ASTM C39/C39M. Standard test method for compressive strength of cylindrical
concrete specimens. ASTM International.

ASTM C127. Standard Test Method for Density, Relative Density (Specific Gravity),
and Absorption of Coarse Aggregate. ASTM International, West Conshohocken, PA,
USA.

ASTM C128. Standard Test Method for Density, Relative Density (Specific Gravity),
and Absorption of Fine Aggregate. ASTM International, West Conshohocken, PA,
USA.

BS 882. Specification for Aggregates from Natural Sources for Concrete. British
Standards Institution, London, UK.

CEN - EN 13242 Aggregates for unbound and hydraulically bound materials for use in
civil engineering work and road construction. European standards.

EN 1744-1, Water-soluble Chloride and Sulphate Content in Aggregates. European
standards.

Lebanese Standards Institution (LIBNOR). Ministry of Industry, Lebanon.
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