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Disclaimer

This book has been produced by the Ministry of Municipality and Environment (MME) and
Infrastructure Research and Development (IRD), at the Qatar Science & Technology Park,
under a contract with Qatar National Research Fund at Qatar Foundation. Any views
expressed in this report are not necessarily those of Qatar National Research Fund.

The information contained herein is the property of MME and IRD. Whilst every effort has
been made to ensure that the matter presented in this book is relevant, accurate and up-to-
date, MME and IRD-QSTP cannot accept any liability for any error or omission, or reliance on
part or all of the content in another context.




Preface

The purpose of the book is to support the government strategy of sustainable development
through the effective implementation of recycled aggregates in construction. The Qatar
National Vision 2030 reinforces sustainable development and places great emphasis on
preserving and protecting the environment, as one of four pillars of national development,
alongside social, economic and human development. With the vast investment made in
infrastructure projects, the government set targets for the efficient use of natural resources,
with a recycling target to use 20 % of recycled aggregate to replace primary aggregate in
government construction projects by 2022. Government initiatives for facilitating the
implementation of recycling included the development of relevant standards and
specifications, guidelines, and manuals that permit the use of recycled aggregate in various
construction applications, and a consistent supply of recycled aggregates at regulated prices.

The use of recycled aggregate in Qatar and the Gulf region is relatively new, and can make
significant contribution to the vast infrastructure development witnessed over the last
decade. Lack of experience with recycled aggregates in the aggressive conditions of the Gulf,
particularly lack of long-term performance data, have raised concerns on the durability and
long-term performance of recycled aggregate in service, as compared to primary aggregates.

The approach adopted in the book is to use practical evidence, based on site data in real
exposure conditions up to 5 years in service, for the performance assessment of recycled
aggregates. Recycled and alternative aggregates were used to replace primary aggregate at
different proportions is various construction applications of asphalt, concrete and unbound
granular products. The assessment was based on the basis that the construction products
made with recycled and alternative aggregate should give at least equivalent performance to
that of conventional construction products made with primary aggregate. The cost and
environmental benefits associated with the use of local recycled and alternative aggregate
materials are also presented. An innovative water footprint study was carried out to review
the use of water by the construction industry in Qatar, and how it can be used most
effectively. Recommendations are made for the wider and more efficient implementation of
recycled aggregate in construction.
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1 Introduction

The construction boom witnessed in Qatar over the past two decades is associated with
increased consumption of materials and intensive use of energy. With sustainability being the
main factor in its 2030 National Vision (GSDP, 2008), the government set targets to balance
between development needs and protection of the environment. The use of recycled
materials in construction contributes to sustainable development. It enables conservation of
primary materials and reduces accumulated wastes in landfill sites, with cost savings and
lower energy consumption.

Over the last two decades, the government has placed great emphasis on sustainability and
set its national vision and national development plans with targets across the different
sectors. Specifications, guidance documents, and manuals have been published to support
recycling, but limited information is available on the performance of recycled materials in
service, in real exposure conditions. This document presents information on the performance
of recycled materials in service, including a range of recycled materials in various construction
applications. It reviews the government strategy for sustainable development with set
recycling targets by 2022, the recycling roadmap and manual developed by the Public Works
Authority (Ashghal), together with relevant recycling standards and specifications. The
performance of various recycled aggregate materials up to 5 years in service is reported with
comparison to conventional construction materials and recommendations are given for the
wider and more efficient use of recycled materials in construction.

Most of the work presented in this document is part of a research project funded by the Qatar
National Research Fund (QNRF) project NPRP 7 — 795 — 2 - 296 on the “Innovative use of
recycled aggregate in construction — Implementation”. The project was delivered by a
consortium led by the Ministry of Municipality and Environment (MME) in collaboration with
Infrastructure Research and Development (IRD) at the Qatar Science & Technology Park
(QSTP), the Quality and Safety Department (QSD) at the Public Works Authority (Ashghal) and
key stakeholders in the construction industry. The project commenced in May 2018 and was
completed in 3 years. The recycling implementation project builds up on the outcomes
developed in an earlier QNRF project NPRP 4 — 188 — 2 — 061, and documents including the
first Qatar Standards on recycling (QS 29, 2012), the fifth edition of the Qatar Construction
Specifications (QCS 2014), and the first Gulf Cooperation Council (GCC) Standardisation
Organisation for recycling (GSO 2489, 2015).

Construction in hot desert areas poses many challenges (Walker 2012; Fookes and Lee 2019).
As well as the difficulties of dealing with excessive heat and humidity for large parts of the
year, ground conditions are often aggressive, with high sulfate and chloride contents, weak
or unstable soils and rocks and a high water table. This is particularly the case in coastal areas,
such the Arabian Gulf, which is often where the largest cities are located. Additional problems
are caused by the lack of suitable aggregates in such areas, such as the case in Qatar. Bedrock
often consists of geologically young limestone which are often weak and subject to solution
cavities, interbedded with bands of potentially expansive clays and gypsum (Fookes and
Higginbottom 1980). These challenges have raised concerns on the durability of recycled
aggregate and how they will perform in the long-term under such aggressive exposure
environments.



The approach adopted in the book for assessing the long-term durability is based on site
performance of recycled aggregate, up to 5 years in service. Monitoring of site performance
is essential to demonstrate that the new material or product, made with recycled aggregate,
can be applied in a practical context, especially in aggressive exposure environments, such as
in Qatar and the Gulf region. The remarkable diurnal and seasonal humidity and temperature
variations, coupled with strong winds carrying moisture and salts, create one of the most
severe exposure environments for construction materials. It was essential to demonstrate the
durability of recycled aggregate in service and to compare its performance to conventional
construction products made with primary aggregate materials. Such an approach offers a
practical validation of the performance of recycled aggregate in real exposure conditions, and
provides confidence for the industry to implement in practice.

The government strategy for sustainable development is presented in chapter 2, together
with the government initiatives to support the implementation of recycling in construction
projects. The 20% recycling target set by 2022 is discussed within the context of guidance
documents on the appropriate selection of recycled aggregate for different construction
applications and national standards and specifications (QCS 2014), including the Ashghal
Recycling Manual (Ashghal, 2021). The government commitment for the sustainable supply
of recycled aggregate is also presented to support effective implementation in practice.
Chapter 3 covers the main local and recycled aggregate materials, with basic properties and
potential use in various construction applications.

Chapters 4 to chapter 7 provide case studies on the successful performance of recycled and
alternative aggregate materials in various construction applications of asphalt, concrete, road
base and subbase material, and pipe beddings. The site performance of bound and unbound
recycled aggregate materials was assessed up to 5 years in service, and compared to
conventional construction materials, made with primary aggregate. When the application is
relatively new to Qatar, such as cement bound materials, mix designs were initially developed
in the laboratory and selected mixtures were used in field investigation for assessing the
performance of recycled materials.

With the high priority placed by the government on sustainable development, chapter 8
presents the environmental and economic benefits associated with the use of recycled
aggregate in construction. Carbon and water footprints calculations are conducted on primary
and alternative / recycled aggregate sources and aggregate derived products, including
asphalt and concrete. The government approach of regulating the prices of both primary and
recycled aggregates is also presented in chapter 8. Chapter 9 provides recommendations on
the wider utilisation of recycled aggregate in construction towards a more efficient
implementation of recycling in construction projects.

The book informs practitioners on best practices for selecting appropriate materials and
methods for replacing primary materials, while maintaining at least similar performance to
conventional materials. It is of interest to engineers, clients, contractors, producers, suppliers,
consultants, and others involved in the specification and design of construction projects. The
aim is to complement existing documents on recycling and provide more details on their
performance in service, with associated environmental benefits, to enable wider and more
efficient use of recycled materials in construction, and to achieve the desired recycled targets.



2 Government Strategy and Support to Recycling

2.1 Qatar National Vision 2030

The Qatar National Vision (QNV) 2030 has been effective since 2008 and aims to transform
Qatarinto an advanced society capable of achieving sustainable development by 2030 (GSDP,
2008). The importance of sustainability was clearly reflected within its four pillars of human,
social, economic and environmental development. The latter is defined as a balance between
development needs and protection of the environment. Main environmental issues
considered in the QNV 2030 were diminishing water and hydrocarbon resources and the
potential impact of global warming. The QNV 2030 provided the foundation for the
formulation of national strategies for setting and prioritising development goals and time-
bound targets. The QNV 2030 logo is presented in Figure 2-1, where the central element is
designed in the form of an eye for the vision. The traditional culture and map of Qatar are
also presented in the middle of the logo, to reflect development progress while preserving
national culture.

Figure 2-1 QNV 2030

2.2 Qatar Second National Development Strategy (NDS-2, 2018-2022)

The Qatar National Development Strategy 2011-2016 (NDS-1), the first comprehensive
development strategy in Qatar, was developed in 2011 (GSDP, 2011) and provided details on
how to implement the government vision of QNV 2030. One of the main achievements of the
NDS-1 is that it created a national culture of development planning across all government
entities and development stakeholders. The second NDS-2 (2018-2022) was issued in 2018 as
a continuation of the NDS-1 and aiming to achieve the goals and aspirations of QNV 2030,
ensuring and maintaining commitment of the implementing agencies, and highlighting the
achievements and lessons learned from the NDS-1 (PSA, 2018). One of the main success
factors emphasised in the NDS-2 for preserving the environment is the efficient use of natural
resources and recycling, which will be discussed in more detail in the following sections.



2.2.1 Solid Waste

Waste generation in Qatar has been identified as one of the most pressing environmental
problems, mainly due to the increasing rate of generation from infrastructure development
projects. The importance of waste management and recycling were addressed from the early
NDS-1 for sustaining the environment. Solid waste was identified as the main waste stream
and the waste hierarchy was endorsed as the guiding principles for waste management, with
avoiding producing waste at the top of hierarchy and waste disposal to landfill as the least
preferred option. A recycling target of 38% was set in the NDS-1 with another target for
limiting the domestic waste generation to 1.6 kg per capita per day. Feedback from the NSD-
2 indicated that the NDS-1 focused mainly on domestic waste, and the recycling target of 38%
was too ambitious to achieve. However, the domestic waste generation was maintained at
1.3 kg per capita per day, below the set target of 1.6 kg per capita per day.
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Figure 2-2 Historic and projected waste generation (NDS-2)

The QND-2 recognised construction waste as the largest component of solid waste and
provided information on quantities of total waste generation since 2008 up to the projected
future scenario to 2030, Figure 2-2. The total solid waste generated increased from
approximately 8.0 million tonnes (Mt) in 2008 to reach the first peak of 12 Mt in 2012-13. The
rate then reduced in 2014 to just over 8.0 Mt, followed by a second peak of 10.0 Mt in 2020.
Beyond the 2020, the rate of waste generation is expected to decline as the infrastructure



work for the FIFA 2022 World Cup is near to completion. However, construction waste will
remain the largest generation with estimated quantities of 6.0 to 7.0 Mt/y.

The NDS-2 accounted for construction waste to constitute approximately 80% of solid waste
generation across the country, with estimated stockpiles of 80 to 100 Mt accumulated in
landfill sites, similar to figures reported earlier by Hassan et al. (2015). Considering the large
guantities of solid and construction wastes generated in Qatar every year, the NDS-2 set the
following national targets for recycling:

e Solid waste: Recycle 15% of the total solid waste generated by the end of 2022.
e Construction waste: Increase the proportion of recycled materials in projects to 20%
of the total materials used by 2022.

The NDS-2 acknowledged the existing recycling activities in the construction industry and set
the target to increase recycling levels to 20% by the end of 2022. The main solid waste
materials identified in the NDS-2 with potential recycling in construction are:

e Construction and demolition waste (CDW)
e Excavation waste (EW)

e Wadi gravel aggregate

e Steel slag aggregate

The increased recycling target for construction waste, compared to solid waste, is mainly due
to the large quantities of materials and the high demand in construction projects. The use of
local recycled materials to replace expensive imported aggregate would also have economic
and environmental benefits to further support the government strategy of sustainable
development. More information on the reduction of logistics burden and energy consumption
associated with the use of local and recycled materials, compared to imported materials, are
presented later in the document.

2.2.2 Energy and Water

Energy and water were identified within the main success factors for preserving the
environment. Qatar is the largest supplier of liquefied natural gas, and holds the World's third
largest natural gas reserves, but lacks fresh water. There are no rivers or lakes to provide fresh
water supply, with a very hot tropical climate and low rainwater rate (80 mm/year).

Infrastructure projects constitute the largest share of the government expenditure. According
to the Qatar Ministry of Finance (MOF, 2021) a budget of QR 72.1 billion has been allocated
for major projects in the 2021 Budget, with priority spending on major infrastructure projects
including highways and local roads; advanced sanitation networks; and road beautification.
The NDS-2 set targets for the production and use of renewable energy and reduction of
emissions for different industries, but no specific target was set for the construction industry.
The use of construction materials that have low embodied carbon, such as the recycled
materials listed above, will have less impact on the environment and climate change than
imported primary aggregates.

The NDS-2 also encouraged the controlled usage of desalinated water and more use of
alternative TSE water. It was reported that approximately 194 million m3 of Treated Sewage



Effluent (TSE) water was generated in 2015, with only 50% used in irrigating and animal feed
farms. The NDS-2 set a higher target to use 70% of the TSE water in different projects by 2022.

Water is widely used in the construction industry in various applications including washing of
aggregate, mixing and compaction of various products. Currently this water is largely potable
water from desalination plants. Thus introducing TSE into the construction industry will
provide a sustainable and cheap solution for conserving natural water, with positive impact
on the environment. An innovative water footprint study was accomplished to review the use
of water by the construction industry in Qatar, and how it can be used most effectively. This
is reported in section 8.3.

2.3 MME Recycling Initiatives

The Ministry of Municipality and Environment (MME) is the government entity entrusted with
managing solid waste materials in Qatar. They have responsibilities for supervising the solid
waste plants, waste collection, transfer stations, and waste landfill sites. The MME
implements the government plan of solid waste management and treatment, in order to
maintain safe environment for the community to achieve sustainable development.
Construction and municipal solid wastes are the main solid waste materials managed by the
MME, and both materials have the potential for use in construction as discussed in section 3.

Construction waste is by far the largest volume of solid waste materials generated in Qatar,
and the majority of the material is dipped in a landfill site in Rawdat Rashid, approximately
30 km from the centre of Doha. Currently, approximately 8Mt of construction waste materials
are generated every year, and the rate is expected to reduce to 6.0-7.0 Mt/y over the next
decade, Figure 2-2, but remains the highest volume of solid waste generation.

Figure 2-3 MME and QPMC recycling agreement (Qatar Tribute, 30 Dec 2019)




Various contractors were appointed by the MME for managing the construction waste at
Rawdat Rashid over the last decade. Each contract agreement was set for a period of 4 years,
and the appointed contractor managed, with some success, to process part of the stockpiled
materials in Rawdat Rashid and sold the products to the construction industry. However, due
to the relatively short-term contract, none of the previous contractors invested heavily in the
equipment for the appropriate processing of construction waste materials.

The latest recycling agreement was signed at the end of December 2019, between the MME
and the Qatar Primary Materials Company (QPMC) for the recycling of construction waste
recycling at Rawdat Rashid landfill site, Figure 2-3. The agreement aims to provide a local
supply of recycled aggregate, reduce reliance on imported aggregate, rehabilitate and clean
the Rawdat Rashid site to support sustainable development and protection of the
environment. The recycling agreement also served to support one of the government
objectives of Public-Private Partnership (PPP), by allowing the private sector to participate in
the implementation of waste processing and handling to convert into high-value recycled
products for use in infrastructure and construction projects. More details on this agreement
and the supply of recycled aggregate are provided later in this chapter.

Domestic waste is generally collected by the local authorities, whereas the MME disposes the
collected waste either by recycling or dumping in landfills. Waste recycling is carried out in an
Energy-from-Waste plant at the Domestic Solid Waste Management Centre (DSWMC),
located near Mesaieed to the south of Doha. The plant has the capacity to treat 2,300 kg of
mixed domestic solid waste per day. The treatment includes mechanical separation and
combustion. The larger size materials (>40mm) are subjected to further separation using
magnets, whereas the undersize materials (<40mm) are mostly organic that are incinerated
to produce ashes. Incinerator bottom ash (IBA) has the potential for use as aggregate in
selected construction applications (Hassan et al., 2020a).

2.3.1 Recycling Guidelines

In 2016, the MME published a book entitled “Recycled Aggregate in Construction — Qatar
Experience” in recognition of the outcomes of the QNRF NPRP 4-188-2-061 project. The
project “Innovative use of recycled and secondary aggregates in construction” was led by the
UK-TRL in collaboration with the MME, Qatar Standards, Ashghal, and key representatives
from the construction industry. The project was delivered between 2012 and 2015, and
demonstrated collaboration between research institutions, government authorities and the
construction industry to achieve the government strategy of sustainable and green
construction (Hassan et al., 2016). The project outcomes contributed to the development of
the first national specification in the Middle East and North Africa (MENA) on the use of
recycled aggregates in construction.

The project began with a survey to identify the main types of waste materials available in
Qatar with potential for use in construction. Construction and demolition waste (CDW) and
excavation waste (EW) were by far the biggest potential sources of recycled aggregates, with
smaller amounts of steel slag, tyre rubber, and IBA. Wadi gravel aggregate was also identified



as a by-product material, from sand washing plants, with potential use in concrete (Hassan et
al., 2020b).

A comprehensive laboratory investigation was conducted to assess the properties of each
recycled material, and suitability for use in a range of construction applications. Mix designs
were prepared with different proportions of recycled aggregate, replacing primary materials,
and tested for compliance with the relevant Qatar Construction Specifications. Selected
mixtures, with at least similar performance to conventional aggregate, were used for full-
scale site trials to assess their practical applications and performance in service. Two site trials
were constructed. In the first, three buildings were constructed to test the performance of
recycled aggregates derived from EW, CDW, and IBA as partial replacements for imported
aggregate in structural concrete and concrete blocks. The second trial used EW and recycled
concrete aggregate (RCA) as unbound subbase in a new road construction.

Based on the project outcomes, a matrix was developed to guide practising engineers on the
potential suitability of the recycled aggregates for use in various construction applications.
Table 2-1 presents an updated matrix, based on the matrices given in the MME book (Hassan
et al., 2016). In addition to the MME book, a guidance document on the use of recycled
aggregates was also published by the project team (Hassan et al., 2015). The outcomes of
these particular projects, and other related projects, have made a significant contribution to
the development of recycling specifications in Qatar.

Table 2-1 shows that aggregates produced from EW and CDW are suitable for use in almost
all applications, provided they comply with the relevant specification, with the exception of
asphalt wearing course applications. Both EW and CDW are unlikely to provide the high
abrasion resistance required for the wearing surfaces. The percentage limit of recycling in
structural and non-structural concretes was intended for gradual implementation in high
value applications, with the aim to raise the recycling levels as the industry developed more
experience with the use of the materials. Reclaimed asphalt pavement (RAP) was not
considered as a separate recycled material in the recycling guidelines, but as part of the CDW.
With the development of large quantities of RAP, the material has received more attention
from Ashghal as discussed later in Section 2.5.

Wadi gravel was considered suitable for concrete and pipe bedding applications, but the
material was not recommended for use in pavement as bound or unbound layers. Wadi gravel
with its smooth surface texture and spherical particle shape make it unsuitable to provide
aggregate interlock and high stiffness required for pavement layers. Therefore, the material
was recommended for concrete mixtures as it improves workability and drainage in pipe
bedding. The crumb rubber was mainly identified for use in hot asphalt mixtures of wearing,
binder and base courses. The use of IBA was recommended for unbound pavement
application and concrete blocks, but not in high value applications of asphalt and concrete.
Steel slag was not included in the recycling guidelines due to the government restriction on
its use in construction. Its use was only considered after Qatar Standards issued a No
Objection Letter for the restricted use of steel slag in construction.
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2.4 Qatar Construction Specification

The Qatar Construction Specification (QCS) is a regulatory document that is updated
periodically to improve the use of construction materials and construction practice. Itis issued
by the Qatar General Authority for Standardisation and Metrology (QGASM), Qatar
Standards, and is managed by a National Committee representing key stakeholders in the
construction industry. Under the QCS National Committee, there are twelve specialised
subcommittees that are working on reviewing and updating specific sections of the QCS, such
as concrete, road works, quality assurance and quality control, green construction, drainage,
health and safety, etc. Any change made to the QCS, either developing a new specification or
updating an existing specification, is generally based on a pilot trial for up to 2 years to ensure
suitability for local conditions. This practical approach is essential, especially for new recycled
materials or products, to assess performance in service before adopting in the national
construction specifications.

Various site trials were constructed in Qatar within the last decade to demonstrate the use of
recycled materials in various construction applications. As a result the fifth edition of the QCS,
published in 2014, allowed the use of recycled materials in a range of construction
applications including earthworks, unbound materials, asphalt and concrete (QCS 2014). In
some applications, there is a limit on the maximum amount of recycled materials, such as 20%
in coarse aggregate for structural concrete (QCS 2014: Section 2: Part 2).

The QCS 2014 requirements for the use of recycled materials in various construction
applications are generally similar to those for primary aggregates. This is the case for unbound
material such as fill, subgrade, subbase and base applications. In some cases, relaxed
requirements are made for recycled aggregate, such as increased values of water absorption
of recycled aggregate compared to primary aggregate for structural and non-structural
concrete applications. Such relaxation is based on laboratory and site data that confirmed at
least similar performance of the recycled materials compared to conventional primary
aggregates (Hassan et al., 2015). As the composition of recycled materials could vary from
those of primary aggregates, the QCS 2014 provides additional tests that are specifically
required for recycled aggregate, such as constituent and floating materials of recycled
materials for use in concrete.

The QCS is considered as the minimum requirements that apply to national projects, including
high rise buildings, major roads, as well as small private buildings. Developing general
specifications for such a range of construction projects is rather complicated. However, a
choice is always provided to the clients or their representatives to raise the limits above the
minimum specified in the QCS to produce desirable products. For example, the QCS 2014
specifies a maximum limit of 20% recycled materials in structural concrete, with the
permission to use a higher proportion when approved by the relevant authority. Such
relaxation in national specifications is intended to lead to aimed at innovation and wider
implementation of recycling provided they meet with the desired end-product specifications.

The QCS 2014 is the first national specification in Qatar and the GCC region to permit the use
of recycled aggregate in various applications. It made a positive change in the construction
industry towards sustainability and provided a route for implementing recycling, especially
with the shortage of local quality aggregate in Qatar. The recycling specification of the QCS



2014 was also adopted in 2015 as the first GSO Standardization Organisation “Specifications
of Recycled Aggregates from Construction Waste to be used in Construction Work” (GSO
2489, 2015).

Work by the QCS National Committee and subcommittees continued beyond 2014, with
further updates and wider use of recycled materials for the development of the next QCS
edition. Draft versions of the QCS 2018 have been developed and have gone through
continuous updates, with the aim of publishing in the near future.

2.5 Ashghal Implementation of Recycling

The Public Works Authority (Ashghal) is the government authority responsible for the design,
construction, delivery, and asset management of all infrastructure projects and public
buildings in Qatar. The successful delivery of Ashghal projects is essential to support the
economic and social development process required to achieve the Qatar Vision 2030 and to
host the 2022 FIFA World Cup. Ashghal projects are also the main consumer of aggregate and
other construction materials in Qatar.

2.5.1 Ashghal Recycling Roadmap

In line with the government initiatives, and due to the delay in publishing the QCS 2018,
Ashghal initially issued a roadmap for recycling initiatives to allow a wider use of recycled
materials in road projects (Ashghal, 2018). The recycling approach developed by Ashghal was
based on collecting construction waste, from demolished Ashghal projects, and processing
them for reuse in new projects. This approach is in line with the NDS-2 to achieve the recycling
target in government construction projects. Table 2-2 lists the main recycled materials and
applications considered in the Ashghal recycling roadmap. The aim of the Ashghal recycling
roadmap was to recycle 100% of all construction waste in 18 months, as shown in Figure 2-4.

Table 2-2 Recycled materials and applications in the Ashghal Roadmap 2018

Application % Recycled aggregate
Duct, pipe and cable bedding 100%
General fill and select fill materials 30-50%
Subgrade materials 50 - 100%
Subbase materials. 30-50%

Road Base materials 20-30%
Non-structural concrete (20MPa) 100%

Hollow blocks 100%

Paving blocks 100%
Asphalt Base course (BC) 15% Reclaimed asphalt pavement (RAP)
Asphalt Base course (BC) 20% Steel slag

L

L



For effective implementation, the Ashghal Recycling Roadmap highlighted the importance of
including recycling in future tenders and contracts, outsourcing the operation of processing
facilities, and pilot projects to demonstrate the use of recycled materials in various
applications. The Ashghal Roadmap provided guidance on the proportion of recycled
materials for use in various applications. For asphalt works, the Ashghal Recycling Roadmap
focused on reclaimed asphalt pavement (RAP) and steel slag for use in base course. No
information was provided on the quantities of construction waste, generated form old
projects, and the recycling level to be achieved within 18 months schedule. However, the
Ashghal Recycling Roadmap provided a clear message to contractors and suppliers on the
planned changes for the use of recycled aggregate and alerted them to carry out the required
modification for implementing recycling in government projects.

2.5.2 Ashghal Recycling Manual

As a follow up to the recycling roadmap, the Ashghal Recycling Manual was issued in January
2021 by the Ashghal Centre for Research & Development (Ashghal, 2021). The manual looks
like a standard document for the use of recycled materials in different construction
applications, but with more information on material processing, quality production, and
storage of recycled materials. The recycled materials considered in the Ashghal recycling
materials, covers those listed in the NSD-2, and include:

e Excavation waste (EW)

e Construction demolition waste (CDW)
e Reclaimed asphalt pavement (RAP)

e Wadigravel

e Crumb rubber

e Steel slag aggregate

The manual provides technical information on the suitability of each of the above recycled
materials in construction applications and permissible levels. A summary of the materials
permitted and permissible levels is presented in Table 2-3. The manual also provides a register
log of the type and quantities of construction waste generated from different projects,
materials transfer to the Ashghal recycling sites, procedures for the processing different
wastes, and requirements of recycled aggregate products.

Excavation waste (EW), which is a relatively clean source of limestone aggregate, is permitted
for use in all construction applications provided compliance with the aggregate requirements
provided in the QCS 2014. Construction demolition waste (CDW) is defined in the manual as
material generated from concrete structures. There is no clarity on whether the CDW is purely
recycled concrete aggregate (RCA), as defined in the QCS 2014 Section 5: Part 2, or mixed with
other foreign materials. However, the manual provides additional requirement for the
composition of recycled aggregate as described later in this section. Similar to EW, CDW is
permitted for use at 100% for all unbound applications, with the exception of subbase and
road base applications. The Ashghal manual limits the maximum level of CDW to 50% in
subbase and 30% for road base. No explanation in provided in the manual for such
restrictions.



Similar to the QCS 2014 for concrete, the Ashghal Recycling Manual limits the contents of
foreign materials and lightweight particles in both EW and CDW. As the concrete
specifications are based on British and European standards, the amount of foreign materials
is determined by the mass fraction and the floating materials by the volume fraction in
accordance with BS EN 933-11 (2009). However, the roadwork specifications are based on US
standards, and both foreign and lightweight materials are determined for the determination
of the percentage high density materials, low density materials, and compressible materials
by mass of the recycled materials.

The use of reclaimed asphalt pavement (RAP) is only provided for asphalt base course
applications. For up to 15% RAP, there is no modification required to the asphalt mixture. RAP
in excess of 15% and up to 30% is permitted but would require a new mix design. RAP is
regarded as a valuable source of recycled aggregate as it contributes to the replacement of
both gabbro aggregate and bitumen binder. The Ashghal Recycling Manual provides
comprehensive information on the milling operation, and handling, processing, and storage
at the recycling site. It also provides a revised specification of the QCS 2014 for asphalt
mixtures containing RAP, with additional performance requirements based on tensile
strength ratio and rut depth.

Wadi gravel aggregate is permitted for use in unbound aggregate application and concrete
products at 100% replacement level. Its use in unbound subbase is limited to 50% and 30%
for unbound road base. The Ashghal manual also permits the use of Wadi gravel in asphalt
work for footways and cycleways. It could be argued that Wadi gravel, with its spherical and
round particles, may not be suitable to provide the required aggregate interlock in pavement
applications and it should maintain its high value applications in structural and non-structural
concrete and pipe bedding (Hassan et al., 2020a). For all applications, Wadi gravel must be
thoroughly processed to remove gypsum before use as aggregate (Hassan et al., 2020b).

Crumb rubber is permitted for use in the wearing course of low traffic roads, up to 3 million
standard axles, as a binder modifier. The crumb rubber has to be ground to passing 30 mesh
size (600 microns) with an application rate of 10% to 25% of the total binder weight. The mix
design requirements and performance criteria are set out in the Ashghal manual together
with the requirements for processing, handling and storage at the recycling unit.

Steel slag aggregate is permitted in all unbound, non-structural concrete and asphalt base-
course applications with a maximum replacement level of 20%. The Ashghal manual was
based on the No Objection Letter (NOL) for the use of steel slag aggregate issued by the Qatar
Standards in 2013. The processed slag must meet the QCS 2014 aggregate requirements for
the desired applications. An additional requirement is the 7-day expansion test, as per ASTM
D5106 (2015), for controlling the potential volumetric expansion of the slag aggregate.

In addition to developing a recycling roadmap and manual, Ashghal has set its internal
strategy to support the QNV 2030 and NDS-2 on environmental and sustainability objectives.
A website was developed for the register of construction waste generated from demolished
projects, with a tracking system to identify source and processing unit. Instructions were
provided by the Ashghal President to the various Ashghal department to implement recycling
at new construction projects with the aim of achieving the NDS-2 recycled target ahead of
time.
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2.6 QPMC Supply of Recycled Aggregate

There is a need for a sustainable supply of recycled materials to enable their wider use in
construction projects and to achieve the government target of 20% recycling in 2022.
Developing new specifications, guidance, and manuals alone would not be adequate to cover
the high demand for high quality recycled aggregates.

Qatar Primary Materials Company (QPMC) is a government body established in 2006 for the
purpose of ensuring the continuous supply of aggregate and other construction materials in
the State of Qatar and has been the main supplier of primary aggregate materials for both
government and private sector construction projects since the time of its incorporation.
QPMC was also entrusted by the government with the sustainable supply of recycled
aggregate. A long-term contract of 20 years, effective from January 2020, was set between
the MME and QPMC for managing the supply of recycled aggregate from the construction,
demolition and excavation waste already deposited at Rawdat Rashid. Similarly, a long-term
agreement was set between Ashghal and QPMC for managing the supply of recycled materials
generated from the demolition of Ashghal projects and reuse in new projects. A list of the
QPMC-managed recycling sites, with estimated quantities and production rates are given in
Table 2-4.

Table 2-4 Recycling sites managed by QPMC

MME Site Ashghal Recycling sites Total
(Rawtjat Jary Bu Salba
Rashid)
Alsamar
Area (million m?) 7.9 2.3 0.9 1.8 12.9

Stockpiles (Mt) 40.0 12.0 3.0 1.0 56.0

60,000 200,000 300,000 100,000 660,000

(tonne/month)

With the government growing interest in Public-Private Partnership (PPP) to support projects
connected to the Qatar National Vision 2030 and Qatar 2022 FIFA World Cup, QPMC set up
partnerships with contractors for the production of recycled aggregate. The PPP was set up
because of the scale of investment in infrastructure projects and the government’s interest
in increasing the role of the private sector. Various contractors are currently working with
QPMC for the quality production of recycled aggregate in different recycling sites. To ensure
quality production and supply, QPMC also appointed a third party of an Ashghal-approved
laboratory to continuously check the quality of recycled aggregate and products at source and
provide assurance for use. QPMC also provided regulated prices for both primary and recycled
aggregate, as discussed in chapter 8. QPMC is currently managing the recycling of
construction wastes at:

e MME Recycling site at Rawdat Rashid
e Ashghal Recycling sites: three recycling sites for Ashghal at Umm Al-Zubar, Jary
Alsamar and Bu Salba



2.6.1 MMIE Recycling Site — Rawdat Rashid

The MME site is approximately 8 million square metres, with more than 60% of the site
occupied by construction waste and the remaining 40% covered by tyre rubber. A site visit
was made by the project team to the MME Recycling site in February 2021. Production was
noticed at different locations of the site. It was observed that approximately 2 million square
metre were cleared from the site, with a total production of 0.5 Mt (million tonnes) of
recycled aggregate over 1 year, including 3 months for mobilisation. Current procedures
include manual separation of large items of foreign and lightweight materials, followed by
crushing and screening with additional mechanical separation using magnets and air-blow. A
total of 100,000 tonnes of recycled aggregate have already been sold, mainly for use in non-
structural concrete products of concrete blocks and paving blocks, and unbound subbase
materials.

QPMC is planning to double the production of recycled aggregate to 1 Mt/y at the MME
recycling site and introduce washing facilities for the production of fine aggregate for use in
structural and non-structural concrete. The long-term agreement of 20 years set with the
MME, and the PPP agreement with industry have facilitated such investment in washing
plants to meet the high demand of quality aggregate. This will improve the quality of recycled
aggregate and reduce the high demand of imported gabbro and concrete sand, from the
diminishing sand deposits in Qatar.

The main challenge facing QPMC in marketing the recycled products from the MME recycling
site is the presence of lightweight materials within the final recycled aggregate/products. This
is mainly attributed to the nature of mixed construction waste at Rawdat Rashid, with more
than 90% of the material arriving at site as mixed construction demolition and excavation
waste, and small quantities of clean concrete, and reclaimed asphalt pavement. This could be
improved by better practice on construction sites in Qatar, such as segregation of different
waste types on site and stripping out furnishings and fittings before demolishing buildings.
Details of suitable procedures that could be adopted are given in Hassan et al. (2015).

2.6.2 Ashghal Recycling Sites

QPMC is managing the construction waste generated from Ashghal demolished projects in 3
recycling sites. Recycling work commenced in October 2020 with 4 contractors working on
the processing of excavation waste, reclaimed asphalt pavement, and recycled concrete. The
recycled products generated from the Logistic sites are used back in Ashghal’s new projects.
QPMC has currently processed approximately 1.8 Mt at the Logistic sites, with approximately
25,000 to 30,000 t/day.

Table 2-4 shows that the production at the logistic sites are 10 times the production at the
MME recycling site. This is mainly attributed to the cleaner nature of construction waste from
Ashghal projects, mainly from roads with separated pavement layers and concrete units of
block paving and kerbstones. There is also a high demand for recycled aggregate in Ashghal
projects that are developing rapidly to support the government vision and strategy.



2.7 Summary

Qatar’s long-term development strategy, QNV 2030 and NDS-2 (2018-2022), are based on the
principles of sustainable development, with emphasis on sustaining a balance between
current and future demands. Construction waste represents 80% of total solid waste
generation in Qatar, with current quantities of 8.0 Mt/year, and expected generation to
remain above 6.0 Mt/y to 2030.

A recycling target of 20% was set for the use of recycled aggregate to replace primary
materials in construction projects by 2022. Energy and water are other environmental issues
with set targets to reduce carbon emissions and increase the use of TSE water in different
industries. Government initiatives — include development of standards and specifications,
guidelines, manuals, and sustainable supply of materials, to facilitate the implementation of
recycling in construction. A summary of the permitted use of recycled materials in a range of
construction applications is given in Table 2-3.

Recycling initiatives have been established across the government entities and industry for
integrated strategic planning aligned with the recycling target set in the NDS-2. Qatar
Standards introduced the first national recycling specifications in the region, which was
adopted as a GCC standard in 2015. The MME set long-term contracts for the recycling of
main solid waste streams, construction and municipal wastes, and published a book on
recycling guidelines for the effective implementation of recycling in construction. More
recently, Ashghal issued a recycling manual that is like a specification document but with
more details on recycled materials available in Qatar, percentage of use in various
construction applications, quality production, and materials properties to meet the desired
application.

A long-term contract was set between the MME and QPMC for the consistent supply of
recycled aggregate from Rawdat Rashid landfill, and a similar arrangement was made for the
Ashghal logistics sites. The production of recycled materials is expected to reach 8.0 Mt/y by
2020, with more investment in washing plants to improve the quality of mixed CDW materials.
The potential to use large quantities of recycled aggregates safely and effectively in
construction in Qatar and to meet the NDS-2 recycling target therefore exists, if clients and
construction professionals are aware of the possibilities and committed to taking them.

The local materials are described in Section 3 and details of how they can be used in various
applications are given in Sections 4 to 7.



3 Local and Recycled Aggregates in Qatar

Large quantities of local and recycled aggregate materials are available in Qatar, with
potential use in various construction applications. Limestone is the main source of natural
aggregate in Qatar and has been used in construction for many years. Natural aggregate of
quartz sand (concrete sand) and Wadi gravel are also available locally, but in smaller
guantities and mainly used in concrete. In addition, large quantities of construction waste
materials are also available for use as recycled aggregates. This chapter reviews the main local
and recycled aggregate materials, with basic properties and potential applications, which can
contribute to achieving the NDS-2 recycling target of 20% by end of 2022.

3.1 Local Limestone

Qatar is underlain almost entirely by limestone. However, not all of the limestone is strong
enough to be suitable for use as aggregate in asphalt or concrete. Previously, quality
limestone came from quarries in the north and was capable of meeting the desired
requirements for various applications. Since 2018, limestone quarries are mainly limited to
Umm Bab area, with approximately 10 quarries supplying limestone aggregate for low-
strength concrete and unbound applications.

A quarry face in the Umm Bab area is shown in Figure 3-1. Thin, irregular bands of brown clay
are visible in the white limestone. The quality of processed limestone aggregate can vary from
different sources and even within the same source due to contamination with clay particles.
The best quality limestone is generally obtained from the top layer of the quarry, up to 4m
from the surface, but this has relatively high clay content. The amount of clay is reduced at
deeper layers of limestone, but the aggregate becomes weaker.

Figure 3-1 An exposure of limestone quarry face in Umm Bab



The method of processing the limestone in the quarry includes blasting up to 15m depth
followed by 3 lines of production:

e Line 1 of Jaw crusher and screening: most of the clay contamination is present with
the fine particles of 0-2mm, and therefore this material is removed to landfill. Material
passing 75mm are used for backfill applications.

e Line 2: Impact crusher and screening: materials retained on 75mm from Line 1 are
crushed and screened into different sizes (between 0 and 40mm) for use in road base
and subbase applications.

e Line 3: Secondary Impact crusher and screening: materials retained on 40mm in Line
2 are crushed again and screened into different sizes for use in pipe bedding.

The advantage of sourcing aggregate from a quarry as opposed to processing excavation
waste is that the product is likely to be much more consistent, as it is coming from a single
source. The limestone will not be mixed with soil, construction or demolition waste and
materials such as wood, plastic, rubber and metal, and will therefore be cleaner than
aggregate derived from excavation waste. The processing required to produce quality
aggregate will be simpler if the natural limestone is a relatively uniform, high strength
material, rather than a mix of strong and weak materials from a range of sources as in
excavation waste. There are therefore definite advantages to using aggregate from quarries,
if suitable sources are available. It may be that the best sources have already been identified
and worked out.

Local limestone aggregate was the main aggregate for construction before the boom in
construction witnessed in Qatar over the last 2 decades. The material was assessed for
compliance for use in bound and unbound construction applications using the test method 1-
97 “Immersion Rotation Test, IRT” (CML, 1997). The test was mainly developed for assessing
the quality of local limestone aggregate by breaking down the weak particles resulting from
the combined actions of abrasion, impact and grinding immersed in water in a rotating drum
with both fixed and rotating blades. A sample of 50 kg of the coarse aggregate (> 4 mm) is
placed in the drum of a concrete mixer of 50 litre capacity. The drum is revolved at 50
revolutions per minute for a period of 10 minutes, after which the aggregate is sieved for the
removal of particles finer than 4 mm in size. The Loss Factor is determined from the original
weight and materials retained on 4 mm and 0.075 mm sieves as a measure of the aggregate
resistance to degradation in a saturated condition. A loss factor of 5% maximum was used for
bound applications of asphalt and concrete and a value of 10% for unbound applications such
as subbase and pipe bedding.

The presence of large quantities of clay restricts the use of limestone aggregate in
construction due to the potential swelling of clay particles in wet conditions. Most of the
clayey particles are present in the fine particles, and current practice in Qatar is to blend the
fine aggregate limestone with cement to improve its plasticity and sand equivalent properties.

3.2 Excavation Waste

Large quantities of excavation waste are available in Qatar as a result of the massive amount
of infrastructure development that has taken place over the last twenty years. Much of this



material has been taken to Rawdat Rashid landfill sites, MME and Ashghal logistics recycling
units, for processing and recycling. QPMC are currently managing both MME and Ashghal
recycling sites with the aim of regulating the price of recycled materials and producing
consistent products. A meeting was held by the project team and QPMC management in
December 2020, Figure 3-2, to discuss the current production and uses of recycled
aggregates, and to present the outcomes of the research project to the current users of
recycled materials to provide good understanding of the performance of recycled materials
in service. A follow up site meeting was held in the Rawdat Rashid MME recycling site to
observe current processing and recycled products.

Figure 3-2 Project team meeting with QPMC management

The processing of EW involves mechanical, manual and magnet separation of foreign, metal
and lightweight materials before crushing and screening into different sizes. Similar to the
natural limestone, processing is carried out via 3 lines of jaw crusher and screening, impact
crusher and screening, and the secondary impact and screening to produce the recycled
products for various applications. Figure 3-3 shows one of the QPMC production lines of EW
aggregate.

Despite coming from a range of sources, all of them probably unknown, the processing of EW
employed at Rawdat Rashid enabled good quality single size aggregates to be produced. A
typical 10 mm EW recycled aggregate product is shown in Figure 3-4. The material looks
relatively clean and is currently used for concrete blocks and pipe bedding applications.

As discussed with the production team at Rawdat Rashid, the main EW product is unbound
subbase materials (0-40 mm). Only about 5 — 10% of the feedstock ended up as single size
aggregate due to the variable nature of the weak limestone material, which broke down



during the processing, producing dust. It was also noted that if the settings of the crushers
were not regularly checked there was a tendency to produce elongate particles, making it
unsuitable for use in pipe bedding or concrete applications.

Figure 3-3 Processing of EW materials - MME Recycling Site

Figure 3-4 EW of 5-10 mm for use in concrete blocks and pipe bedding



33 Construction and Demolition Waste

Construction and demolition waste (CDW) covers a range of materials and includes concrete,
asphalt materials, blocks and interlocks, and other materials that arise from the demolition
of buildings, roads and other structures. CDW may contain a proportion of wood, glass,
plastic, paper or other impurities and lightweight materials. The main categories of CDW
materials available and currently processed in Qatar are:

e Reclaimed asphalt pavement (RAP): Relatively clean granular asphalt aggregate;
crushed and graded into different sizes.

e Recycled concrete aggregate (RCA): Relatively clean concrete aggregate; crushed and
graded into different sizes.

e Mixed recycled materials: Mixed construction waste aggregate; crushed and graded
into different sizes.

CDW makes up the most significant component of the total construction waste and can be
variable in composition, properties and impurities. The reliability and quality control of the
material is therefore an essential requirement. QPMC strongly support the development of
national construction specifications, MME guidelines, and Ashghal manual that permit the
use of recycled materials in various construction applications, as discussed in Chapter 2. These
documents have greatly widened the material acceptance from both client and contractor’s
perspective.

3.3.1 Reclaimed Asphalt Pavement (RAP)

RAP is the main waste stream generated from old government infrastructure projects with
estimated quantities of 1.8 Mt currently processed at the Ashghal logistics sites. RAP can be
generated from several sources such as milling of existing roads, full-depth pavement
removal, and waste asphalt materials generated at the plant. The RAP materials obtained
from milling of old pavement are sent back to Ashghal logistic sites for recycling. RAP provides
a relatively clean recycled material for potential use in new asphalt. To improve its quality
use, Ashghal provides full traceability from source of RAP (project, road, plant) to the Job Mix
Formula (JMF) and projects where the RAP asphalt has been laid (Ashghal, 2021). Ashghal
conducted various training courses and demonstration to their contractors on the milling and
use of RAP materials in asphalt. An example of the Ashghal demonstration of asphalt milling
is shown in Figure 3-5, whereas the RAP material is shown in Figure 3-6.

RAP offers recovered bitumen binder and aggregate for use in new asphalt mixtures. As both
bitumen and gabbro are imported to Qatar, there is an economic motivation for the recycling
of RAP in addition to its environmental benefits. Recycling reduces the demand for non-
renewable natural resources and reduces the energy and emissions associated with the
extraction and transportation of imported aggregate. Recycling also reduces landfilling of
construction waste and contributes to sustainable construction and development.

The highest value application of RAP is back into asphalt, where the material replaces
expensive imported aggregate and binder. RAP is currently recycled in hot mix asphalt as 15%
replacement of gabbro aggregate, and without modification of the JMF. The proportion of
RAP can be increased to 30% but would require a new mix design, as specified in the Ashghal
Recycling Manual (Ashghal, 2021). RAP can also be used as unbound granular material in road



base and subbase applications, with the additional benefit of some binding properties from
the bitumen surrounding the aggregate particles.

Figure 3-5 Ashghal demonstration on asphalt milling to their contractors

Figure 3-6 RAP materials




The use of RAP in concrete and cementitious bound applications is rather limited in Qatar.
RAP aggregate is expected to reduce the strength properties but would enhance the ductility
and high strain capacity of concrete, making the concrete more suitable for use in pavement
base and subbase applications with improved performance properties (Hassan et al., 2000).

RAP can also be used in unbound applications such as granular base and subbase. Although
the use of RAP in granular applications does not recover the bitumen binder surrounding the
aggregate, it does provide an alternate application where the market for asphalt pavement is
not available. According to the FHWA (2016) RAP materials should be blended with
conventional aggregate immediately after crushing to avoid agglomeration, i.e. particles
sticking together due to softening of the bitumen. Stockpiling RAP material for a considerable
period of time, particularly in hot weather, may also require re-crushing and re-screening due
to agglomeration. In practice, high quantities of RAP in the pipe bedding material would not
be desirable as the particle agglomeration would prevent the material from flowing freely
into the trench, leading to poor compaction and potentially long-term settlement (Reid et al.,
2008).

3.3.2 Recycled Concrete Aggregate (RCA)

Recycled concrete provides a clean source of RCA aggregate, as shown in Figure 3-7. RCA
generally comprises crushed stone aggregate partially coated with mortar or cement paste.
The mortar is the cause of the main difference between natural aggregate and RCA, of being
more porous and lighter in weight with impact on the water absorption and density of RCA.
Minimising the mortar content during processing of RCA results in stronger and more durable
aggregate for high-value construction applications, but would require additional efforts in
crushing for the removal of mortar.

Figure 3-7 Recycled concrete is a clean source of RCA



RCA is processed by crushing and screening into different sizes, with the potential to utilise
100% of the materials. An example of the RCA 10-20 mm aggregate product is shown in Figure
3-8. The production of RCA from concrete results in a significant amount of fines. Attention
has been mainly focused on coarse RCA aggregate with limited use of the RCA fines. RCA fines
mainly contain higher levels of cement and possible contamination of chloride and sulphate
salts, depending on the material source, but could also possess some self-hardening
properties.

Figure 3-8 RCA coarse aggregate (10-20mm)

RCA fines, 0-5 mm, is currently used in Qatar in subbase applications, by blending with EW
materials, gabbro fines, Portland cement and water to create a mix that meets the plasticity
and sand equivalent requirements of the QCS 2014.

The RCA coarse aggregate could also be used in unbound applications such as subbase and
base applications but probably not in pipe bedding. RCA aggregate has the potential to
develop self-cementation, which is a desirable property in subbase, but not in pipe bedding
as it makes it more difficult to access the pipes for maintenance and repair works. RCA can
also be used in structural and non-structural concrete applications as specified in the QCS
2014. RCA may be best reserved for use in concrete, cement bound materials and unbound
subbase, provided compliance with the specification requirements.

The QCS 2014 limits the composition of RCA by specifying the maximum limits of masonry
content, RAP, foreign materials of glass, plastic, metal etc.,, and lightweight materials.
Additional requirement of the volume of lightweight materials is made as per BS EN 933-11
(2009) due to the low density of lightweight materials.




3.3.3 Mixed CDW

Mixed CDW comprises a wide variety of materials including concrete, metals, timber,
ceramics, soil, plaster, asphalt, and polymers which arise either during construction,
renovation, or demolition activities. The material is very variable in composition, Figure 3-9,
and can contain varying amounts of foreign and lightweight materials such as plastics, glass,
paper, cardboard, cloths, etc.

Figure 3-9 CDW of mixed materials

Currently there is no segregation taking place, at source, of the CDW waste into different
categories, e.g. clean concrete and blocks or material with more wood, plasterboard and
other contaminants. At the processing unit, the separation is carried out using the dry
methods of manual and mechanical segregation through magnet and air blowing.

The MME is currently planning new procedures for demolition waste in Qatar, with the aim
of reducing pollution and maximising recovery of waste materials by segregation at source. A
pre-demolition audit will be required before obtaining a demolition permit, to identify
demolished materials that can be removed for reuse or recycling, such as furnishings and
fittings, and to identify possible presence of any hazardous materials such as asbestos. Based
on the pre-demolition audit, the total amount and nature of the demolition wastes will be
determined for the preparation of a waste management plan. Such procedures will clarify
how the materials will be handled before and after demolition, with the aims of minimising
waste contamination, and maximising the value and recycling of the demolished materials.
The waste management plan should indicate how the materials will be stored on site,
methods undertaken for segregation and prevention of contamination during stockpiling, and
the quantities of materials for reuse, recycling and disposal.
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For the existing mixed CDW at Rawdat Rashid, QPMC indicated their intention to install
washing plants at the MME recycling site, as mentioned earlier in section 2.6. An example of
the washed mixed CDW is shown in Figure 3-10, as obtained from a site visit conducted by
the project team to one of the CDW recycling site in the UK. It is clear that washing effectively
removes the lightweight materials and produces clean aggregate with potential use in
concrete and unbound granular materials of road base and subbase applications.

3.4 Wadi Gravel

Whilst the majority of Qatar’s geological succession is made of limestone and dolomite with
inter-bedded clay, shale, gypsum and marl (Cavelier et al 1970, Leblanc 2008), in the south
these strata are overlain by scattered outcrops of the Hofuf Formation of Upper Miocene to
Pliocene age. The Hofuf Formation deposits consist of coarse sand weakly cemented by
gypsum with pebbles of various rocks, mostly derived from the Arabian Shelf and the Arabian
Shield, transported by large river systems (Al-Saad et al., 2002). The Hofuf Formation is
referred to as “Wadi gravel” and has been exploited over many years as fine aggregate for
use in concrete. Current practice is to screen and wash sand before use as fine aggregate in



concrete. The screening is for the removal of oversize particles (> 4 mm) and the washing for
the removal of clay, fines and any loose gypsum.

Large quantities of the oversize Wadi gravel are available in Qatar, exceeding 4 Mt, but the
material has not been fully utilised as a source of coarse aggregate. This is mainly due to the
presence of gypsum, which in many cases are adhering to the Wadi gravel particles, and hence
is difficult to remove. Recently, Hassan et al. (2020b) reported a method for the successful
processing of Wadi gravel to reduce the sulfate to acceptable levels for use as coarse
aggregate in concrete, which was also adopted in the Ashghal Recycling Manual (Ashghal,
2021). The process is schematically presented in Figure 3-11, and involves intensive treatment
using multistage crushing, screening and washing. Processed Wadi gravel, using this
methodology, successfully met the sulfate and other requirements of the QCS 2014 for use
as coarse aggregate in concrete. Photos of the Wadi gravel aggregate before and after
processing are given in Figure 3-12 and Figure 3-13, respectively. Processed Wadi gravel is
produced in different sizes of 0-5 mm, 5-10 mm, 10-14 mm and 14-20 mm sizes, with the
potential of use in various applications of structural and non-structural concrete, concrete
blocks, interlocks, cement bound materials, and pipe bedding.

The composition of Wadi gravel may include different rock types. Petrographic examination
to BS 812-104 (1994) on Wadi gravel, as obtained for 2 sources of Mekaines and Al-kharaij
sand deposits, is presented in Table 3-1. The petrographic examinations identified 6 rock
constituent types, which accounted for at least 94 % of the Wadi gravel as shown Table 3-1
(Sims et al., 2021). The main difference between the raw (as received) and processed Wadi
gravel is the gypsum-bound deposits which are attached to the gravel particles. Extensive
processing of crushing, screening and washing reduces the gypsum content to less than 1%.

Table 3-1 Wadi gravel constituents (% by mass) before and after processing

Raw Wadi gravel After processing

Mekaines Al-kharaij ?(I)__klr::;?: ?:_kzrg::::

7 14 8 8

Main constituents




There is not much variation of the composition of Wadi gravel aggregate obtained from
different sand deposits in Qatar, before and after processing into different sizes. The main
rock constituents of the Wadi gravel are limestone and quartz, with small proportions of
rhyolite, granite, and quartzite. The unprocessed Wadi gravel contains up to 20% GBD, which
is reduced after processing to small traces less than 1%. Such reduction in the sulfate content
is encouraging for a wider utilisation in the construction industry, especially in Qatar with
shortage of quality local aggregates and the high cost of imported aggregates.

There is not much variation of the composition of Wadi gravel aggregate obtained from
different sand deposits in Qatar, before and after processing into different sizes. The main
rock constituents of the Wadi gravel are limestone and quartz, with small proportions of
rhyolite, granite, and quartzite. The unprocessed Wadi gravel contains up to 20% GBD, which
is reduced after processing to small traces less than 1%. Such reduction in the sulfate content
is encouraging for a wider utilisation in the construction industry, especially in Qatar with
shortage of quality local aggregates and the high cost of imported aggregates.

3.5 Steel Slag

Steel slag is a by-product of steel manufacturing and is produced by the Qatar Steel Company
at their plant at Mesaieed. The slag is predominantly electric arc furnace (EAF) in origin; in
excess of 350k tonnes is produced every year, with an estimated two million tonnes of
stockpiled materials. The molten slag is conditioned by immediate quenching with water and
weathering in air for one year before processing. The slag processing includes primary
crushing for the recovery of ferrous metals, followed by secondary crushing into different
aggregate sizes.

In support of the government strategy of sustainable development, Qatar Standards issued a
No Objection Letter (NOL, 2013) to allow the use of steel slag as an aggregate in construction.
The NOL imposed a maximum replacement rate of 20% of the gabbro coarse aggregate in
asphalt and concrete applications. For asphalt works, the use of slag aggregate was limited to
the base course and for concrete works to blinding concrete and non-structural elements that
are outdoors or underground. The non-structural element included manholes, soakaways and
cable covers applications.

Additional requirements are made for weathering the steel slag for a minimum period of 1
year before production, and for the processing and production of the materials to be carried
out under a quality control system with regular testing for all the key technical parameters
required by the NOL and the QCS 2014. The extra tests required by the NOL include tests for
the expansion potential of the slag and leaching tests to assess whether there is any likelihood
of contamination of natural sources from the use of steel slag aggregate. The regular tests
demonstrated that the aggregate has very low potential for expansion and for leaching of
contaminants, and hence is safe to use in the proposed applications.
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Figure 3-11 Schematic diagram of the Wadi gravel processing




Figure 3-13 Processed Wadi gravel; GBD almost completely removed
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Figure 3-14 Steel slag aggregate

Dimensional instability is the main technical concern facing steel slag aggregate when used in
bound applications of asphalt or concrete. The propensity of slag to expand is due to the
presence of free lime and magnesium oxides that can hydrate in humid environments,
producing volume changes. Coomarasamy and Walzak (1995) reported extensive map
cracking and premature failure in some constructed slag-asphalt pavements due to excessive
expansion of the slag aggregate. It is therefore recommended to expose the slag for a few
months to outdoor weathering before use in construction. Work by Autelitano and Giuliani
(2015) suggested a minimum aging period of 4-6 months for EAF slag aggregates used in road
construction, for both bound and unbound applications. In hot countries with lack of rainfall,
a weathering period of 6 months could easily contain little or no rain, and therefore the NOL
specified a minimum period of 1 year.

An accelerated weathering trial was conducted to validate the requirement made on pre-
conditioning the EAF slag in air for one year before its use in construction. A representative
sample of approximately 20 tonnes of slag was crushed and screened into different sizes of
0-5, 5-10, 10-20, 121 and >20mm. The stockpiles were stored near each other in an open area
in the Qatar Steel plant, as shown in Figure 3-14. The stockpiles were sprayed with treated
sewage effluent (TSE) water twice a day to accelerate any weathering reactions. The pH was
determined periodically for the water draining from the slag, and the results showed only
very minor changes during the 1-year trial, indicating no uptake of water and hydration of the
oxides components of the slag (Hassan et al., 2021). Regular laboratory testing of the products
is carried out according to the schedule set out in the Quality Control System.



3.6 Incinerator Bottom Ash (IBA)

Following the collection and the mechanical separation of the domestic wastes into different
sizes, the large size fraction (>300mm) is transferred to the incineration unit for energy
production. The Energy-from-Waste plant is managed by the MME, with the capacity to
incinerate 1500 tonnes per day. The material is incinerated at 800-900°C for a duration of 45
minutes.

Figure 3-15 Incineration bottom ash (IBA) aggregate

The amount of ash generated ranges from 15-25% (by weight) and from 5-15% (by volume)
of the raw municipal solid waste processed (EPA, 2019). Fly ash refers to the fine particles
that are removed from the flue gas and includes residues from other air pollution control
devices, and typically amounts to 10-20% by weight of the total ash. The remaining 80-90% is
IBA, Figure 3-15, which has the main chemical components of silica (sand and quartz), calcium,
iron oxide, and aluminium oxide.

After combusting, the IBA is discharged and quenched with water. The main purpose of water
quenching is to quickly cool the material and reduce the amount of dust. After water
quenching and cooling, the ash is divided into different size fractions:

e IBAA (0-8mm): produced at a capacity of 80 tonnes/day



e |BAA (8-40mm): produced at a capacity of 40 tonnes/day

Approximately 50,000 tonnes are produced every year from incinerated municipal ash, with
potential use as aggregate in construction. The material is not utilised in Qatar and is generally
stabilised with cement and sent to landfill.

3.7 Summary

The principal sources of coarse aggregate in Qatar include local limestone, excavation waste
(EW), reclaimed asphalt pavement (RAP), clean recycled concrete (RCA), mixed construction
and demolition waste (CDW), Wadi gravel, steel slag and incinerator bottom ash. All have
been shown to be capable of yielding good quality aggregate that will meet the requirements
of the QCS 2014 for a variety of applications; however, achieving the required level of quality
often involves extensive processing of the materials.

The quality of local limestone aggregate varies from different sources, or even from the same
source due to localised contamination with clay. It is currently used in unbound construction
applications, and sometimes blended with Portland cement and gabbro fines to improve
plasticity and sand equivalent properties.

CDW and EW provide the largest quantities of recycled materials in Qatar with potential use
in construction. RAP, RCA and EW are relatively clean aggregate and would only require
crushing and screening into different sizes, whereas the mixed CDW would require additional
treatments. The government plan of the MME pre-demolition audit to segregate the mixed
demolition waste at source and the QPMC washing plants at Rawdat Rashid should improve
the quality of mixed CDW products for wider applications in construction.

Wadi gravel is a by-product produced from the sand washing plants as oversize materials.
Processing of Wadi gravel, through intensive multistage washing, crushing and screening is
essential to reduce the sulfate content to acceptable levels. Petrographic analysis indicates
the Wadi gravel aggregate is composed of 6 principal types of rocks, and the composition
does not change much from different sources of sand deposits. Steel slag aggregate is another
source of clean aggregate for use in construction. Weathering the materials for at least 1 year,
as specified by the NOL, is essential for the dimensional stability of the slag aggregate. IBA is
generated from the incineration of municipal solid waste and is currently stabilised with
Portland cement and sent to landfill.

Recycled and alternative aggregates were used to replace natural imported and local
aggregate in various structural applications of structural concrete, concrete blocks, and
unbound subbase. Based on monitoring in-service performance after 5 years for the building
trials and 4 years of the road trials, the following conclusions are made.



4 Recycling in Asphalt Pavement

The Qatar road network has grown significantly from 18,000 lane kilometres in 2017 to 28,000
lane kilometres in 2020 to support the economic and social development of the QNV 2030.
Asphalt or flexible pavement is the main pavement type used in Qatar for road construction.
Hot mix asphalt (HMA) comprises graded aggregate and a bituminous binder, and both
materials are currently imported to Qatar. Therefore, there is economic and environmental
benefits for the use of recycled materials in asphalt.

This chapter presents the performance of asphalt pavement made with recycled aggregates
of RAP and steel slag, as partial replacement to imported gabbro aggregate. It also provides
site data on the performance of asphalt wearing course made with crumb rubber modified
binder (CRMB). Site trials were constructed with different proportions of recycled aggregate
and the performance was assessed by visual inspections and core testing immediately after
construction and up to 3 years in service. The results are compared to those of control
pavement sections made with conventional gabbro aggregate, and with national construction
specifications of the QCS 2014 and the Ashghal Recycling Manual (Ashghal, 2021). As no
control section was included in the CRMB asphalt case study, the results are compared to the
requirements of national specifications.

4.1 Reclaimed Asphalt Pavement (RAP)

Asphalt pavement tends to age with time, and the rate of binder aging is accelerated at higher
temperatures such as the exposure conditions in Qatar and the Gulf region. Aging resultsin a
hard and stiff binder, with more susceptibility of the pavement to crack and disintegrate
during its service life. To reinstate the pavement, the existing surface layer is usually replaced
by a fresh HMA layer, thus generating large quantities of RAP materials. RAP is one of the
main recycled aggregates implemented in Ashghal projects, due to its dual benefits of
recovering the aggregate and the bituminous binder. The material has been widely used to
replace 15 % of imported gabbro, without modifying the mix design, in almost all new
construction and maintenance pavement projects. Two projects were selected for
investigating the performance of RAP in asphalt. The RAP contents ranged from 15 % to 40 %
and the RAP was used to replace imported gabbro in asphalt road base applications.

4.1.1 Al-Wakrah Metro Car Park — RAP base course

As part of the Al-Wakrah Main Road Project, the car park of the Metro Station was
constructed with asphalt base course containing 15% RAP. The car park is approximately
12,000 m? and was constructed in October 2018, Figure 4-1. The pavement construction
consisted of layers of:

e 50 mm of asphalt wearing course (WC)

e 100 mm of asphalt base course (BC, Class A)
e 200 mm unbound road base

e 500 mm of subgrade.

To provide a consistent grading of RAP aggregate, the milled asphalt material was initially
sieved into different fraction sizes and remixed again in pre-determined proportions. The RAP



properties considered in the mix design were grading, binder content, moisture content,
specific gravity, density, and water absorption. RAP with coarse aggregate size exhibited
higher specific gravity and lower values of binder content and water absorption, when
compared to the finer RAP fraction. This is mainly attributed to the higher specific gravity of
aggregate when compared to bitumen, and the higher proportion of bitumen in the fine RAP
fraction, due to the lower specific surface area of the large aggregate particles compared to
the finer aggregate particles, which hence require less binder to coat the surface of the
coarser particles.

The RAP aggregate was cold fed and added directly into the asphalt mixer without pre-
heating. The natural gabbro aggregate was heated at a relatively high temperature of 190°C
to compensate for the RAP materials.
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Figure 4-1 Al-Wakrah Metro car park — RAP asphalt

4.1.1.1 Construction Data

During construction of the Metro car park, samples of loose asphalt were collected at
different locations of the 15% RAP asphalt and an adjacent control section made with a 100%
gabbro asphalt. Cores were also taken immediately after construction for the determination
of the in-place voids content and degree of compaction. The average values of construction
data are summarised in Table 4-1 for the control and 15% RAP asphalt base course sections,
together with the mix design (Job Mix Formula, JMF) and the revised QCS 2014 requirements
for BC-Class A, as per the Ashghal Recycling Manual (2021). Values highlighted in “yellow” are
those not complying with the QCS 2014.

The bitumen content of the asphalt mixtures were determined as per ASTM D2172 (2017),
and the values were 4.0% for the control asphalt and 3.6% for the 15% RAP. The 15% RAP
binder content of 3.6% is identical to the Job Mix Formula (JMF), approved by Ashghal. The



results fall within the range specified in the QCS 2014 of 3.2 % - 4.4 % for asphalt BC-Class A.
The binder content of the 15% RAP mixture included 3.0 % of virgin bitumen (60/70 pen) and
0.6 % recovered binder form the RAP aggregate, i.e. 25 % saving of the virgin bitumen binder.

Sieve analysis was conducted as per ASTM D 5444 (2015), and the grading results are shown
in Figure 4-2. The results show identical grading for the control and 15 % RAP BC-A, falling
within the permitted grading envelope in the QCS 2014. Figure 4-2 also presents the grading
of the JMF of the 15 % RAP with identical grading to the construction mix. The identical
grading curves obtained from the mix design (JMF) and construction data indicate consistent
supply of asphalt materials with 15 % RAP during the construction period.

Table 4-1 Marshall mix design and construction data of RAP asphalt — Al-Wakra car park

Parameter QCS 2014 Mix design Construction data
limits* (RAP JMF)

Loose Binder Content (%) 3.2-4.4 3.6 4.0 3.6

SEE siability (kN) 12.0 min 16.5 15.0 16.0
Flow (mm) 2.0-4.0 3.2 3.0 2.8
Marshall quotient (kN/mm) 5.25 min 5.2 5.0 5.7
Retained Stability (%) 75 min 90 83 86
Voids in Mix (VIM, %) 4.0-8.0 5.7 6.2 6.3
VMA (%) 13 min 14.0 15.0 14.9
VFA (%) 50-70 58.8 58.0 57.6
Voids VIM-400 blows (%) 3.2 min 4.1 4.0 4.0
Filler/Binder Ratio 0.8-1.5 1.3 1.0 1.1
Bulk density (kg/m?3) - 2.568 2571 2565
Max specific gravity (Gmm) - 2.723 2.749 2.747

Cores Core in-place air voids (%) 5.0-8.0 - 6.8 7.3
Degree of compaction (%) 97-101.8 - 100.2 99.3

*Revised as per the Ashghal Recycling Manual (2021)

The Marshall properties were conducted as per the QCS 2014. The Marshall stability is a useful
parameter in determining the appropriate binder content and providing an indication of the
deformation resistance of asphalt. The asphalt samples were tested for stability as per ASTM
D6927 (2015), and the results are presented in Table 4-1. At the mix design, the 15 % RAP
asphalt exhibited the highest value of 16.5 kN, with a slightly lower value of 16.0 kN at
construction. The control section exhibited the lowest value of 15.0, but greater than the
minimum specified limit of 12.0 kN. Marshall flow testing provides an indication of fatigue
resistance and flexibility of asphalt and the results showed values between 2.8 mm and 3.2
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mm, within the specified range of 2 to 4 mm. The Marshall quotient (stiffness) is the ratio of
Marshall stability and flow. The 15 % RAP mix design exhibited a value of 5.2 kN/mm,
marginally lower than the minimum specified value of 5.25 kN/mm. At construction, the
control asphalt failed to meet the specified requirement, whereas the 15 % RAP gave a value
of 5.7 kN/mm. The Marshall retained stability test is for determining the resistance of asphalt
to moisture damage. The revised QCS 2014 specifies a minimum value of 75 % as the ratio of
wet to dry stability. Values obtained for the 15% RAP mix design and construction data of
both mixtures were above the specified value.
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Figure 4-2 Grading of extracted aggregate — Al-Wakra Car Park

For the volumetric properties, the bulk density values were 2571 and 2565 kg/m? for the
control and 15% RAP mixtures, respectively. Similarly, the variation of the maximum specific
gravity values (Gmm) was small between 2.749 for the control and 2.747 for the 15 % RAP.
The air voids requirement of asphalt base course is between 4 % and 8 %, as specified in the
QCS 2014 and the Ashghal Recycling Manual (2021). The average air voids content for the
control and 15 % RAP were 6.0 % and 6.3 %, respectively, and within the mid-range of the
QCS 2014 specified limit of 4-8 %. When comparing to the JMF, the 15% RAP exhibited a lower
voids content of 5.7 % at the mix design stage.

Voids in the mineral aggregate (VMA) must remain high enough to achieve an adequate
asphalt film thickness, in order to get a durable asphalt pavement (Asphalt Institute, 2014).
The voids in mineral aggregate (VMA) exhibited very similar results of 15.0 % and 14.9 % for
the control and 15% RAP mixtures, respectively, and greater than the minimum specified
value of 13% for base course Class A. The Marshall mix design method does not specify a
maximum value for VMA, however the Superpave mix design method recommends that a



maximum VMA shall not be exceeded otherwise the mix may be prone to flushing and rutting
(MS-2 7th edition, Asphalt Institute, 2014).

The voids filled with asphalt (VFA) were 58.0 % for the control and 57.6 % for the 15 % RAP,
complying with the QCS specified range of 50 % to 70 %. The filler/binder ratio (FBR) results
fell within the specified range of 0.8 to 1.5, with values of 1.0 for the control and 1.1 for the
15% RAP. Voids at 400 blows are specified in the QCS 2014 to ensure that the additional
compaction in service, under severe traffic loading, cannot reduce the VIM below 3.2% for BC
Class A. The results in Table 4-1 show identical value of 4 % for the control and 15 % RAP
asphalt BC, higher than the minimum specified value.

Core samples were obtained from the laid asphalt, immediately after construction, and tested
for the in-place air voids and degree of compaction as per the QCS 2014. Compaction is
essential to the long-term performance of asphalt due to its effects on stiffness, fatigue life
and aging. The results in Table 4-1 show in place voids values of 6.8 % for the control and
7.3 % for the 15 % RAP asphalt, within the QCS 2014 specified range of 5 % - 8 %. The QCS
2014 also specifies a range of field density (degree of compaction) between 97 % and 101.2 %,
as determined from the cores and related to the daily Marshall density. The results in Table
4-1 show values of 100.2 % and 99.3 % for the control and 15 % RAP asphalt, respectively. In
general, the construction data indicate very similar results for the control and 15 % RAP BC-
A. Both mixtures complied with the revised QCS 2014, with the exception of the lower
Marshall quotient than the minimum specified value for the control mix.

4.1.1.2 Performance Data — 1 Year

The performance of the RAP mixture was assessed after 1-year in service by coring and testing
the asphalt cores. Six different locations were selected from the 15 % RAP section and two
locations from the adjacent control asphalt, made without RAP materials. Three adjacent
cores were drilled through the full asphalt layers at each location, as shown in Figure 4-3,
making a total of 18 RAP and 6 control cores. The core dimensions were 150 mm in diameter
and 150 mm height (50 mm WC and 100 mm BC-A). Visual inspection of the constructed car
park after 1-year in service was also conducted and the asphalt material was visually in very
good condition, with no evidence of defects and no obvious difference in appearance
between the 15 % RAP and control asphalt sections.

Core testing and assessment were conducted at the Ashghal Centre for Research and
Development. The cores were in very good condition with no cracks or excessive voids on the
surface for the RAP and control asphalt. The core diameter and height were recorded before
the density determination by measuring the weight in air and water as per ASTM D2726
(2019). After density testing, the cores were divided into two groups with each group
consisting of three cores. One group of cores was used for the dry indirect tensile test (IDT)
and the second for the tensile strength ratio (TSR). The broken cores were tested as loose
materials for the Gnm determination (ASTM D2041, 2019).

The average test results for the control and 15 % RAP asphalt BC-A mixtures are summarised
in Table 4-2, together with the revised QCS 2014 requirements as per the Ashghal Recycling
Manual (2021). The average values of core density were 2554 kg/m?3 for the control and 2565
kg/m?3 for the 15 % RAP asphalt. The QCS 2014 for Marshall Mix Design specifies the air voids



for base course (Class A) to be between 5 % and 8 % at construction. The results show average
VIM of 6.1 % for the control, which is similar to that of the construction data (Table 4-1). The
15% RAP exhibited a lower value of 5.5 % than the control asphalt, which is also lower than
the value obtained at construction.

Figure 4-3 Coring of RAP asphalt at a single location— Al-Wakrah Metro car park

Table 4-2 Average performance results — Wakra car park

Parameter QCS 2014 Control 15% RAP

BC-A Construction
Density (kg/m?3)
Air voids (%) 5.0-8.0
IDT (kPa) -
TSR (%) 60 % min 63 61

The results of indirect tensile test (IDT) and tensile strength ratio (TSR) are also presented in
Table 4-2. Whilst there is no specific requirement in the QCS 2014 for the IDT, the Ashghal
Recycling Manual (2021) specifies a minimum value of 60 % TSR for the unmodified bitumen,
determined as per ASTM D4867 (2014). The average IDT of the control asphalt is almost the

limits



same as the 15% RAP at construction with values of 1120 kPa and 1150 kPa, respectively. The
TSR was 63 % for the control asphalt and 61 % for the 15 % RAP, both higher than the
minimum specified value of 60%.

The properties of recovered bitumen from the asphalt cores of the control and 15% RAP base
course (Class A) are given in Table 4-3, together with the QCS 2014 specified limits for new
construction. The QCS 2014 specified values are based on fresh binders and not for aged
asphalt, as per the results in Table 4-3, but were used for comparison. The binder content of
the control asphalt was 3.8% and 3.5% for the 15% RAP, with both values falling within the
specified range in the QCS 2014 (3.2-4.0%). The binder content of the 15% RAP mixture was
slightly lower than the 3.6% approved in the JMF.

Table 4-3 Properties of recovered pen 60-70 binder (Al-Wakra project)

Parameter QCS 2014 limit Control BC-A

DSR (G*/sind), minimum 1.00 kPa, Test PG 64 75.4 78.1
temperature (°C) at 10 rad/s

15% RAP (BC-A)
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Figure 4-4 Grading of extracted aggregate from cores — Al-Wakra car park
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Sieve analysis of the extracted aggregate from cores are shown in Figure 4-4. Similar to the
construction data, the grading curves of the control and 15 % RAP asphalt BC-A were within
the envelope specified in the QCS 2014. However, the control grading exhibited higher
proportions of passing materials between 10 and 1.0mm (sieve sizes 9.5 mm and 0.85 mm)
towards the maximum specified curve, indicating finer grading than the 15 % RAP. The results
also show identical grading of the 15 % RAP asphalt and the JMF for the same mix, with the
exception of sieve size of 25mm.

For hot mix asphalt, the elasticity of the bitumen binder will reduce during mixing and in
service with age. The penetration of fresh bitumen is expected to harden by approximately
30% during mixing and laying (Read and Whiteoak, 2003). The bitumen will continue to
harden with age, depending primarily on the ambient temperature and voids content. The
results in Table 4-3 show that the penetration of the recovered bitumen from the control and
15 % RAP cores are 46 and 37, respectively. Assuming a 30% reduction of penetration after
manufacturing, the retained penetration of the 60/70 pen is expected to be within the range
of 42-49. After 1-year in service, the control asphalt exhibited a value of 46 within the
expected range, whereas the 15 % RAP showed a lower value of 37. The lower value of RAP
asphalt is attributed to the proportion of RAP in the mix and presence of oxidised bitumen
around the RAP (McDaniel, 2012). The hardening of the recovered binder was mirrored with
an increase in the softening point as shown in Table 4-3. The softening point of the control
was 51.4 °C and 58.4°C for the 15% RAP.

The recovered binder from the control and 15% RAP asphalt cores was also tested for ductility
as per ASTM D113 (2017). The ductility value of the 15 % RAP binder was 54 cm, which is
lower than the min specified value in the QCS 2014 of 100 cm. The control asphalt gave a
ductility value of 150cm. Low ductility indicates harder binder with susceptibility to early
failure due to fatigue cracking. The DSR testing was conducted as per AASHTHO T315 (2019)
at different temperatures between 64 and 82°C, with an interval of 6°C. The results in Table
4-3 show that the performance grade of the control asphalt increased from 64°C at
construction to 75.4°C (PG 72) after 1-year in service, and the 15 % RAP asphalt increased
from 64°C to 78.1°C (PG 78). The results indicate hardening of the binder with potential
improved rutting resistance with aging but reduced elasticity and hence less resistance to
fatigue cracking. Whilst the RAP asphalt, with its low binder content, exhibited similar TSR as
the control asphalt made with additional 25% of virgin binder content. Considering the hot
climate conditions in Qatar and its effect on asphalt aging, it is recommended to maintain
equivalent binder content as conventional mixtures to enhance the elastic and aging
properties of RAP asphalt.

4.1.2 lzghawa Maintenance of local roads — RAP BC Class B

The lzghawa maintenance of local roads was within the Ashghal Road Operation and
Maintenance programme in Umm Salal area — North of Doha. The project commenced in
January 2018 in three residential streets and different proportions of RAP asphalt. The asphalt
reconstruction was a single layer of 70mm base course (BC, Class B) as per the QCS 2014. The
road width was 7.3 m and RAP was used at different proportions of 15 %, 20%, and 40 % as
follows:



e Jery Bu Awseja road — 15 % RAP: a road trial length was 406 m.

e Rawdat Al-Ajooz road — 20 % RAP: a road trial length of 406 m.

e Rawdat Shabana road — Control and 40 % RAP: Constructed with 3 sections of:
o Control asphalt BC Class B (350 m length)
o 40 % RAP (50m length)
o 40 % RAP + Rejuvenator (50 m length).

The rejuvenator was supplied by INTERCHIMIVCA, Italy, and is composed of different chemical
components of an antioxidant, plasticizer, rejuvenator, moisturizer, diluent and dispersant. It
acts as an anti-stripping agent towards the bitumen and this allows it to “rejuvenate”
efficiently the bitumen coming from RAP to produce asphalt. The dosage used in Izghawa trial
was 0.12 % by weight of RAP and was added directly to the asphalt mixer with the bitumen.

The RAP material was reclaimed from an old road as shown in Figure 4-5. The RAP contained
local limestone aggregate with an average binder content of 4.6 %, and the recovered binder
was equivalent to pen 40/50 bitumen grade. The grading of the milled asphalt ranged
between 0-19 mm and was added directly to the asphalt mixer. The RAP was not exposed to
direct flame, compared to the gabbro virgin aggregate, but was heated at 80°C and fed
directly into the mixer. The virgin aggregate (hot bin) was heated at relatively high
temperatures of 180-190°C, to compensate for the RAP materials. The temperature of the
final mix was maintained around 165°C.

Figure 4-5 Milling of old asphalt road — Izghawa project



4.1.2.1 Construction Data

During construction, loose asphalt samples were collected for Marshall testing and cores were
obtained, immediately after construction, for the determination of in-place air voids and
degree of compaction. A summary of the construction data is given in Table 4-4 for the control
and RAP mixtures, together with the QCS specification limits. Values highlighted in “yellow”
are those not complying with the QCS 2014.

The binder content results ranged between 3.5 and 4.7 %. The lowest binder content was for
the control and 20 % RAP asphalt. The 40% RAP mixtures gave the highest values, with 4.7 %
for the rejuvenated mixture exceeding the maximum limit of 4.4 %. Other asphalt mixtures of
15 % RAP and 40 % RAP were within the QCS 2014 specified range of 3.4 % to 4.4 %. With the
exception of the RAP 20 % mixtures, all RAP mixtures possessed higher total binder content
than the control mixture.

Table 4-4 Construction data — Izghawa RAP trials BC-B

Mix design QCS limits Control RAP 15% RAP 20% RAP 40% RAP
parameter BC-B 40%+Rej

3.4-4.4 3.5 3.8 3.5 4.4 4.7
12.0 min 13.6 14.1 14.8 16.3 16.2
2.0-4.0 2.5 2.75 2.75 2.75 2.75
5.25 min 5.4 5.1 5.4 5.9 5.9

Ret. Stability (%) 75 min 63.9 77.4 86.5 89.1 87.4
VIM (%) 4.5-8.0 8.8 9.9 9.0 5.6 4.8
VMA (%) 14 min 16.6 16.9 14.7 12.3 12.1
VFA (%) 50-75 46.9 41.1 38.6 54.6 60.2
VIM-400 blows (%) 3.4 min 5.9 6.6 7.2 4.0 3.7
Filler/Binder Ratio 0.8-1.5 1.2 1.3 2.0 1.7 1.6
Bulk density (kg/m?3) 2495 2448 2476 2518 2534
2.744 2.726 2.728 2.675 2.671
Core in-place 5.0-8.0 8.0 6.8 8.1 4.8 7.7
voids (%)
Degree of 91-95 92.0 93.3 91.9 95.3 92.3

compaction® (%)

*Calculated based on Gmm

Sieve analyses of extracted aggregates from the five trial sections are shown in Figure 4-6.
The results show that all the control and RAP mixtures fall within the specified grading
envelope of the QCS 2014 for BC-B. For the coarse aggregate of 9.5mm and above the grading



was more towards the maximum specified limits and more towards the minimum specified
limits for fine aggregate between 2.36 and 0.18mm.

The results in Table 4-4 show that the asphalt mixtures satisfied the QCS 2014 requirements
of Marshall stability and flow. The stability increased with increasing the RAP content into the
mixtures with the highest values achieved at 40% RAP, with the highest content of aged
bitumen. The Marshall stiffness (quotient) results also show compliance the QCS 2014
requirement, with the exception of the 15% RAP mixture that gave a value of 5.1 kN/mm
below the minimum specified value of 5.25 kN/mm. The retained stability is a measure of the
resistance of asphalt mix to moisture-induced damage with a minimum specified value in the
QCS 2014 of 75%. The RAP results at 15%, 20% and 40% satisfied the QCS requirement;
whereas the control mixture gave a low value of 63.9% below the minimum specified value.
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Figure 4-6 Grading of extracted aggregate — Izghawa RAP trials BC-B

The volumetric properties of the asphalt mixtures at construction are also given in Table 4-4.
The air voids or voids in total mix (VTM) is a major criterion for mix design, and the QCS 2014
specifies a range of 4.5 to 8.0% for BC-B. Mixtures of control, 15% RAP and 20% RAP, with
their relatively low binder contents, exhibited high values of voids content exceeding the
maximum specified limit of 8.0 % in the QCS 2014. The voids content of the 40% RAP with and
without rejuvenator were within the specified range. High air voids mixtures are prone to
cracking and durability problems, whereas low air voids are prone to rutting and bleeding.
The results of VFA (voids filled by asphalt/binder) followed the same trend as the VIM results
with the control, 15% RAP and 20% RAP falling out of the specified range in the QCS 2014.

Voids in mineral aggregate (VMA) must remain high enough to achieve adequate asphalt film
thickness for enhanced durability. The results in Table 4-4 show that asphalt mixtures of
control, 15 % RAP and 20 % RAP satisfied the QCS requirement for VMA, whereas mixtures of



40 % RAP, with and without rejuvenator, were below the minimum specified limit of 14 %.
The voids at 400 blows ranged from 3.7 % to 7.2 %, exceeding the minimum specified limit of
3.4 % in the QCS 2014. However, values for 15 % RAP and 20 % RAP were in the range of 6 %
to 7 % and are considered high in relation to pavement durability and long-term performance
(TRL, 1993).

During construction, the asphalt laying temperature was maintained at 140°C and site
compaction was conducted using a combination of steel rollers (2 passes) followed by a
pneumatic tyre roller (5 passes). Cores of 150 mm diameter were taken from the constructed
pavement and tested for in-place air voids and degree of compaction. The QCS 2014 specifies
in-place air voids range between 5 % and 8 %. The results in Table 4-4 show compliance of the
control, 15% RAP and 40% RAP + rejuvenator mixtures with the achieved the in-place air voids
requirement. The 20% RAP, which had the lowest binder content, was marginally higher than
the maximum specified limit, whereas the 40% RAP that exhibited high binder content was
slightly lower than the minimum specified limit. The QCS 2014 specifies a range 97 to 101.1%
of the field density as determined from cores and related to the daily Marshall density. The
results in Table 4-4 were calculated based on the maximum specific gravity (Gmm). The asphalt
mixtures fell within the specified limits, with the exception of 40% RAP that gave a marginally
higher value of 95.3% and exceeding the maximum limit of 95.0 %.

4.1.2.2 Performance Data — 1 Year

The performance of Izghawa site trials was assessed after 1-year in service for the different
RAP mixtures and the conventional control mixture. Visually, the site trials were in good
conditions with no visual defects or cracking on the surface and no obvious difference
between the control and RAP asphalt. Cores of 150 mm diameter were obtained through the
full asphalt layer thickness of 70mm. Three locations were selected for each trial, with three
adjacent cores obtained from each location, making a total of 45 cores from the lzghawa
project. The cores were initially tested for rut depth and TSR and then combined together for
the determination of Gmm, binder extraction and recovery, and properties of recovered
binder. The core logs and density measurements and properties of recovered binder were
conducted in the Ashghal Centre for Research and Development, whereas the remaining
testing of TSR, rut depth and Gmm, were carried out in an independent testing laboratory
approved by Ashghal. A summary of performance results is given in Table 4-5.

Table 4-5 Average performance results — Ilzghawa project

Parameter QCS 2014 Control 15% RAP 20% RAP 40% RAP 40% RAP

limits BC-B + Rej
Density (kg/m?)
Air voids (%) 45-8.0% . . . . .
TSR (%) Min 60% 65 54 63 51 64
Rut depth (mm) Max 12.5 mm 15.0 6.5 5.1 2.5 8.5




The bulk density results showed little variation between the control and RAP asphalt mixtures
with values ranging between 2493 and 2535 kg/m3. The Gmm values varied within the range
of 2.743 and 2.672, with the lowest values for the highest RAP content. For Marshall Mix
Design the QCS 2014 Section 6 Part 5 specifies the air voids for base course (Class B) to be
between 4.5 % and 8 % at construction. The results in Table 4-5 are obtained after 1 year in
service and all the mixtures fell within the specified limit. The control, 15 % RAP and 20 % RAP
gave similar values within the range of 7.3 % and 7.7 %, whereas a lower range of 5.7 % to
5.9 % was found for the 40 % RAP and 40 % RAP + Rejuvenator mixtures.

The performance testing of TSR, to ASTM D4867 (2014), and rut depth, to AASHTO T324
(2019), were conducted on the asphalt cores from different trial sections. The Ashghal
Recycling Manual (2021) specifies a minimum TSR value of 60% for unmodified binder and a
maximum rut depth of 12.5 mm using the Hamburg wheel tracker test at 60°C of wet
condition after 20,000 passes. The control, 20% RAP and 40 % RAP + Rejuvenator exhibited
TSR values of 65 %, 63 % and 64 %, respectively, higher than the minimum specified limit of
60 %. The results of asphalt rut depth are also presented in Table 4-5. Increasing the RAP
content from 0 % to 40% resulted in increased resistance to deformation as given in Table
4-5. The highest rut depth of 15 mm was found for the control mixture, which exceeded the
maximum specified limit of 12.5 mm. The 15 % RAP and the 40 % RAP mixtures gave rut depth
results of 6.5 mm and 2.5 mm, 57 % and 83 % lower than the control mixture, respectively.
The use of rejuvenator (40% RAP + Rej) resulted in a softer binder, than other RAP mixtures
with a rut depth of 8.5 mm, lower than the maximum specified limit.

Table 4-6 In-situ binder properties of asphalt samples pen 60-70 from lzghawa

Parameter Control 15 % RAP 20% RAP 40% RAP 40% RAP +
BC-B Rej

Binder content 3.7 3.7 3.6 4.3 4.2
Penetration 25°C (0.1mm) 20 23 19 21 20
Softening Point (°C) 57.7 56.9 59.4 59.0 57.2
Ductility @ 25°C (cm) 25 21 15 16 33
DSR (G*/sind) at min 1kPa 82.9 82.3 88.6 85.1 83.5

The binder recovery results of the RAP asphalt trials of Izghawa are given in Table 4-6. The
binder content was almost the same for the control asphalt, 15 % RAP and 20 % RAP with
values between 3.6 % and 3.7 %. The 40 % RAP and 40 % RAP + Rej gave higher values of 4.3 %
and 4.2 %, respectively. When compared to the binder content results at construction, the
control, 15 % RAP and 40 % RAP asphalt mixtures exhibited similar values after 1-year in
service. However, there is a variation of 0.6 % for the 20 % RAP and 0.5 % for the 40 % RAP +
Rej. The performance results after 1-year in service seem more realistic and the difference in
binder content may be attributed to the reproducibility of results from different testing
laboratories.



The grading results of the extracted aggregate from cores are shown in Figure 4-7. The grading
results after 1-year in service were within the grading envelope, with the exception of the
20 % RAP asphalt that exhibited higher percentage of materials passing sieves of 12.5 mm and
9.5 mm. The grading results indicate the importance of controlling the consistency of RAP
materials to produce mixtures complying with the required specifications.

The binder recovered from the cores after 1-year in service showed very low penetration
results as shown in Table 4-6. The penetration values ranged between 19 and 23 with
approximately 65 % -70 % reduction compared to the initial bitumen grade of 60/70 pen.
However, the reduction in penetration was found in all mixtures, including the control
mixture, with no evidence of increased hardening of the RAP mixtures. The effect of hardened
bitumen on the softening point is also shown in Table 4-6 with values between 56°C and 59°C,
exceeding the minimum specified limit of 46°C in the QCS 2014 at construction.

The binder ductility and DSR results also confirm the rapid hardening of the binder after 1-
year. Table 4-6 show ductility values of 15 cm to 33 cm, which are much lower than the QCS
2014 minimum specified value of 100 cm for the fresh binder. Within the various asphalt
mixtures, the use of 15 % RAP caused a slight reduction in binder ductility and the 40 % RAP
with rejuvenator resulted in the highest ductility value of 33 cm. Nevertheless, all the values
are still too low and indicate rapid hardening of the binder with increased risk of fatigue
cracking within the hot climate in Qatar.
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Figure 4-7 Sieve analyses of extracted aggregate from cores — Izghawa trials

The DSR testing was conducted as per AASHTHO T315 (2019) at different temperatures
between 64 and 82°C, with an interval of 6°C. As per the QCS 2014, the limiting value for



G*/sind is 1kPa at angular frequency of 10 rad/s. The performance grade (PG) after 1-year
was PG 82 for the control, 15% RAP, 40% RAP and 40% RAP + Rej, whereas a PG 88 was found
for the 20% RAP. Considering the initial recovered binder from RAP aggregate of PG 72, the
hardening of PG 82 and PG 88 are relatively high after 1-year in service.

The results indicate that 15 % RAP can exhibit similar performance as the control asphalt,
made with 100 % imported gabbro, without modifying the asphalt mix design. The use of a
rejuvenator is recommended at higher RAP contents, > 15 %, to restore the aged binder
components and enhance the durability of fatigue resistance of the new mixtures.

4.2 Steel Slag Aggregate

The use of steel slag contributes to sustainable development by reducing both the use of
natural aggregate, with associated energy consumption and transportation, and disposal of
waste materials to landfills. Steel slag provides a strong and dense aggregate with favourable
properties for use in construction (FHWA, 2016). When incorporated in hot mix asphalt
(HMA), its shape and rough surface texture improve the affinity with bitumen and stripping
properties, and result in high stability and resistance to rutting and fatigue cracking (Airey et
al., 2004; Wu et al., 2007; Ahmedzade and Sengoz, 2015; Khodary, 2015).

Dimensional instability of the slag remains the main concern for use in construction, especially
in hot climates. The increased susceptibility of slag-asphalt to long-term laboratory aging, due
to the chemical composition of the slag aggregate, which acts as a catalyst for oxidative
hardening of the bitumen (Airey et al., 2004). Weathering of the Qatari steel slag aggregate
for 1 year was undertaken to produce aggregate with low susceptibility to expansive
reactions. The properties of steel slag satisfied the aggregate requirements for used in hot
mix asphalt mixtures and was successfully used to replace 20 % and 40 % of imported gabbro
(Hassan et al., 2021). This section summarises the construction of road trials made with hot
mix asphalt containing weathered steel slag aggregate. It also provides data on the field
performance of the slag asphalt immediately after construction and after 3 years in service.
It provides useful information on the long-term expansion properties of slag aggregate in hot
arid climate.

4.2.1 Construction Data

A road trial was constructed in October 2016 within the premises of the Qatar Steel factory
in Mesaieed. A heavily trafficked road was selected for the construction with a total length of
approximately 700m, constructed with different pavement sections adjacent to each other.
The old pavement was in bad condition and was removed to the subgrade level and replaced
with a new construction comprising a new unbound subbase material (300 mm, 2 layers) and
asphalt base course — Class A (160 mm, 2 layers). The asphalt mixtures developed with steel
slag aggregate (Hassan et al., 2021) used for the road trials included:

e Control section, 100 % gabbro aggregate
e 20% steel slag, representing 50 % by weight of the coarse aggregate (5 - 20 mm)
o 40% steel slag, representing 100 % by weight of the coarse aggregate (5-20 mm)

During construction, loose asphalt samples were collected at the front of the paver for testing.
The collected loose samples were tested for aggregate gradation, binder content, and for the



preparation and testing of Marshall specimens. The combined grading was confirmed as
fulfilling the QCS 2014 for all mixtures, as shown in Figure 4-8.
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Figure 4-8 Gradation of extracted aggregate — Loose asphalt mix

The grading of the 20 % steel slag was identical to that of the 40 % steel slag. The grading of
the control, 20% slag and 40% slag asphalt fell within the envelope given in the QCS 2014 for
asphalt BC-Class A. During construction, no difference was noticed in mixing and laying the
slag mixtures compared to the conventional asphalt control. The slag asphalt flowed easily
through the paver and was compacted in the same manner as the control asphalt.

The rough surface texture and high absorption values of the slag aggregate, compared to the
control gabbro, resulted in a higher binder content to achieve the same level of air voids
(Hassan et al., 2021). The optimum binder content for the control mixture was 3.6 %,
increasing to 3.7 % and 3.8 % for the 20 % and 40 % slag asphalt mixtures, respectively. The
average Marshall results for the loose samples collected during construction are given in
Table 4-7. All the asphalt mixtures fulfilled the Marshall mix design requirements, as specified
in the QCS 2014 for BC-Class A. The Marshall stability was higher than the minimum specified
value, with no great difference between the mixtures. Similar performances were also
obtained based for Marshall flow and Quotient (stiffness). The volumetric properties of VIM,
VMA and VFA satisfied the requirements of the QCS 2014 for the asphalt mixtures made with
slag aggregate (20 and 40%) and the control 100% gabbro.

Samples compacted to 400 blows, using the Marshall hammer, showed air voids values for
the control and 20 % slag asphalt mixtures above the QCS 2014 minimum of 3.2%, while the
40 % steel slag showed a lower value of 2.9% as highlighted in yellow in Table 4-7. In general,



the Marshall results of steel slag mixtures were promising with only the 40 % slag asphalt
mixture out of specification limit for voids at 400 blows.

Table 4-7 Average Marshall test results — Loose asphalt mix

Parameter QCS limits 100% 20% Steel 40% Steel

Gabbro Slag Slag
Binder Content (%) 3.2-4.4 3.6 3.7 3.8

Gmm - 2.791 2.878 2.972
Marshall, 9.5 min 20.8 21.8 21.0
/5 BIows 2-4 2.8 2.8 3.0
Quotient (kN/mm) 4.75 min 7.6 7.8 7.1
VIM (%) 4-8 6.3 6.7 5.8

13 min 13.1 14.5 14.1

VFA (%) 50-70 52.8 54.6 59.3

Marshall, Gmb (kg/m3) = 2.668 2.773 2.885
400 blows 17,1 0g) 3.2 min 4.4 3.7 2.9
In place air voids (%) 5.0-8.0 6.9 6.7 7.2

Compaction level (%) 97.0-101.8 99 100 99.4

Core samples (150 mm diameter) were obtained from the laid asphalt, immediately after
construction, and tested for in situ air voids and the degree of compaction (ratio between
field bulk density to Marshall samples bulk density). The results are also given in Table 4-7
and show values in compliance with the QCS 2014 requirements, with no obvious trend for
the different mixtures of control, 20 % slag, and 40 % slag asphalt mixtures.

4.2.2 Performance Data

The performance of the slag asphalt was assessed by visual monitoring of the road trials and
testing cores at different time intervals. Visual inspections were made immediately after
construction and then periodically every year up to the end of 2019. The road is heavily
trafficked, exceeding 500 loaded trucks per day, bringing scrap metals and a range of raw
materials to the furnaces in the steel plant. This is estimated to be equivalent to 3.4 million
equivalent single axle load (ESAL)/year. The visual inspection after 3 years in service showed
excellent performance of the road trials, Figure 4-9, with no visual difference between the
slag and control asphalt sections. No surface defects in the form of cracks, rutting or bleeding
were observed in the asphalt sections.

Cores were collected in January 2020, after 3 years in service, and tested for bulk density (Gmb)
to ASTM D2726 (2013), indirect tensile test (IDT) to ASTM 4867 (2014), moisture damage



AASHTO T283 (2014), and maximum theoretical density (Gmm) to ASTM D2041 (2019). A
summary of the test results is given in Table 4-8.

B
\\\\\§

Figure 4-9 Visual condition of the pavement trials after 3 years in service

The in-situ voids in the total mix (VIM) of the asphalt cores, taken immediately after
construction and after three years, are shown in Figure 4-10. The VTM results at construction
were very similar for the control and 40 % slag, with a slightly lower value of 6.6 % for the
20 % slag. After three years in service, the slag mixtures exhibited lower reduction in air voids
compared to the control asphalt. The VIM for the control mixture reduced from 6.9 % at
construction to 3.7 % after three years, a reduction of 86 %. The reduction of slag mixtures
was 40 % for 20 % slag and 61 % for the 40 % slag, indicating improved resistance to
deformation under increased traffic loading. Figure 4-11 presents the dry indirect tensile
strength of the asphalt cores at construction and after 3 years. All the asphalt mixtures
showed increase in the tensile strength with time, probably due to the aging of the bitumen.
A slight increase in the IDT is noticed with increasing the slag content, which could be
attributed to improved bond characteristics between the slag aggregate and bitumen.

Bitumen was extracted from the asphalt cores following the procedure described in ASTM
D2172 (2017), Method A. The bitumen was recovered from the solvent using the rotary
evaporator as per ASTM D5404 (2017). The recovered bitumen was tested for penetration to
ASTM D5 (2019), Softening Point to ASTM D36 (2014), ductility to ASTM D113 (2017), and
complex modulus and phase angle (6) to AASHTO T315 (2019). Results of the recovered



bitumen are presented in Table 4-8, together with the results of original bitumen and after
aging in the rolling thin film oven (RTFO), ASTM D2872 (2019), as per references.

Table 4-8 Properties of asphalt cores and recovered bitumen after 3 years in service

Parameter 100% 20% Steel 40% Steel  Original RTFO
Gabbro Slag Slag bitumen bitumen

)

IDT dry (kP

TSR (%)

Recovered Penetration @ 25°C
binder (0.1mm)

Softening Point (°C)

Ductility @ 25°C (cm) 150

DSR (G*/sind) temp 83.7 84.9 79.9 1.19 231 @
at 10 rad/s (°C) @64°C 64°C

10

@ At Construction

B After 3 years
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Figure 4-10 In-place air voids at construction and after 3 years in service



The fresh bitumen used for the road trials was pen 60/70 binder, equivalent to Performance
Grade PG 64-10. Hardening of the bitumen binder takes place from the time of asphalt mixing.
The penetration results of the recovered binder after three years in service show identical
values of 20 mm for the control and 20 % slag, with a slightly higher value of 23 mm for the
40 % slag. The penetration results indicate a rapid aging of asphalt in the hot environment,
but with no evidence of increased hardening for the slag asphalt up to 40% replacement.

The results of softening point and ductility show a similar trend to the penetration, of very
similar values for the control and 20 % slag mixtures. However, less aging more improvement
was noticed from the 40 % slag mixture with a ductility value of 69 cm, indicating a lower
aging rate of the bitumen. Dynamic shear rheometer (DSR) provides additional information
relating to the stiffness behaviour of bitumen over a range of temperatures and reflects the
true grade of recovered bitumen. The results in Figure 4-12 and Table 4-8 clearly show a softer
recovered bitumen for the 40% slag asphalt, compared to the control and 20% slag mixtures.
The 40% slag showed the lowest level of aging, when comparing the change of complex
modulus (G*) / sin & (phase angle) with temperature.

In general, the properties of recovered binder indicate significant binder aging for all mixtures
due to the hot climate in Qatar, in agreement with Sirin et al. (2017). However, there is no
evidence that the steel slag aggregate, as processed in this investigation, would change the
aging behaviour compared to conventional gabbro aggregate. The results obtained in this
study provide confidence the wider use of steel slag aggregate in HMA.
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Figure 4-11 Dry indirect tensile strength
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Figure 4-12 DSR (G*/sin8) at 10 rad/s for the control and slag mixtures

4.3 Crumb Rubber

The growing number of waste tyres in Qatar has become a major environmental concern.
When tyres catch fire, they burn with intense heat and produce toxic smoke that can cause
serious health problems. The use of crumb rubber as an additive in hot mix asphalt (HMA)
mixture contributes to sustainable development and is considered within the NDS-2 target
and the Ashghal Recycling Manual (2021). This section summarises the properties of crumb
rubber modified binder (CRMB) in comparison to a conventional bitumen of 60/70
penetration grade. It presents site data on the performance of CRMB asphalt up to 1 year in
service.

4.3.1 Binder properties

The properties of CRMB are compared to a control 60/70 penetration grade bitumen that is
commonly used in Qatar. Table 4-9 presents the main characteristics of CRMB binder used in
the study. Crumb rubber (CR) is currently produced locally in Qatar and is available in large
quantities. The CR used in the study was derived from truck tyres, and was in compliance with
the requirements of the QCS 2014 and the Ashghal Recycling Manual (2021). The grading of
CR was passing sieve No. 30 (0.60 mm) and was mixed with bitumen at elevated temperature
of 180 - 190 °C. The CR content was 12% by weight of bitumen, within the specified range of
10 to 25 %.

The addition of CR has been shown to increase the penetration, softening point, and viscosity
of the bitumen. The results in Table 4-9 show that adding CR to the binder increased its
viscosity at 135 °C from 0.45 Pa.s to 2.35 Pa.s. The higher viscosity would require higher mixing



and compaction temperature to achieve the desired workability of the mixture. The addition
of CR to the bitumen enhanced its high temperature characteristics. The high temperature
dynamic shear (G*/Sin 8) reached 2.89 kPa at 76°C compared to 1.43 kPa at 64°C for the
control 60/70 penetration grade binder. The increased stiffness of CR will be expected to
provide improved deformation and fatigue resistance in hot weather.

Table 4-9 Binder properties of CRMB and 60/70 pen bitumen

Control QCS 2014
(60/70) limits

Original binder

Flash Point temperature (°C) AASHTO T48 230 °C min
Rotational Viscosity @135 °C AASHTO T316 2.63 0.45 3.0 Pa.s max

DSRr, G*/sind, @ 64 °C for 60/70 AASHTO T315/ .
& 76C °C for CRMB at 10 rad/s, kPa IV I0YAVE 2.83 1.43 LS

Test Parameters Standard CRMB

RTFO Residue

DSRr, G*/sin, @ 64 °C for 60/70 AASHTO T315/

& 76 °C for CRMB at 10 rad/s, kPa ASTM D7175 3.88 3.54 L L8 I
Mass Loss, Maximum Percent AASHTO T240 0.084% 0.15 1 % max
Jor 3.2 kPa'L, (@64 °C for 60/70 & .
e R 0.27 2.79 1 kPaMax
Recovery R3.2 @ (@64 °C for AASHTO T350/

60/70 & @76 °C for CRMB) ASTM D7405 2 223 Report
Jor diff, %, (@64 °C for 60/70 & 157195 33 Report

@76 °C for CRMB)

PAV Residue
PAV Aging Temperature, (°C) AASHTO R28
Dynamic shear, G*sind @ 37 °C, at AASHTO T315/

110°C

10 rad/s, KPa ASTM D7175 810 4410 5000 max
Creep Stiffness,(S) MPa at (@-12 °C

for 60/70 & @0 °C for CRMB), MPa AASHTO T313 35.45 170.5 300 max
HEIE (D TCeray 0t AASHTO T313 0.397 0.319 0.30 min

@0 °C for CRMB)

The rolling thin film oven (RTFO) test measures the effect of heat and air on a moving film of
hot mix asphalt binder, simulating short-term aging that occurs during production and paving
operations. After aging the binder in the RTFO test, the CRMB had G*/Sin 6 of 3.88 kPa at
76 °C compared to 3.54 for 60/70 penetration grade binder at 64 °C, indicating another



enhancement in rutting resistance at high temperature. The selected test temperature is
based on the expected binder grade.

The pressure aging vessel (PAV) provides simulated long term aged asphalt binder for physical
property testing. Asphalt binder is exposed to heat and pressure to simulate in-service aging
over a 7 to 10 year period. The result of the PAV aged CRMB, G*/Sin 6 was only 880 kPa
compared to 4400 kPa for the control 60/70 pen grade binder, indicating significantly less
aging than the control. Whilst the original and RTFO CRMB exhibited stiffer characteristics
than the control 60/70 pen bitumen, it was not aged to the same level of the 60/70 pen after
the PAV testing. The effect of retarding binder aging for the CRMB over long term is of great
importance to the rapidly aging asphalt pavement in hot countries, such as Qatar and the Gulf
region.

Based on the results presented in Table 4-9, the CRMP is classified as PG 76 E-10 in accordance
with AASHTO M332, i.e. a stiff binder, compared to the control 60/70 binder, which was
classified as PG 64 H-22.

4.3.2 Mix Design

The use of CRMB is currently limited to asphalt wearing courses in local roads, whereas
polymer modified binder (PMB) is used as the wearing course for primary roads and highways.
The CRMB mix was designed as wearing course following the Superpave mix design
requirements according to the QCS 2014. Details of the CRMB mix design are given in Table
4-10, and the grading is graphically presented in Figure 4-13.

Table 4-10 Mix Design of CRMB - Superpave QCS 2014

Test Parameters CIT)“::;:'X chlzgo:::n(sl\l: l\;;;\r:)ave,
ASTM D2172 4.4 JMF value +0.40
ASTM D6307 1.1 0.8-1.6

Voids in total mix, VIM % ASTM D2041 4.0 4%

Y;S:;’"%mi"era' aggregate ASTM D2041 13.8 min 13
ASTM D5821 71.1 65 to 75
ASTM D4867 98.0 min 80%




The CRMB grading fell within the grading envelope complied specified for the 19 mm nominal
maximum aggregate size (NMAS) in the QCS 2014. The grading of the CRMB is relatively
coarse in the fine aggregate range, containing 41 % passing 4.75 mm. The grading of the fine
aggregate also coincided with the minimum grading levels at sieve sizes of 4.75 mm to 0.18
mm.
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Figure 4-13 Grading of the CRMB mix design

The CRMB asphalt exhibited excellent resistance to moisture susceptibility with a tensile
strength ratio (TSR) of 98 %, much higher than the minimum specified value of 80 % in the
QCS 2014. The high TSR can be attributed to the improved bond of the CRMB with aggregate
and also to the low values of voids in total mix (VTM) and voids in mineral aggregate (VMA).

4.3.3 Site Performance

The CRMB was used in the construction of a road section of Al-Bustan Street in November
2018, Figure 4-14. The construction was limited to a section of CRMB binder, approximately
200 m length, to assess its compliance with the QCS 2014 requirements. The thickness of the
CRMB wearing course was 50 mm. During construction, loose mix samples were collected to
check the conformance of produced mix to the mix design and specifications. Cores were also
taken immediately after construction to assess the compaction level and in-place voids
content. The results of site data at construction are summarised in Table 4-11. Core samples
were also collection after 2 years of service and were subjected to the testing of bulk density
(Gmb) to ASTM D2726 (2013), maximum theoretical density (Gmm) to ASTM D2041 (2019),
indirect tensile test (IDT) to ASTM 4867 (2014), moisture damage to AASHTO T283 (2014),



and rut depth using the Hamburg Wheel-Track Testing to AASHTO T324 (2019). The
performance results after 2 years are also presented in Table 4-11.

Figure 4-14 Construction of CRMB road section — Al-Bustan Street

The grading curves of the CRMB mixtures at construction and after 2 years in service are
shown in Figure 4-15, together with the specified limits in the QCS 2014. Similar to the mix
design, the site data showed acceptable grading for the coarse aggregate > 4.75 mm, but
coarse grading for the fine aggregate passing 4.75 mm. In fact, the grading of the CRMB
mixture after 2 years failed the grading requirements at sieve sizes 4.75 mm and 2.36 mm,
giving lower values than the minimum specified. The grading of asphalt mixtures can be
adjusted by improving the quality production at the plant.

Table 4-11 shows the CRMB mix properties of the fresh samples collected during construction.
For comparison, the mix properties were compared to Marshall mix design requirements
given in the QCS 2014. The air voids after 400 blows was 4.5 %, higher than the minimum
specified limit of 4.0 %. The 400 blows test is a measure of the voids content at maximum
compaction, as an indication of the mix’s resistance to permanent deformation (rutting). The
air voids after 400 blows of the CRMB mix was higher than the specified limit, indicating
enhanced rutting resistance. The Marshall stability of the CRMB mix was also higher than the
minimum specified value of the QCS 2014. The volumetric properties of the CRMB at
construction are also within the specified limits of the QCS 2014.



Core testing at construction showed an average in-place voids of 6.5%, within the QCS 2014
specified range of 5 % to 8 %. The average field density varied from 2495 to 2523 kg/m3,
representing 98.7 % to 99.8 % of achieved Marshall density (2528 kg/m?3), and within the QCS
2014 specified range of 98 % to 101.8 %.

Table 4-11 CRMB Mix performance at construction and after 2 years in service

Test Parameters Construction At 2 QCS 2014 limits

ASTM D2172 4.0 3.9 3.4 .
ASTM D6307 1.01 113 0.75 1.35
ASTM D2726 2.536 2.543 -

Maximum specific gravity, Gmm 2.705 2.687 -
Air voids, Va, % ASTM D2041 6.3 - 5 8

ASTM D2041 15.8 - 14
ASTM D5821 60.2 - 50 75
ASTM D6927 12.9 - 11.5
M ASTM D6927 2.5 - 2 4
ASTM D6927 5.14 - Min 5.25

Voids at 400 Blows per face, % ASTM D2041 4.7 - 4.0

Degree of Compaction, % 99.3 - 98 101.8
Rut depth (mm) at 60 °C, Wet, 20,000 passes, mm 6.2 12.5 max
Tensile Strength Ratio, % 91 75 min

The performance results of the CRMB after 2years in service, Table 4-11, show air voids of the
collected cores of 6.0 %, slightly lower than the 6.5 % at construction and within the QCS 2014
specified range of 5.0 % to 8.0 %.5.1%. The air void of asphalt mixtures is expected to reduce
with time due to traffic loadings. The slight reduction in voids after 2 years reflects the good
resistance of the CRMB to permanent deformation.

Two performance tests are specified in the QCS 2014 and the Ashghal Recycling Manual for
assessing the performance of CRMB mixtures of tensile strength ratio (TSR) and rut depth.
The TSR of the CRMB asphalt was 91 % after 2 years in service, and indicates clearly the high
resistance of the CRMB mixture to moisture damage and aging.
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Figure 4-15 Grading of the CRMB mixtures at construction and after 2 years in service

0 \

11\ <%= CRMB 1

AN = e— CRMB 2

2 N
£ AN
E AN
c -3 W,
2 N
£ 4 Dl T
o -~ -
“— -~ ‘\
[ \I -
o 5 e ~~~~

R T

Ny 2N
\? -
-~ —_a
6 S o
~‘A
7
0 5000 10000 15000 20000

Number of cycles

Figure 4-16 Rut depth of CRMB cores after 2 years in service



The rut depth test was conducted as per the Humberg Wheel Tracking (HWT) test to AASHTO
T324 (2019) to assess mix resistance to rutting and potential stripping. Collected cores were
tested at 60°C, submerged in water (wet condition). The Ashghal Recycling Manual (2019)
specifies a maximum rut depth of 12.5 mm after 20,000 passes. The results are presented in
Figure 4-16 for the 2 set of cores tested in the laboratory. The average rut depth was 6.2 mm,
Table 4-11, half of the maximum specified limit in the Ashghal Recycling Manual and indicates
good resistance to rutting and permanent deformation after 2 years in service.

In general, the CRMB was found to greatly enhance the properties of binder aging with time,
and the CRMB asphalt complied with the requirements of the QCS 2014 and the Ashghal
Recycling Manual.

4.4 Summary

Recycled aggregate of RAP and steel slag aggregate were used to partially replace imported
gabbro in the production of hot mix asphalt, and CR to partially replace the bitumen binder
in CRMB mixture. Field data were used to assess the performance of asphalt made with
recycled materials and to compare to conventional asphalt made with imported
gabbro/binder and national specifications of the QCS 2014 and Ashghal Recycled Manual
(Ashghal, 2021).

Good practice in the inclusion of RAP in hot mix asphalt was achieved through the fractioning
and re-blending of aggregate of different size fractions. At 15 % RAP content, RAP was cold-
fed directly into the asphalt mixture. At a higher RAP content, it is recommended to preheat
the RAP aggregate to improve the mix consistency. Controlling the temperature of the mix
ingredients is essential for the consistent production of RAP mixtures.

RAP asphalt was used to replace from 15 % up to 40 % by weight of imported gabbro. The
RAP aggregate satisfied the requirement of the QCS 2014 for use as aggregate in hot mix
asphalt. With the high RAP content of 40 %, it is essential to use a rejuvenator to improve the
recovery of aged bitumen and the workability of the mixture. Field data confirmed the
Ashghal Recycling Manual (2021) requirement of modifying the asphalt mix design when the
RAP content is = 30 %. The RAP asphalt showed similar performance to the conventional
asphalt in satisfying the Marshall requirements. The specified performance requirements of
TSR and rut depth could be achieved in situ with the use of RAP, with reduced rut depth and
increased resistance to deformation for higher RAP content. A few data fell outside the
specified limits from both the control and RAP mixtures, but the overall performance was
similar.

The current practice of weathering the steel slag aggregate produced compliant aggregate
with low susceptibility to expansive reactions. The properties of steel slag satisfied the
aggregate requirements for use in hot mix asphalt mixtures, with higher binder content for
increased slag content to achieve similar voids content to the control. Despite the similar
results of in-situ voids content and IDT of the slag and gabbro asphalt immediately after
construction, the slag asphalt exhibited lower reduction in voids and increased IDT after 3
years in service. The results confirm the benefits of slag aggregate in improving the bond
characteristics with bitumen and resistance to pavement deformation.



The properties of the recovered binder indicated significant aging in service in the hot climate
of Qatar. Great reduction occurred in the penetration grade and binder ductility with
increased softening point and high-grade temperature of the recovered binder. However, the
binder aging was observed in both asphalt mixtures made with conventional and recycled
aggregate. There is no evidence of adverse effect of the RAP or slag aggregate on the binder
ageing compared to the gabbro.

The main advantage of CRMB was in retarding the binder aging with time and enhancing the
strength and durability properties of asphalt. For the PAV aged CRMB, the G*/Sin & was only
880 kPa, compared to 4410 kPa for the control 60/70 pen grade bitumen. The low value of the
CRMB indicates improved elasticity and enhanced aging properties over the long-term. The
CRMB mixture complied with QCS 2014 and Ashghal Recycling Manual (2021) requirements.
The mixture was designed following the Superpave specification, and performance was
checked against the Marshall mix design criteria. The CRMB mixture fulfilled the specification
requirements, with field data indicating good compaction on site, low air voids and enhanced
resistance to moisture and permanent deformation. All asphalt parameters related to the
strength of the material are boosted with the CRMB modification, including the Marshall
stability, Marshall flow, Marshall stiffness, TSR, and rut depth.

The site trials presented in this chapter provide confidence in the use of RAP and steel slag
aggregate and CRMB modification in HMA. As local recycled and by-product materials, they
satisfy the aggregate and binder requirements and exhibit similar performance to imported
gabbro. The RAP, slag, CR could be converted from waste, with potential impact on land use
and the surrounding environment, into high value construction products to improve the
aggregate supply chain and asphalt properties in Qatar.



5 Recycling in Concrete

Concrete is the most widely used construction material and the second most consumed
material on earth, after water (Gagg, 2014). With its versatility, concrete can uptake large
quantities and different types of local and recycled materials into various applications of
ready mix and precast concrete. Recycled aggregate has the potential for use in highest value
engineering products as partial replacement of primary aggregate in structural and non-
structural concrete. This Chapter covers the performance of EW and Wadi gravel aggregate
in structural concrete, as well as the performance of CDW, IBA and RCA in concrete blocks. A
case study on the implementation of recycled aggregate in a concrete block factory is also
presented.

5.1 EW and Crushed Rock Fines in Structural Concrete

Three building trials were constructed at Ashghal-Najma sitein June 2013 (Hassan et al., 2015;
Hassan et al., 2016). The site is located in a heavily built-up area in the capital, Doha, within 1
km of the coast. The trials were made with C40 structural concrete, which achieves cube
strength of at least 40 MPa at 28 days water curing, and concrete blocks with the details given
in Table 5-1. The site construction commenced in summer time, where average daytime
temperature exceeded 40°C. Hassan et al. (2014) reported the early results of the
performance of building trials up to 1-year.

Table 5-1 Use of recycled and secondary aggregates in building trials

Application Building 1 Building 2 Building 3

(o)
50% EW: 50% gabbro Control: 100% gabbro 100% gabbro

C40 concrete 0 ;
100% washed sand 100% washed sand) LGP S?nd)'
10% cement reduction

Concrete 50% CDW (replacing Control (100% gabbro 20% IBA (replacing
blocks gabbro) and 100% washed sand) Gabbro)

The building design consisted of three similar rooms each measuring 2.5m by 2.5m by 4.0 m
that consisted of ground beames, slab on grade, columns, roof beams and roof slab. Additional
concrete beams were constructed adjacent to the building trials for monitoring performance
in service. Erection of the concrete structural elements of the rooms was finalised by the end
of June 2013.

The building trials were periodically inspected up to the age of 5 years. Figure 5-1 shows the
building trials immediately after construction, and Figure 5-2 after 5 years in service. The
structural concrete of Building 1 was made with the 50% EW (left), Control (middle) and 60%
CRF (right). Similarly, the concrete blocks were made with the 50% CDW (left), Control
(middle) and 20% IBA (right).



Figure 5-2 EW and CRF building trials after 5 years in service

The buildings were left exposed without the application of a mortar rendering or paints that
could provide additional protection to the concrete. Such exposure enabled accurate visual
assessment of the performance of concrete elements made with different recycled and
alternative aggregates. The structural concrete elements of slabs, columns, and beams
exhibited excellent performance with no signs of deterioration or cracking observed in any of
the building at any age up to 5 years. The inspection showed identical performance of the 3
buildings with no obvious differences between them. Overall, the 3 buildings were in good
conditions with no apparent structural or non-structural damage in the concrete elements
and blocks. Continuous monitoring is planned to provide a longer-term performance data.



Figure 5-4 Coring of the testing beams at 5 years



In addition to the buildings, concrete beams with the dimensions of 200 x 500 x 4000 mm
were cast on site for coring and assessing performance at different ages, while maintaining
the buildings intact. One beam was cast for each of the structural concrete mixtures, Table
5-1, and marked on the surface to avoid coring through the steel reinforcement, as shown in
Figure 5-3. The beams were exposed to the same exposure environment as the building trials
and were cored at different ages for testing (Figure 5-4). The coring and testing of the
concrete cores were carried out by an independent testing house approved by Ashghal.

5.1.1 Performance testing and results

The C40 concrete used for the construction of the buildings was composed of cement: coarse
aggregate: fine aggregate: water in the weight ratio of 1: 3.27: 2.05: 0.44, respectively with a
total cement content of 370 kg/m3. The control concrete mixture was made with imported
gabbro and local washed sand aggregate, and was used for the construction of Building 2.
Excavation waste (EW) was used to replace 50% by weight of the imported gabbro in Building
1, whereas Building 3 was made by replacing 60% of local washed sand with imported crushed
rock fines (CRF) of limestone aggregate. The selection of the CRF was made to reduce reliance
on diminishing sources of sand deposits in Qatar. All the mixtures were designed to have the
same water/cement ratio of 0.44, and the superplasticiser dosage was adjusted to achieve
the same workability.

The materials used for the production of C40 concrete, properties, and compliance with the
QCS 2014 requirements are reported elsewhere (Hassan et al., 2013). The EW aggregate
satisfied the QCS 2014 requirements, except the chloride content. The water absorption of
the EW was 2.3 %, slightly higher than the specified value of 2.0% for natural aggregate but
within the relaxed specified value of 3% for recycled aggregate. The acid soluble chloride of
the EW was 0.11, exceeding the maximum specified limit of 0.03%.

Cores were extracted from the testing beams at the ages of 28 days, 1 year and 5 years. The
cores were tested for compressive strength, water absorption and rapid chloride permeability
(RCP). Three core samples were used for each test at any tested age and the average values
are reported.

5.1.1.1 Compressive strength

The compressive strength testing was conducted as per BS EN 12504-1 (2009) on cores of 100
mm diameter and 100 mm height. The core samples were prepared in accordance with BS EN
12390-3 Annex A (2009) by capping the flat surfaces with the sulphur mixture method. The
core compressive strength results are presented in Figure 5-5 for the 3 building at testing ages
of 28 days, 1 year and 5 years.

The C40 concrete mixtures were designed as C40, i.e. to achieve a cube compressive strength
of 40 MPa after 28 days of water curing. Core strength is generally lower than cube strength
mainly due to drilling disturbance of the core and inferior site curing compared to water
curing for cubes (Neville, 2011; Yaqub and Javed, 2006). The results in Figure 5 5 show that
both the control and 50% EW concrete mixtures gave a similar strength of 33 MPa at 28 days,
and the 60% CRF achieved a higher strength of 41 MPa. Despite the hot weather exposure in
Qatar, the compressive strength of concrete continued to develop with age. At the age of 1



year, all the mixtures exceeded 40 MPa, with the 60% CRF exhibiting the highest compressive
strength of 53 MPa. At 5 years, the 60% CRF reached 70 MPa, whereas the control and EW
concrete mixtures gave 60 MPa and 57 MPa, respectively. The strength results are relatively
high for C40 concrete and indicate that recycled materials can be successfully used to achieve
and exceed the desired concrete strength in field.
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Figure 5-5 Core compressive strength up to 5 years

The considerable increase in strength after 28 days indicates continuous improvement of the
concrete properties despite the harsh exposure environment of Qatar. Previous work on the
long term mechanical properties of recycled aggregate concrete showed high strength gain
after 5 years is mainly due to the improvement in bonding between the cement matrix and
the recycled aggregate (Kou and Poon, 2008). The porous nature of the recycled aggregate
could have contributed to the strength development due to internal curing and improved
aggregate interface slowly over time.

5.1.1.2 Water absorption

The water absorption test was conducted as per the QCS 2014 in accordance with BS 1881-
122 (2011) on concrete cores of 50 mm diameter and 75 mm height. The QCS 2014, Section
5 Part 6, recommends a range of 2 — 4% for a durable concrete.
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Figure 5-6 Core water absorption up to5 years

The results in Figure 5-6 show that the lowest absorption value of 1.4% was obtained for the
60% CRF concrete after 5 years in service. The low water absorption could be attributed to
the fine particles of the CRF that improve the packing and densification of concrete. The more
porous nature of excavation waste, compared to imported gabbro, resulted in the highest
average absorption between 2.0% and 2.5% for the EW concrete at all tested ages, but still
within the ranged recommended by the QCS 2014 for durable concrete. The control concrete
showed intermediate values of 2.0%. In general, the average water absorption values for the
3 building trials were within the lower range of QCS 2014 recommended values for durable
concrete.

5.1.1.3 Rapid chloride permeability

The QCS 2014 recommends the RCP test as per ASTM C1202 (2012) for assessing the concrete
durability under an external applied force of electrical voltage. The recommended range for
durable concrete is between 500 to 4000 total charge passed, in Coulombs.

The results in Figure 5-7 show values within the range of 3400 to 4600 Coulombs, within the
higher range for durable concrete. Similar to the compressive strength and water absorption
results, the 60% CRF concrete exhibited the best performance whereas the Control and 50%
EW concretes showed similar performance.
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Figure 5-7 Core chloride permeability up to5 years
5.1.2 Discussion of results

Overall, the 3 buildings were in good condition with identical performance and no obvious
visual differences between the concrete made with recycled/alternative materials and
conventional aggregates. No evidence of cracking, spalling, or reinforcement corrosion was
observed after 5 years in service.

The core compressive strength showed significant improvement with age. The 60% CRF
exhibited the highest compressive strength with average values exceeding 40 MPa at 28 days
and 70 MPa at 5 years. The control and 50% EW concrete showed similar strength
development with average values around 33 MPa at 28 days, and 60 MPa at 5 years. A
considerable increase of core strength from the age of 28 days to 5 years was achieved,
despite the harsh exposure environment in Qatar. The porous nature of recycled aggregate
results in high water absorption, and could have contributed to the slow release of water over
time. Further work is required to investigate this in more detail.

The QCS 2014: Section 5: Part 6 provides optional values for assessing the durability
performance of concrete in terms of water absorption, water permeability, RCP and chloride
migration. Water absorption and RCP tests were conducted in this investigation for
monitoring performance. The water absorption results revealed low values of 1.4 to 2.5% for
the 3 mixtures at different ages. The lowest values were found for the 60% CRF concrete, with
higher values for the control and 50% EW. A similar trend was obtained from the RCP results,
with the lowest permeability values for the 60% CRF. The 50% EW concrete gave slightly
higher values than the control concrete, probably due to the higher EW aggregate levels of
chloride content than the maximum specified in the QCS 2014 (Hassan et al., 2013).



The QCS 2014 currently limits the use of recycled aggregate in structural concrete to 20%, by
weight of aggregate, provided the materials satisfy the aggregate requirements listed in
Section 5: Part 2. The QCS 2014 also allows a relaxation of the aggregate absorption to 3%,
compared to 2% for natural aggregate. The current specification provided in the QCS 2014 for
structural concrete seems adequate and does not prohibit the wider implementation of
recycled aggregates in practice. However, there is a need to consider the durability
requirements for concrete cores obtained from real structures/buildings in service. The
development and implementation of field durability requirements, based on locally available
materials and specified exposure conditions, would contribute to extending the service life of
concrete structures.

The use of recycled materials in the concrete blocks in this trial is described in Section 5.3.

5.2 Wadi Gravel in Structural Concrete

Deposits of Wadi gravel are available in Qatar and the region, but have not been widely
utilised as aggregate for concrete, mainly due to the possibility of internal sulfate attack, plus
the perceived risk of alkali aggregate reactivity (AAR). The use of local Wadi gravel contributes
to enhanced sustainability by replacing expensive imported gabbro. As discussed in Section
3.4, the material is produced in large quantities as a by-product from the sand washing
process and requires intensive, multistage processing before use in concrete. Three trial
buildings were constructed in June 2016 with the mix composition shown in Table 5-2. Wadi
gravel aggregate was used to replace 50% and 100% of the gabbro coarse aggregate in the
C40 structural concrete.

Table 5-2 Mix compositions — Wadi gravel trial building mixtures

Material 100% Gabbro 50% Wadi gravel 100% Wadi gravel

Portland cement, kg/m?3
Gabbro, kg/m3

Wadi gravel, kg/m?3
Washed sand, kg/m3
Super plasticiser, I/m3

The Wadi gravel was obtained from the Mekaines site, south-west of Doha, and processed to
satisfy the QCS 2014 requirements for use as coarse aggregate in concrete. The washed sand
complied with the QCS 2014 requirements, with the exception of sulfate content. The acid-
soluble sulfate was 0.6 %, exceeding the maximum permissible limit of 0.4 %. The mixing
water was maintained at a constant w/c ratio of 0.42 for all mixtures, and the amount of
superplasticiser was adjusted to achieve a target slump of 200 mm (+£20) at the production
unit, and to maintain 100 mm minimum on arrival at site, measured in accordance with BS EN



12350-2. The materials supply and properties of the aggregate materials are presented
elsewhere (Hassan et al., 2020b).

The results in Table 5-2 shows that Wadi gravel reduces the superplasticiser dosage required
to achieve the same slump as the 100% gabbro concrete. The improved workability is
attributed to the smooth surface and more rounded particles of Wadi gravel, compared to
gabbro aggregate.

5.2.1 Alkali Aggregate Reaction (AAR)

A comprehensive testing programme was conducted to investigate the AAR of Wadi gravel,
which comprised petrographic examination; accelerated screening tests; and longer-term
expansion tests. Details of the testing programme and results are reported by Sims et al.
(2020). The results of the long-term expansion tests are summarised below.

The long-term tests were conducted on the 3 concrete mixtures in Table 5-2, using the RILEM
AAR-4.1 (2015) and BS 812:123 (1999) test methods. In addition to the Wadi gravel and
gabbro aggregates, a reference aggregate of Spratt’s silicified limestone aggregate was
chosen to represent a known alkali-silica reactive aggregate. The BS 812:123 concrete prism
test takes a relatively long time (52 weeks), by comparison with the accelerated AAR-4.1 test
(20 weeks) but is considered probably to be more realistic at representing typical behaviour
of aggregate materials used in the field. Storage conditions varied between the two tests.
RILEM AAR-4.1 concrete prisms were exposed to 60 °C temperatures at as close as possible
to 100 % relative humidity (RH), whereas BS 812-123 concrete prisms were exposed to
humidity > 96 % RH at 38 °C.

Figure 5-8 presents the 15 weeks expansion of different concrete mixtures made with
different proportions of Wadi gravel aggregate in the RILEM AAR-4.1 test. The interpretation
guidance presented in RILEM AAR-0 (2016) allows tentative classification against a criterion
of 0.03 % expansion at 15 weeks age. The 100% Wadi gravel was slightly higher than the
suggested 0.03 % criterion, with 0.04 % at 15 weeks. Results for the 50% Wadi gravel were
encouraging, with expansion reduced to 0.015 % at 15 weeks, which is identical to the
expansion of the 100% gabbro concrete. The mixture containing the reactive Spratt’s
aggregate appreciably exceeded the criterion with the measured expansion of 0.1%, falling
within the range (0.06 to 0.22 %) of published studies using similar techniques detailed in
RILEM AAR-0 (2016). The significant expansion of the Spratt’s aggregate mix confirmed that
the methodology, conditions and equipment used produced expansion in a reactive
aggregate.

Results of the BS 812:123 expansion results are presented in Figure 5-9. The criteria for
assessment given for BS 812:123, within BRE Digest 330-2 (2004), are based on the expansion
values after 12 months exposure. Non-expansive classification is for expansion values <
0.05 %, probably non-expansive for >0.05 % and <0.10 %, possibly expansive for >0.10 and
<0.20 %, and expansive for > 0.20 %.

In contrast to the AAR-4.1 tests, the measured BS 812-123 prism expansions for all of the
Wadi gravel mixtures, including 100 % Wadi gravel, fell into the non-expansive aggregate
classification. This classification suggests no significant expansive behaviour and a low
reactivity type for the Wadi gravel. The mixture containing imported gabbro consistently



reduced expansion by 20-50 %, compared with the 100% Wadi gravel mixture. The 50% Wadi
gravel mixture produced similar expansions to the 100% gabbro concrete throughout the
testing. The reference Spratt’s aggregate recorded an expected expansive trend that achieved
approximately 0.175 % expansion after 52 weeks.
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The degree of AAR within the BS 812-123 prisms was notably lower than those within RILEM
AAR-4.1 prisms of the same mixtures. As laboratory testing is not always adequate to assess
the real performance of the materials in service, site trials were constructed with the same
mixtures given in Table 5-2.

5.2.2 Building trials

Details of the construction and monitoring of the trial buildings up to one year are given in
Hassan et al. (2020b). Three trial buildings were constructed at the Mekaines site, each with
the cross section of 4.0 m x 4.0 m and one storey height of 3.85m as shown in Figure 5-10 .
Each building was constructed with one of the mixtures given in Table 5-2. The construction
of the three buildings was conducted in parallel with one truck for each concrete mix
delivered on the same day of casting. Four structural elements were cast for each building to
include foundations, ground and neck beams, columns and a control beam, and roof beams
and slabs

Figure 5-10 Trial buildings, 6 months after construction: control (100%) gabbro on left;
50% Wadi gravel in centre; 100% Wadi gravel on right.

Additional beams, with dimensions of 200 mm x 500 mm x 4000 mm, were cast from the same
batches used for the concrete columns and stored separately behind each building as shown
in Figure 5-11. The additional beams were partially buried within the fill material around the
buildings and were used for coring and testing the different concrete mixtures at different
ages. At the age of testing, the beams were removed from the ground for coring and then
reinstalled again for long-term monitoring. The purpose is to represent aggressive ground



conditions and excessive heat near the ground surface. Precast concrete blocks, block paving
and kerbstone were also made of 100% Wadi gravel and used for the construction of the
building trials (Hassan et al., 2020b).

Figure 5-11 Additional beam cast for coring and long-term monitoring behind buildings.



Construction took place in the summer of June 2016, with an average air temperature in the
range of 40°C to 50°C. The QCS 2014 requires that the temperature of concrete on delivery
shall not exceed 32°C. This was achieved using chilled water for mixing concrete and pre-
cooling the truck-drum prior to loading the fresh concrete. Testing of concrete slump, BS EN
12350-2 (2009), was conducted on arrival at site, approximately 75 min drive from the plant.

Figure 5-12 shows the site monitoring of concrete temperature and slump. As part of
controlling the quality of ready-mix concrete used for different batches, cubes (150mm sides)
were prepared from each batch and cured in a water tank at 20°C (+2). The cubes were tested
for compressive strength at the ages of 7 and 28 days, in accordance with BS EN 12390-3, and
the results are given in Table 5-3. Three cubes were used for each test and the average value
was reported.

Figure 5-12 Measurements of concrete temperature (left) and slump (right) on site

The slump and compressive strength testing were used to assess the variation of concrete
batches delivered to site. A target slump of 100mm minimum was set on arrival at site to
enable easy pumping and compacting of the concrete mixtures. The slump values ranged from
150 to 220mm, with the majority of results being between 180 and 200mm. The slump results
for the delivered concrete were generally higher than the desired target of 100mm.

The cube compressive strengths at 7 and 28 days are also given in Table 5-3. At 28 days, the
mixtures exceeded the desired strength of C40 concrete and achieved values in excess of 50
MPa. The 100% gabbro concrete exhibited the highest strength of 58.4 MPa at 28 days, and
the lowest of 53.0 MPa was obtained for the 100% Wadi gravel concrete. In fact, the mixtures
achieved the target C40 after 7 days in cube tests, with average values of 46.9 MPa for the
100% gabbro, 46.2 for the 50% Wadi gravel, and a slightly lower average of 43.8 MPa for the
100% Wadi gravel. The variation of compressive strength results for the different batches
ranged between 6% and 11%, indicating a good quality of concrete production.



Table 5-3 Slump (mm) and compressive strength (MPa) results of concrete batches

Concrete 100% Gabbro 50% Wadi gravel 100% Wadi gravel
Slump 7d 28d Slump 7d 28d Slump 7d 28d
Foundations 200 53.3 65.3 190 50.9 62.1 180 46.9 57.1

Ground beams 210 40.8 55.9 220 41.9 53.7 200 40.1 50.8

Columns/control 190 45.4 54.9 200 45.5 51.9 200 43.2 50.8

beams
Roof slabs 190 48.2 57.6 180 46.6 54.8 150 45.1 53.1

Average = 46.9 58.4 = 46.2 55.6 = 43.8 53.0

CV% = 11.1 8.1 = 8.0 8.1 = 6.6% 5.6

5.2.3 Performance Results

The performance of Wadi gravel concrete was assessed by extracting cores from the
additional beams and testing for compressive strength, water absorption, and petrographic
analyses. The core testing commenced at the age of 28 days and further cores were taken
after 1 year and 4 years in service.

5.2.3.1 Moisture and Salt Content

High salt concentration in soil may cause serious problems for reinforced concrete structures.
Soil samples were collected from the excavated materials (limestone) for the building trials
and tested for chloride and sulfate content as per BS 1377-3 (1990) (currently BS 1377-3:
2018). For earth works related to buildings, the QCS 2014 specifies maximum values of acid
soluble chloride not exceeding 2%, and 3% for acid soluble sulfate. The soil testing indicated
sulfate content of 2.58%, which is relatively high, but within the maximum permitted level.
Much lower chloride content of 0.04% was measured in the surrounding soil. Concrete cores
were extracted after 4 years from the test beams. Cores were tested for wet density, moisture
content, chloride content and sulfate content, and the results are presented in Table 5-4.

Table 5-4 Density, moisture content and salt contents at 4 years

Material 100% Gabbro 50% Wadi gravel 100% Wadi gravel
Density, kg/m3 2347 2310 2250
Moisture content, % 3.7 3.8 3.3
Acid-soluble chlorides, % 0.01 0.01 0.01

Acid-soluble sulfate, % SO3 0.61 0.83 1.12



The gabbro aggregate, with its high particle density, gave the highest concrete density of 2347
kg/m3. Substituting the gabbro with 100% Wadi gravel reduced the concrete density to 2250
kg/m3. The 50% Wadi gravel concrete gave an intermediate value of 2310 kg/m3. The moisture
content ranged between 3.3% and 3.8% for the different concrete mixtures. The amounts of
acid-soluble chloride measured were identical and negligible. The sulfate content was much
higher, with the highest value of 1.12% for the 100% Wadi gravel, and the lowest of 0.61 for
the 100% gabbro.

5.2.3.2 Compressive strength and water absorption

The core compressive strength results are presented graphically in Figure 5-13. Similar to the
original cube results, all the mixtures achieved the target C40 strength at 28 days. The 100%
gabbro concrete exhibited the highest strength of 45.2 MPa, with slightly lower average
values of 41.7 MPa and 41.3 MPa for the 50% and 100% Wadi gravel concretes, respectively.
Strength development continued with age up to 4 years in service to reach 57.6 MPa, 53.1
MPa and 52.2 MPa for the 100% gabbro, 50% Wadi gravel, and the 100% Wadi gravel,
respectively.

The water absorption results are presented in Figure 5-14. All the mixtures showed low water
absorption values within the range of 1% to 2% at the different ages up to 4 years in service.
The absorption results are lower than the range recommended in the QCS 2014 of 2% - 4%
for durable concrete. The absorption results followed the same trend as the strength results,
with slightly lower absorption results of the gabbro concrete compared with the Wadi gravel
concrete at 28 days and after 4 years. After 1 year, the values were almost identical for all
three mixtures.
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Figure 5-13 Core compressive strength of Wadi gravel and gabbro concrete mixtures.
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Figure 5-14 Core water absorption of Wadi gravel and gabbro concrete mixtures.

5233 Petrographic examination of cores after 4 years

A summary of the concrete petrography test results is given in Table 5-5. All the mixtures
showed dense structure with low air voids. The 100% gabbro and 50% Wadi gravel concretes
gave the same range of 2.0% to 3.0% air voids, with a higher range of 3.0% to 4.0% for the
100% Wadi gravel concrete. An example of the dense structure of the 50% Wadi gravel
concrete is shown in Figure 5-15.

Table 5-5 Summary of petrographic examination of concrete cores after 4 years

Parameter 100% Gabbro 50% Wadi gravel 100% Wadi gravel

Mix quality Good compaction Good compaction Good compaction

Air voidage, % 2.0-3.0 2.0-3.0 3.0-4.0
No evidence No evidence No evidence

Cracking/Microcracking No evidence No evidence No evidence

Deposits Trace ettringite Trace ettringite Trace ettringite
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Figure 5-15 Granite rock — 50% Wadi gravel (top left), Quartzite rock — 50% Wadi gravel
(top right), Rhyolite rock — 50% Wadi gravel (bottom left), and Quartzite rock — 100% Wadi

gravel (bottom right)

None of the concrete mixtures showed any evidence or ASR or other significant causes of
deterioration after 4 years; in particular there were no ASR reaction sites or products, such as
silica gel, and no evidence of any micro-cracking associated with aggregate-binder interfaces.
Images in Figure 5-15 show different rock constituent types of Wadi gravel with good
aggregate packing and no signs of deleterious reactions. The concretes appeared generally
sound with only minor evidence of leaching remobilising sulfate, giving rise to secondary
ettringite deposits that were too limited to be indicative of damaging sulfate attack. The
petrographic examination after 4 years supports the BS 812-123 finding of low alkali-silica
reactivity of Wadi gravel.

5.2.4 Discussion of results

The use of Wadi gravel in Qatar is still rather limited, mainly due to the perceived risk of AAR
and sulfate attack, with lack of long-term performance data to provide confidence in use.
Petrographic examinations have been conducted on the hardened concrete mixtures after 4
years in service to assess potential ASR, and to clarify the different expansion behaviours for
the different concrete prism tests. The results indicated sound concrete with no observed



cracking or microcracking, and no evidence of distress or deterioration from ASR or sulfate
attack. The 4-year petrographic results of the hardened concrete support the results obtained
from the BS 812-123 expansion test and indicate that the Wadi gravel could be classified as a
non-expansive aggregate. Based on the results obtained in this study, the BS 812-123 method
is considered ultimately more representative of performance in practice than the accelerated
RILEM AAR-4.1 method.

Figure 5-16 Trial buildings, 4 years after construction: control (100%) gabbro on left; 50%
Wadi gravel in centre; 100% Wadi gravel on right.

The trial buildings were visually inspected periodically up to 4 years in service. The 3 buildings
looked generally identical, with no obvious differences between them, Figure 5-16. The
climate in Qatar is generally hot and humid during summer, with some strong storms and
heavy rains in winter. Despite these harsh weather conditions, the buildings remained in good
condition, with no visual signs of deterioration. No structural damage was apparent.

Core samples were obtained from the test beams, stored behind the building trials. The core
strength achieved the target C40 concrete at 28 days. Strength development continued, with
the availability of moisture within the pore structure of concrete, as confirmed by the
moisture content results. The water absorption results were lower than 2% for the different
mixtures at all tested ages up to 4 years. The QCS 2014 recommends a range of 2 - 4% water
absorption as an indication of durable concrete. The absorption results obtained in this study
for the Wadi gravel and gabbro aggregates were lower than the minimum level
recommended, and hence would be expected to provide high resistance to the ingress of
harmful substances into concrete.

The trial beams were exposed to the most aggressive environment within the trials. They
were partially buried in a soil with a relatively high sulfate content and also exposed to the
diurnal heat cycles at the surface. The trial beams have also been more at risk of deterioration,
owing to periodic exposure to moisture in the soil during rainy periods. In this inland site, the



groundwater table is well below the surface, but in coastal areas foundation concrete would
also be exposed to potential capillary rise of salts from ground water. The availability of
moisture and heat would potentially accelerate the deterioration mechanisms of sulfate
attack and ASR. The tight pore structure and low absorption values have contributed to
mitigate the risk of sulfate attack of concrete.

Petrographic examination of hardened concrete after 4 years only detected only traces of
white sulfate deposits (ettringite) lining the air voids of concrete, with no evidence of other
distress or deterioration due to sulfate attack. On-going testing is planned for the building
trials and partially buried beams to assess longer-term performance and correlated to
laboratory accelerated testing.

Wadi gravel offers a quality aggregate for use in concrete and is available locally in Qatar and
other parts of the Gulf region. When the material is processed properly to meet with the QCS
2014 requirements, particularly sulfate content, it has the potential to replace up to 100% of
imported gabbro in structural concrete applications. This has important implications for the
use of Wadi gravel in concrete, as it is easier — and cheaper — to make concrete with one
aggregate rather than a blend of two or more types of aggregate, such as the 50:50 blend
with gabbro used in this study. Site testing after 4 years in service showed similar performance
to the conventional gabbro concrete. The results obtained in this study also support the
finding of the BS 812-123 test for Wadi gravel to be classified as having low reactivity in
relation to AAR and confirms that the BS 812-123 test is more representative of the behaviour
of concrete in the field than the RILEM AAR 4.1 concrete prism test.

53 Concrete Blocks

CDW (mixed) and IBA were used to partially replace gabbro as coarse aggregate for the
production of concrete blocks in the trial buildings at the Ashghal-Najma site in Doha (Section
5.1). Hollow blocks were made in the dimensions of 400 x 200 x 200 mm for use as non-load
bearing walls. Three mixtures were used in the building trials as shown in Table 5-1 and Figure
5-1, to include CDW 50% (Building 1), control (Building 2), and IBA 20% (Building 3). The
control mixture was composed of cement: coarse aggregate: fine aggregate: water in the
weight ratio of 1: 4.67: 3.83: 0.35, with a total cement content of 300 kg/m3. Additional
concrete blocks were made during construction and stored adjacent to the building trials as
shown in Figure 5-17. The additional blocks were tested for compressive strength and water
absorption at 28 days and 5 years of age.



Figure 5-17 Concrete blocks with recycled materials used for testing

The QCS 2014 specification for concrete blocks, Section 13, Part 4, is based on BS 6073-2
(2008), and specifies strength and water absorption requirements for the non-load bearing
blocks. The average compressive strength, for 3 tested blocks, shall be equal to or greater
than 7.0 MPa, with the lowest individual value not less than 5.6 MPa. For the full water
absorption, measured in accordance with CML 9-97, the average value shall not exceed 7 %,
with no individual block greater than 7.5 %.

The QCS 2014 allows the use of recycled aggregates to replace up to 50% of the aggregate in
concrete blocks when the average compressive strength is equal to or greater than 7 MPa,
and up to 100% replacement for average strength less than 7 MPa. The limits for acid soluble
chloride and sulfate are 0.2 and 0.8%, respectively. Whilst the CDW and IBA met the chloride
content requirement, the CDW gave a higher value of 1.56% acid soluble sulfate and hence
the decision of 50% replacement rather than 100% CDW was made (Hassan et al., 2020a).

Three concrete blocks were tested at 28 days and 5 years, and the average results are
presented in Figure 5-18 and Figure 5-19 for the compressive strength and water absorption
respectively. The results show that the concrete blocks used for the construction of the
building trials satisfied both the compressive strength and water absorption requirements of
the QCS 2014. The average compressive strength values ranged between 11.0 MPa and 15.0
MPa, much higher the specified 7 MPa. All the blocks showed improved strength with age.
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Figure 5-18 Compressive strength of concrete blocks
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Figure 5-19 Water absorption of concrete blocks

The water absorption results showed average values between 3.5% and 6.9%, with the
control blocks exhibiting the lowest water absorption values. Similar to the compressive
strength results, the absorption results improved with age for all blocks. All the results were
lower than the maximum specified value of 7% water absorption. In general, the results show



that both CDW and IBA can partially replace imported gabbro aggregate with almost similar
performance to the control blocks, and in compliance with the QCS 2014 requirements for
non-load bearing walls.

5.4 Case Study — Concrete Block Factory

The recycling initiatives undertaken by the government and key stakeholders, together with
the availability of the recycling specification and a supply of quality recycled aggregate have
encouraged the industry to implement recycling. FBA Ready Mix is one of the concrete
suppliers who took the lead in implementing the use of recycled aggregate in concrete blocks.
The block factory is located in Doha-Industrial Area, and currently produces approximately
60,000 blocks per day.

The coarse aggregate used for the production of the concrete blocks is sourced from local and
recycled materials. The coarse aggregate comprised mixed CDW and Wadi gravel, both of the
same size of 5.0 mm to 10.0 mm. The washed sand and Portland cement were also sourced
locally. The percentage of CDW used is 40% by weight of the block. The mixed CDW was
supplied by QPMC, and the material is shown in Figure 5-20, and the block production
followed the conventional method as shown in Figure 5-21, with no changes in equipment
used or curing methods.

Figure 5-20 Mixed CDW used for the production of concrete blocks



Figure 5-21 Production of concrete blocks with recycled aggregate

The production of concrete blocks with recycled aggregate commenced in summer 2020. Data
on compressive strength and water absorption are provided by FBA for the period of
September 2020 to February 2021. The monthly average results are presented in Figure 5-22
and Figure 5-23 for compressive strength and water absorption, respectively. The concrete
blocks made with recycled aggregate exhibited lower compressive strength and higher water
absorption than the control blocks made with primary aggregates. However, all the results
were within the specified limits in the QCS 2014. It is also important for the ingredient
materials, including recycled aggregate, to comply with the requirements of the QCS 2014.

In addition to the environmental benefits of using recycled materials, there is a cost saving
associated with the use of recycled aggregate. It was confirmed by FBA team that the price of
concrete blocks made with recycled aggregate is 10% lower than the price of the conventional
concrete blocks. The price reduction is mainly attributed to the reduced cost of recycled
materials compared to expensive imported aggregate.

The environmental and economic benefits obtained from implementing recycling in the FBA
concrete blocks has encouraged the team to widen the use of recycled aggregate in other
precast concrete products. Trial mixtures were developed for the production of paving blocks
and kerbstone with recycled aggregate up to 40% by weight of imported gabbro. The results
of the precast concrete products made with recycled materials were in compliance with the



QCS 2014 requirements. An implementation plan has already been developed by the FBA
team to the full-scale production of paving blocks and kerbstone with recycled aggregate.
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5.5 Summary

EW and CRF were used to partially replace imported gabbro and washed sand, respectively,
in structural C40 concrete. Visual inspection of the 3 buildings indicated identical performance
of the different concrete mixtures with no obvious cracks, spalling or reinforcement corrosion
up to 5 years in service.

The core compressive strength after 5 years achieved values of 60 to 70 MPa, with the highest
value for the CRF concrete. These values are considerably higher than the designed strength
of 40 MPa (C40 concrete), and confirm continuous strength developed within the hot
exposure environment in Qatar. Durability tests of water absorption and RCP showed similar
trends as the compressive strength results, with the CRF exhibiting the highest durability
compared to the control and EW concretes. The results obtained from monitoring the
buildings support the QCS 2014 limitation of 20% of recycled aggregate in structural concrete
for durability issues, and up to 100% in concrete blocks and non-structural concrete
applications.

Wadi gravel was also used as coarse aggregate in structural C40 concrete, to replace 50% and
100% of imported gabbro. Site data up to 4 years in service indicated similar performance of
the Wadi gravel concrete to the conventional gabbro concrete, when the Wadi gravel
aggregate was processed to comply with the QCS 2014 requirements, especially sulfate
content. Use of Wadi gravel was easily implemented in the ready-mix plant for the production
of structural concrete. At the same w/c, Wadi gravel concrete reduced the superplasticiser
dosage to achieve the same workability as the gabbro concrete. The target C40 concrete
compressive strength was achieved after 28 days, and strength continued to develop with age
to over 50 MPa after 4 years.

The risk of potential AAR of Wadi gravel was assessed using a comprehensive laboratory
investigation and site cores. For the laboratory concrete prism methods, Wadi gravel was
classified as potentially reactive in the RILEM AAR-4.1 and of low reactivity in the BS 812-123
test. The BS 812-123 interpretation was confirmed by petrographic examination of the
hardened concrete after 4 years in service, as no signs of AAR or cracking were detected in
the Wadi gravel concrete.

The test beams, used for the assessment of site performance of Wadi gravel concrete, were
exposed to the most aggressive environment within the trials. They were partially buried and
surrounded by a relatively high sulfate soil and exposed to heat cycles on the surface and
potential moisture from rainy periods and capillary rise. Despite the aggressive exposure
environment, the Wadi gravel concrete exhibited sound performance, similar to that of
gabbro concrete, with no observed cracking or defects on the buildings, and no evidence of
distress or deterioration from ASR or sulfate attack within the concrete microstructure.

The results obtained for the use of recycled materials in structural concrete indicate the
importance of durability assessment, in addition to strength properties, and long-term
monitoring for judging the performance of new materials and products in construction.
Strength is known to be a bulk property, whereas most deterioration mechanisms in Qatar
and the region, are more related to the ability of concrete to resist the aggressive surrounding
environments; such as extreme heat and humidity, saline environment and ground



conditions. Durability assessment is therefore essential in addition to the conventional
strength testing.

Concrete blocks and non-structural concrete provide a wider market for the uptake of
recycled materials, as up to 100% recycled aggregate could be used. Non-load bearing walls
are the most widely used in the concrete block industry. The results provided at construction
and after 5 years in service indicated full compliance with the QCS 2014 for strength and
absorption requirements, with no adverse effect with age. The results provide more
confidence for the industry to implement the use of recycled aggregate with economic and
environment benefits.

A case study is presented on the FBA as one of the leading concrete block factories who
implemented recycled aggregate into their production. Performance data over 6 months
indicated compliance with the strength and water absorption requirements of the QCS 2014.
The use of recycled aggregate resulted in 10% cost reduction, due to the cheaper recycled
materials compared to conventional aggregate. Further recycling implementation is planned
by FBA for the use of recycled aggregate in new precast products of paving blocks and
kerbstone. The FBA case study is encouraging for other factories in Qatar to implement
recycling, with the provided government support and facilities to supply recycled aggregate
at regulated quality and prices for successful implementation.




6 Recycling in Base and Subbase Materials

Road base is the layer directly beneath the asphalt course layers and above the subbase or
subgrade layer. It consists of compacted selected materials and can be made of bound or
unbound granular materials. It is considered as the main structural layer of pavement
construction, with the function of spreading the surface loads and reduce the stresses on the
lower layers, thereby ensuring that the bearing capacity of the subgrade is not exceeded.
Road subbase is the first layer in pavement construction and acts as a platform for the
construction of upper pavement layers and protection of the subgrade material. It is generally
made of compacted granular materials with improved properties and quality compared to the
subgrade. Subbase is made of similar materials, with slightly lower specification
requirements, and is used to further spread the load from traffic and reduce stress on the
subgrade.

This Section presents site data on the performance of recycled and local materials used in
base and subbase applications, and their compliance with the QCS 2014 requirements. The
performance was assessed in comparison to conventional construction materials, to provide
confidence for the wider use of recycled aggregate in construction.

6.1 Unbound Subbase Materials

Local limestone has been successfully used as unbound pavement layers in Qatar for many
years. Due to the varying clay type and content, the material was traditionally blended with
dune sand to improve its properties and ensure compliance with the QCS 2014 requirements,
especially plasticity and sand equivalent. The shortage of dune sand in Qatar and government
restrictions on it use, have initiated the need to identify alternative materials for the
sustainable supply to road construction projects. The use of recycled materials in unbound
subbase applications was demonstrated by the project team in 2014 (Hassan et al., 2015) with
the construction of road trials with different types of recycled aggregate materials. The
performance of subbase materials after 4 years in service is presented below.

6.1.1 Road Construction Data

The access road to the Rawdat Rashid Recycling site was selected for the site trials. It covers
a length of approximately 500m with heavy traffic loading, in the range of 500-1000
lorries/day. The old access road suffered from extensive deformation and potholes and was
removed and replaced with a new access road in October 2014. Details of the construction
data were reported previously (Hassan et al., 2015; Reid et al., 2016) and are summarised
below. The subbase construction consisted of 3 sections, Figure 6.1, each of 120 m length and
comprising:

. Section 1: EW subbase
. Section 2: RCA subbase
. Section 3: a control section made of EW + 20% dune sand
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Figure 6-1 Layout of the subbase trial sections; red boxes represent sections tested after
4 years

After removing the existing road and exposing the natural subgrade of limestone, the
construction was made in different layers. The new pavement construction consisted of 2
subbase layers, 150mm each, with an asphalt overlay of 80mm. The recycled subbase
materials, sections 1 and 2, were constructed with EW and RCA materials, produced from the
Rawdat Rashid Recycling site. Section 3 represented the traditional subbase construction of
EW blended with dune sand.

During construction, site testing was conducted on the top of compacted subbase layers, and
loose samples were collected for laboratory testing. Field-testing of in-situ density, surface
modulus and a trafficking trial were carried out on the top of subbase layer 2. The in-situ
density was determined using the sand replacement test to BS EN 1997-2 (2007) and the
trafficking trial according to the procedure described in the UK Specification for Highway
Works — Series 800 (Highways England, 2016). Table 6-1 presents the results of in-situ density
and rut depth after trafficking.

Table 6-1 In-situ density and rut depths after trafficking

Subbase In-situ density (layer 2) Rut depth (mm)

(0]\V/[® Dry Relative Average
(%) density compaction
(s/cm?) (%)
7.1 . 7.5

11.0
RCA 2.09 9.2 1.87 8.2 89 7.4 11.0
Control 2.32 5.0 2.12 4.9 91 0.4 6.0
QCS 2014 2.05 +2% = = 100% = =

The QCS 2014 specified a maximum dry density (MDD) of minimum 2.05 g/cm?3 for unbound
subbases, with in place moisture content + 2% of the optimum moisture content (OMC) and
a relative compaction of 100% of the MDD. The results in Table 6-1 show the 3 subbase
materials satisfied the laboratory MDD, but the field dry density was lower than 100% of the
laboratory values. The dry density is dependent on the moisture content, and the hot
environment in Qatar caused rapid drying of the materials after compaction as reflected in
the field moisture content being on the lower side of the OMC. However, the laid subbase
materials visually appeared well compacted. The trafficking trial provided a further



assessment of the subbase materials after being subjected to 1000 equivalent standard axles.
The average rut depth was less than 10mm for each subbase section, well below the
maximum specified limit of 30mm in the UK Specification for Highway Works.

6.1.2 Performance at 4 Years

To assess the performance of subbase materials after 4 years in service, the asphalt overlay
was removed to expose the subbase surface. For each road section, an area of 900 x 1600
mm was exposed from the subbase, highlighted in red in

Figure 6-1 Layout of the subbase trial sections; red boxes represent sections tested after
4 years

. The asphalt overlay was initially cut into small slabs using a diamond saw, loosened at the
edges using a vibrating hammer, and lifted to provide an undisturbed subbase surface. A thin
layer of dune sand was sprayed on top of the exposed subbase to provide an even surface for
the surface modulus field testing. The dune sand was then cleaned and the exposed subbase
was loosened using a pick axe and a spade and the loose materials were collected in sealed
bags for laboratory testing, Figure 6-2. The RCA subbase, section 2 of the road trials, was
found to have hardened after 4 years in service and was therefore treated as a bound subbase
and cores were extracted for testing as shown in Figure 6-3.

Visual assessment of the road trials was made immediately after construction in November
2014 and periodically every year to October 2018. The access road was heavy trafficked with
loaded trucks bringing the construction waste into the landfill site and mostly loaded trucks
leaving the site with processed recycled materials. The visual inspection showed excellent
performance of the road trials in service. No surface defects in the form of cracks,
deformation or bleeding were observed on the asphalt overlay, with identical performance
between the different subbase materials made with recycled materials (EW and RCA)
compared to the control section.

Testing of the subbase materials was carried out during construction and after 4 years in
service. The testing programme was divided into unbound subbase (EW and control) and
bound subbase for the RCA subbase. The unbound subbase materials were tested for grading,
plasticity, sand equivalent, and other physical and mechanical properties, whereas the RCA
subbase cores were tested for compressive strength, moisture content and density.

6.1.2.1 Unbound Subbase Materials

As the QCS 2014 was issued in December 2014, the grading of the subbase materials at
construction was made to the requirements of QCS 2010 Class B specification. At
construction, 3 samples were tested for each subbase materials and the average grading
curves are shown in Figure 5 4. All the samples complied with the QCS 2010 Class B grading
envelope except the EW subbase, which was marginally coarser between 2 and 5mm. The
effect of adding dune sand on the grading of the control subbase significantly increased the
percentage passing at 0.6mm, but the material remained within the grading limits. The dune
sand is almost a single size material with its grading within the narrow range of 0.15 mm and
0.6 mm, hence this affects the grading of subbase material.
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Figure 6-2 Exposed subbase after 4 years in service — EW material

Figure 6-3 Exposed subbase after 4 years in service — RCA material



After 4 years in service, the extracted unbound subbase materials (EW and control) were
tested for sieve analysis as per the QCS 2014 requirements, and the results are shown in
Figure 6-5. The QCS 2014 provides a narrower grading envelope than the QCS 2010 Class B
subbase, mainly at the minimum specified limit whereas the maximum limit is almost the
same for both specifications.

The grading curve for each subbase material represents the average of 3 tested samples. The
EW and control showed significantly finer grading than at construction at all sieve sizes. The
EW subbase, with its initial coarser grading at construction, remained within the QCS 2014
grading envelope with the fine particles of 0.6-0.075 mm towards the higher specified limits.
However, the control subbase exceeded the maximum limit between 2 mm and 0.25 mm,
associated with the dune sand addition. The different grading of the unbound materials after
4 years could be attributed to the effect of trafficking, breaking the weak subbase particles
into finer materials. It could also be due to the method of extracting the unbound materials,
by cutting, vibrating and removing of the asphalt overlay, causing breakdown of the weak
limestone particles.

The unbound subbase materials were also tested for liquid limit, plastic limit and plasticity
index in accordance with ASTM D4318 (2017), and sand equivalent as per ASTM D2419 (2014).
Table 6-2 shows the results of the subbase materials together with the QCS 2014 specified
limits. The results show that none of the subbase materials satisfied all the 3 criteria at
construction. The EW subbase failed the QCS 2014 requirements of liquid limit, plasticity
index and sand equivalent. The RCA subbase failed the liquid limit but satisfied the plasticity
index and sand equivalent requirements. The control subbase passed the liquid limit and
plasticity index but failed the sand equivalent.

After 4 years in service, the EW subbase showed slight changes in the liquid and plastic limits
but a significant increase in the sand equivalent to exceed the minimum limit specified in the
QCS 2014. A slight increase in the sand equivalent was also observed for the control subbase.

Table 6-2 Index tests on the subbase materials at construction and after 4 years in service

Test / Subbase After 4 years QCS 2014

47 47 25 47 - NP
26 NP NP 27 - NP -

21 NP NP 20 - NP 6 max
13 34 17 36 - 21 25 min
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Figure 6-5 Grading of the subbase materials after 4 years (QCS 2014)
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The results of Los Angeles Abrasion (ASTM C131, 2014), soundness (ASTM C88, 2013) after 5
cycles in magnesium sulfate solution, soaked California Bearing Ratio — CBR (ASTM D1883,
2016), and swell (ASTM D1883, 2016) are given in Table 6-3. All the subbase materials
comfortably satisfied the requirements of the QCS 2014.

Table 6-3 Physical and mechanical properties of subbase materials

At construction After 4 years 201
Test / Subbase _ QCs 2014

| EW | RoA | Control| EW | RCA -

LA abrasion (%) 30 30 28 27 - 27 40 max
Soundness (%) 16.6 2.3 10.6 7.0 - 5.4 20 max-
Soaked CBR (%) 190 145 260 265 - 164 70 min
Swell (%) 0.16 0.17 0.13 0.20 - 0.80 1 max

The surface modulus of the subbase materials was measured using a light weight
deflectometer (LWD), as per ASTM E2583 (2015). Six tests were carried out in each subbase
section on the top of subbase layer 2 at construction and after 4 years in service. At
construction, the measurements were conducted after compaction, before laying the asphalt
overlay, at approximately 20m intervals. After 4 years, the measurements were conducted on
the exposed subbase surface (900 x 1600 mm). The average and minimum modulus values
are given in Table 6-4, together with the Foundation Classes of the UK pavement design as
given in the Interim Advice Note (IAN) 73/06 (Highways England, 2009).

Table 6-4 LWD values for subbase materials at construction and after 4 years in service

Average dynamic Minimum dynamic
Subbase deflection modulus Evd deflection modulus Evd

(MN/mm?) (MN/mm?)

EW
At construction RCA 109 87

Control 105 90
EW 101 58
After 4 years in RCA 205 151

service
Control 81 63

Foundation Class 1 (UK guidance) 40 25
Foundation Class 2 (UK guidance) 80 50
Foundation Class 3 (UK guidance) 200 150



The LWD values at construction showed no significant difference between the 3 subbase
sections with average values ranging between 105 to 109 MN/mm?2. All the 3 subbase
materials would be a Class 2 Foundation, suitable for traffic loading up to 80 million standard
axles. The exposed subbase after 4 years gave slightly lower values for the unbound materials
of 101 MN/mm? for the EW and 81 MN/mm? for the control subbase. The RCA subbase
exhibited the highest surface modulus, double the EW and control subbase materials, and
would be a Class 3 bound subbase with an average surface modulus exceeding 200 MN/mm?.

6.1.2.2 RCA Subbase Material

Cores (150mm diameter and 150mm height) were extracted from the hardened RCA subbase,
section 2 of the site trials. The cores were sealed in plastic bags and tested in the laboratory
for compressive strength, density and moisture content. The irregularities at the core ends
were minimised by sawing the cores to produce flat perpendicular surfaces. Unbounded
metal caps were used for the compressive strength testing as per ASTM C1231 (2015), Figure
6-6. Three cores were tested for compressive strength in “as-received” conditions, and the
crushed cores were dried in an oven at 1055 °C for the moisture content determination.
Another set of three cores were used for the density measurement, weight in air and water,
and soaked in water for 7 days at 2445 °C. The saturated-surface dry cores were tested for
compressive strength for the determination of retained strength as per the QCS 2014.

Figure 6-6 Compressive strength testing of the RCA subbase core




Table 6-5 RCA core results of strength, density and moisture content

Compressive Strength (MPa) Retained Density | Moisture
strength (%) | (kg/m?®)

Core 1 2.1 2.0
Core 2 24 25 2149 2.01
Core 3 25 - 2092 2.31
Average 2.3 2.2 96 % 2124 21

The core results of compressive strength, density and moisture content are given in Table 6-5.
The average “as-received” core strength of the RCA subbase was 2.3 MPa. For the soaked
strength, one core was excluded as it became short after sawing. The average soaked strength
of the remaining two cores was 2.2 MPa. The retained compressive strength, measured as
the ratio of soaked to as-received strength, was 96% and exceeded the minimum specified
value of 80% in the QCS 2014. The high retained strength indicates high durability of the RCA
subbase material for the ingress of water into the pavement. The average density and
moisture content results were 2,124 kg/m3 and 2.1%, respectively. The presence of moisture
within the RCA subbase material allowed self-hardening of unhydrated cement in the RCA
particles.

6.1.3 Discussion

EW, RCA and EW + 20% dune sand subbase materials were trialled in a field investigation on
the access road to Rawdat Rashid Recycling site. The performance of recycled materials in
unbound subbase was assessed at construction and after trafficking for 4 years. The
assessment was made by comparing the in-service performance with construction data and
the Qatar Construction specifications (QCS 2014) and was based on at least similar
performance to the adjacent conventional subbase made with 20% dune sand. Visual
inspection revealed excellent performance with no surface defects or cracking of the asphalt
overlay, and no obvious differences between the 3 subbase sections.

Recycled materials satisfied the maximum dry density of the QCS 2014 but failed to achieve
the field density of 100% of the maximum dry density achieved in the laboratory.
Consideration should be given to the hot environment in Qatar and its effect on the rapid
drying of materials in-situ, making it hard to achieve laboratory values of MDD. The subbase
materials exhibited excellent performance in the trafficking trial with only minor
development of rutting after loading of 1000 ESALs. The average surface modulus results
exceeded 80 MN/mm?, with no significant difference between the 3 subbase sections at
construction and after 4 years in service. The surface modulus is a function of the foundation
stiffness and thickness and the results indicate satisfactory performance under high traffic
loading as per the UK Specification for Highway Works.

The grading curves of the subbase materials at construction fell within the grading envelope
of the QCS 2010 Class B, except the EW subbase. After 4 years of trafficking, the unbound
subbase materials of EW and control showed finer grading at all sieve sizes. The results may



indicate the breakdown of the unbound particles under the effect of traffic loadings but could
be also attributed to the extraction method of the unbound subbase material and the
variability of materials. It is also important to consider the limitation of the exposed subbase
surface compared to the full size of the trials.

The main parameters that appeared to fail the QCS 2014 requirements are the index
properties of liquid limit, plastic limit and sand equivalent. None of the unbound subbase
materials satisfied all the three requirements at construction or after 4 years in service. There
is no doubt the use of dune sand improves the index properties of subbase materials, but the
current restriction on its use will necessitate the use of alternative materials, such as recycled
materials.

EW and local limestone materials are often contaminated with clay particles, widely
disseminated throughout the limestone, and it is not possible to separate the clay from the
limestone entirely. The clays are highly plastic, so even small amounts of contamination will
lead to material failing the current limits for liquid limit, plasticity index and sand equivalent.
These index properties are less significant to the pavement performance where the unbound
materials are not subjected to water. In a hot and arid environment, such as in Qatar, the
unbound materials are generally placed in dry conditions and covered by impermeable
asphalt overlay. TRL Overseas Road Note 31 (TRL, 1993) recommended plasticity
characteristics for granular subbases in arid and semi-arid climates; the liquid limit should be
less than 55% and the plasticity index less than 20%. There could be potential to revise the
QCS requirements where the unbound materials are placed in a dry environment above the
ground water level.

The RCA subbase offered a superior performance with strength gain over time. The RCA
material was placed as unbound material and met with all the QCS 2014 requirements with
the except of liquid limit and field density, lower than 100% of the maximum dry density.
However, the material hardened with time to become a bound subbase and achieved average
values of surface modulus exceeding 200 MN/mm? and compressive strength of 2.3 MPa. The
hardening of the RCA materials is due to the unreacted cement particles in the presence of
water (Hassan et al., 2004), as evident from the available moisture content. The weak strength
developed by the RCA subbase provides an excellent support to the overlaying pavement with
reduced risk of reflection cracking.

6.2 Cement Bound Materials

The use of cement bound materials (CBMs) for road construction in Qatar is relatively new.
CBM substrate provides a relatively strong and durable pavement layer, with uniform load
distribution to the underlying foundation. However, consideration should be given to the
rapid setting time, strength development, crack development and potential reflection cracks,
especially in hot environment such as Qatar. Higher strength CBM results in increased
stiffness, with greater tendency for wide cracks that could reflect through the asphalt overlay
(FEHRL, 2009; Hassan et al., 2008). Due to the recent use of CBM in Qatar, laboratory mixtures
were initially developed in the laboratory with the use of recycled materials then site trials
were conducted to assess their performance in service.
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6.2.1 Laboratory Development of CBMs

The QCS 2014 Section 6: Part 6 classifies CBMs based on their 7-day compressive strength
(CBM 1 to CBM 4) with grading, strength and durability requirements. Laboratory mixtures of
CBM 1, CBM 2, CBM 3, and CBM 4 were developed with the aim of utilising 100% recycled
and local materials, comprising 75% local limestone and 25% RCA. Details of the CBM mix
designs and properties are given in Table 6-6. The Portland cement was supplied by the Qatar
National Cement Company (QNCC) and complies with the requirements of the QCS 2014 and
BS EN 197-1 (2011), minimum grade of 42.5. The coarse aggregate consisted of 75% local
limestone, obtained from Sand and Rocks Crusher, and 25% RCA, supplied by Beton concrete.
Washed sand from QNCC was used as fine aggregate. The amount of mixing water ranged
from 110to 120 1/m3, and a superplasticiser based on synthetic polymer was used in the range
of 0.6 to 3.75 I/m? with a higher dosage for a higher strength CBM mixture.

Table 6-6 Mix design of the CBM materials

Material/Mix CBM 1 CBM 2 CBM 3 CBM 4
Portland cement (kg/m?3) 80 120 150 190

Local limestone, 0-40mm (kg/m?3) 1100 1070 1080 1090
RCA, 5-20mm (kg/m3) 400 410 400 385

Washed sand (kg/m3) 690 710 690 650
Water (litre/m?3) 120 110 110 115
Chemical admixture (litre/m?3) 0.6 1.1 2.4 3.75

Fresh density (kg/m?) 2302 2300 2331 2386

The grading curves of CBM 1 and CBM 2 are shown in Figure 6-7 and Figure 6-8 shows the
grading of CBM 3 and CBM 4. The grading envelope provided in the QCS 2014 for each CBM
typeis also presented in Figure 6-7and Figure 6-8. CBM 1 and CBM 2 showed identical grading,
which fall within the specified grading envelope in the QCS 2014. Similarly, the grading of CBM
3 and CBM 4 were identical and fit within the mid-range of the specified envelope. The QCS
2014 provides a wider grading range for the low strength CBM 1 and CBM 2, compared to the
relatively high strength of CBM 3 and CBM 4, and would allow a range of local and recycled
materials for use.

The aggregate materials were mixed initially with 50% of the mixing water before adding the
cement, remaining mixing water and superplasticiser. Figure 6-9 shows the mixing of CBM
material. Upon mixing, the materials were compacted into cube moulds using a vibrating
hammer and the surface was levelled using a metal rod, Figure 6-10. It was noticed during
mixing that CBM 1 was not holding together due to the relatively low cement content to coat
all aggregate particles. Increasing the cement content would improve the consistency of the
CBM mixture, but will increase the strength and the tendency of wide transverse cracks that
may affect the performance of CBM in service.
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Figure 6-7 Grading curves of CBM1 and CBM2, together with QCS 2014 envelope
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Figure 6-8 Grading curves of CBM3 and CBM4, together with QCS 2014 envelope
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Figure 6-9 Preparation of the CBM mixtures

Figure 6-10 CBM compaction (left) and surface levelling (right)
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After mixing, the fresh CBM material was poured into cube moulds with 150 mm sides. The
material was compacted and levelled as shown in Figure 6-10. Compaction was made in two
layers using a vibrating hummer and following the procedure described in BS EN 13286-51
(2004). The levelled surfaces of the cubes were covered with wet hessian and polyethylene
sheets overnight. On the following day, the cubes were removed from moulds and cured in
sealed plastic bags until required for testing at 3, 7, and 28 days. Fifteen cubes were prepared
for each mix, with 3 tested for each test type, and the average values are reported in Table
6-7. The fresh density was determined by weighing the cube moulds before and after filling
with CBM materials. The values ranged from 2300 to 2386 kg/m?3, with increased density for
a higher strength CBM material. The retained strength was determined from the ratio of the
average compressive strength after 7 days of immersion in water to the average control
strength.

Table 6-7 CBM average density, strength and durability properties

Material/Mix CBM 1

Fresh density (kg/m?3) 2302
3 days compressive strength (MPa) 3.51
7 days compressive strength (MPa) 5.67
28 days compressive strength (MPa) 7.29

Retained strength (%) 97%
QCS 2014: Min average 7-d strength (MPa) 4.5
QCS 2014 Min individual, MPa 2.5

CBM 2

2300
5.87
8.27
10.34
95%
7.0
4.5

CBM 3

2331
8.72
12.71
16.30
96%
10.0
6.5

CBM 4
2386
11.30
19.60
25.43
93%
15.0
10.0

The cubes were tested for compressive strength as per BS EN 12390-3 (2019). The QCS 2014
specifies a minimum average 7-day compressive strength for the various CBM mixtures. Table
6-7 shows that the average 7-d strength for all CBM mixtures exceeded the minimum
specified values. The QCS 2014 also specifies a minimum individual value for each CBM type,
and all the developed CBMs satisfied the minimum strength requirements of the QCS 2014.
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Durability of CBM materials is generally assessed by exposing to water and measuring the
compressive strength after immersion. The CBM ingredients need to satisfy the QCS 2014
Section 5 for Concrete, including aggregate and cementitious binders. The QCS 2014 sets a
minimum retained strength of 80%, as determined from the ratio of the average compressive
strength after immersion in water to the average control strength. The results in Table 6-7
show retained strength values ranging between 93 to 97% for the development CBM
mixtures, far exceeding the minimum specified limit. In general, the strength and durability
results obtained from the laboratory development show that local and recycled materials
could be effectively used for the production of CBM materials with full compliance with the

QCS 2014 requirements.




6.2.2 CBM Site Trial

The RCA-CBM 3 mix design, developed in Section 6.2.1, was applied in a full-scale construction
project of an access road to the Katara Metro Station. The access road to the station is made
with paving blocks, laid on a bed of sand and CBM 3 as the main base layer. Figure 6-11 shows
the constructed CBM 3 and the overlay with sand bed and paving blocks. The CBM 3 used in
the Katara Metro Project was supplied by ReadyMix Qatar, with the details described in Table
6-6.

Figure 6-11 CBM 3 overlaid with sand and paving blocks — Katara Metro Station
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Control cores Soaked cores

Figure 6-12 CBM 3 core strength, Katara Metro Station
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Cores of 150 mm diameter and 150 mm height were taken from the constructed CBM at 7
days after construction and tested for compressive strength and retained strength. The
results are given in graphically presented in Figure 6-12.

Three cores were tested for each test. For the control strength, the core compressive strength
varied from 8.1 MPa to 8.9 MPa, with an average value of 8.5 MPa. Each individual core
exceeded the minimum QCS 2014 requirement of 6.5 MPa, however, the average core 7-days
compressive strength was lower than the minimum specified of 10.0 MPa. It is important to
note that the QCS 2014 specification is referred to cube strength, and core strength is
expected to be approximately 75% of the cube strength (Neville, 2011). The retained strength,
after 7 days soaking, was 96% and greater than the minimum specified value of 80%.

6.2.3 CBM Site Data

While the QCS 2014 specifies minimum average and minimum individual compressive
strength values at the age of 7 days, project specifications tend to deviate from the QCS and
specify a maximum value for the CBM strength. This is mainly due to the concern of reflection
cracking within the hot weather in Qatar.

The Ashghal Quality and Safety Department (QSD) provided site data for CBM materials
constructed in various Ashghal projects at the age of 7 days. Data were obtained from 10
projects with over 750 strength results and reported by Hassan et al. (2020c) and summarised
in Table 6-8. Loose CBM materials were collected during construction, compacted on site into
cubes (150mm), and tested for compressive strength at the age of 7 days.

Table 6-8 Site data of various CBM projects — Average 7-day strength

CBM Type CBM
Average compressive strength, MPa 4.5
Min compressive strength, MPa 0.7
Max compressive strength, MPa 12.7
Project specified Minimum strength, MPa 3.0
Project specified Maximum strength, MPa 7.0

Site data for the different CBM projects showed a wide variation of the 7-day compressive
strength. The average 7-day compressive strength was 4.5 MPa, well within the specified
range of 3.0 to 7.0 MPa. However, the minimum 7-day strength was 0.7 MPa, much lower
than the minimum specified for the project, and the maximum was 12.7 MPa exceeding the
maximum specified strength. The CBM results indicate the difficulty of achieving a consistent
strength for the specified low strength CBM.
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6.2.4 Discussion

The laboratory development of CBMs demonstrated the potential use of 100% local and
recycled aggregate materials. CBMs were made with coarse aggregate of 25% RCA and 75%
local limestone, and the developed mixtures satisfied the QSC 2014 strength and retained
strength requirements, indicating good durability and resistance to water damage. During the
laboratory development, it was noticed the low cement content of 3% in CBM 1 was not
adequate to coat all the aggregate particles. At a cement content of 5%, CBM 2 and above,
the mixture looked more homogeneous with adequate binder content. Site data also
indicated the inconsistent compressive strength, especially for CBMs with low strength (low
cement content).

CBM layers are expected to crack after construction due to shrinkage and thermal
movements, and the intensity of cracks are expected to increase in hot environments, such
as in Qatar. The QCS 2014 specifies that after compaction and immediately before overlaying,
the CBM surface shall be well closed and free from movement, cracks, loose materials, ruts,
or other defects. It also specifies that all defected areas shall be removed, to the full thickness,
and replaced with a new CBM layer.

Figure 6-13 Induced CBM cracks and filling the grooves
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While low strength CBMs are generally used to minimise the risk of reflection cracks in the
asphalt overlay, they may not provide consistent strength and uniform support across the
pavement length. To overcome the issue of reflective cracking, the UK Specification for
Highway Works (Highways England, 2016), Volume 1, Series 800 specifies induced cracks for
all HBMs that are expected to reach a compressive strength of 10 MPa at 7 days. Transverse
cracks are induced in the fresh CBM/HBM by grooving the layer between half and 2/3 its
thickness and filling the grooves with a bitumen emulsion before final compaction as shown
in Figure 6-13. The transverse cracks will not prevent the CBM from shrinkage and thermal
movements but will accommodate such movements and minimise their effect of reflection
cracking. The technology is relatively cheap, has been successfully used in the UK, and
potential for implementation in Qatar and the region.

Another factor contributing to the inconsistent strength of CBM is the setting time of Portland
cement and inadequate curing on site. The QCS 2014 specifies that laying and compaction of
the CBM shall be made within 2 hours from mixing the cement with water, and a minimum
curing period of 7 days immediately after compaction. The hot weather in Qatar could greatly
accelerate the rapid hardening of cement and evaporation of mixing water, and hence
influence the strength and cracking of CBMs.

Cement replacement materials, such as fly ash (FA) and ground granulated blast-furnace slag
(GGBS), provide alternatives to Portland cement with improved performance and reduced
impact on the environment. The use of FA and GGBS as partial replacements for cement
increases the setting time of the binder due to slow-hardening and provides with more
homogeneous mixtures with consistent strength and support to the pavement structure
(Hassan et al., 2008a). The binder content in FA and GGBS bound materials is generally higher
than of CBM, and therefore a more consistent mix is generally produced (Hassan et al.,
2008a).

There is no doubt that the use of CBMs in construction will enhance its structural capacity and
durability towards more sustainable construction. CBM acts as the main structural layer
within the semi-rigid pavement with an asphalt overlay. The combination of a bound
structural layer and an asphalt surfacing has great potential to provide long-life pavements
with minimum maintenance. However, the variability of CBM has to be reduced and quality
improved if it is to achieve this potential.

6.3 Summary

The performance of recycled materials in pavement subbase was determined by excavating
the asphalt overlay after 4 years in service and comparing field and laboratory results with
construction data and the QCS 2014. The road trial proved to be successful, with the subbase
materials made of recycled materials of EW and RCA performing at least similar or better than
the control subbase made with conventional materials. Visual inspection showed no signs of
surface defects or cracking of the asphalt overlay with no difference in appearance between
the 3 subbase sections.

A finer grading was found for the unbound subbase after trafficking for 4 years, with the
control section made with dune sand falling out of the QCS 2014 specified grading envelope.
The subbase materials comfortably met with the key subbase parameters of Los Angeles
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abrasion, soundness, soaked CBR and swell, with initial satisfactory resistance to rutting and
surface modulus under very high traffic loading. However, the unbound subbases did not
meet with all the index properties of liquid limit, plasticity index, and sand equivalent, which
could be of less significance in the arid climate of Qatar where the material is not subjected
to water.

An excellent performance was achieved from the RCA subbase, with the material initially laid
as unbound material and hardening with time to provide support to the pavement structure.
A further set of construction trials is proposed to investigate the potential use of RCA fines to
replace dune sand to enable the wider utilisation of recycled and local materials in
construction towards more sustainability in Qatar.

CBM and other hydraulically bound materials are the main structural layers in semi-rigid
pavements, with potential for extending the service life and sustainability of road pavements.
CBM 1 to CBM 4 mixtures developed in the laboratory complied with the strength and
durability requirements of the QCS 2014. The average retained strength values exceeded
90%, indicating good durability and resistance to water damage. The mixtures were made
with 100 % local materials, including 75 % limestone aggregate, 25 % RCA and Portland
cement. The developed CBM 3 was used in the construction of an access road to the Katara
Metro Station, and the site data confirmed the laboratory results for satisfactory performance
and compliance with the QCS 2014 requirements.

A review of project specifications indicated the addition of a maximum limit on the strength
requirement of CBM to minimise the risk of reflection cracking. Project specified values for
the average 7-day compressive strength are generally between 3.0 MPa minimum and 7.0
MPa maximum. Site data indicated a high variability strength results, mainly due to the low
content of Portland cement. To improve the performance of CBMs in Qatar,
recommendations are made for the use of cement replacement materials and to adopt the
UK specification of induced cracks into the fresh CBM materials. The effective use of CBM
materials in Qatar will enhance the pavement service life and the uptake of a wide range of
recycled and local materials. It is also important to ensure there is adequate quality control
of the construction of CBM in the hot climate of Qatar to ensure the materials are properly
mixed, placed and compacted while they are at optimum moisture content.
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7 Recycling in Pipe Bedding

Pipe bedding is one of the aggregate applications considered in the Ashghal Recycling Manual
(2021) for the use of 100% recycled materials in duct, pipe and cable bedding and surround
materials. However, the use of recycled aggregate in pipe bedding and drainage applications
in Qatar is still rather limited. This Chapter reviews the pipe bedding requirements, as
specified in the QCS 2014 and Kahramaa Specifications, and compares them to the UK
specifications. The recent requirement made by the Ashghal Drainage Networks and Designs
Department for limiting the use of imported gabbro in wet utilities are also discussed within
the context of locally available natural and recycled aggregate materials. Laboratory testing
was conducted to assess the compliance of EW and RCA aggregates for use in pipe bedding.
A site trial was constructed to demonstrate the potential use of local Wadi gravel, to replace
imported gabbro, in a trench soakaway. Recommendations are made for updating the
national specifications for pipe bedding and increasing the usage of local materials.

7.1 Requirements in Pipe Bedding Materials

The rapidly developing infrastructure in Qatar has generated an enormous demand for pipe
bedding to support all the cables, drains, pipes and services associated with new roads,
housing, education, health, retail, leisure and other facilities being constructed. While the
quantities may be relatively small compared to the requirements for other unbound
applications such as subbase, subgrade and general fill, pipe bedding is a vitally important
application for the functioning of all the new developments.

Pipe bedding is an essential component in every “open cut” pipeline installation, with the
primary function to transfer loads between the pipe and the surrounding soil. Pipe bedding
must provide a stable base below the pipe. The material must be clean and free from clayey
fines, lumps of clay or other friable materials that could break down during placing and
compaction. It must be able to flow freely into the trench and be adequately compacted. The
particles must be strong enough to support the pipe or duct without crushing, and the pipe
bedding should not contain levels of sulfates, chlorides or other salts that could cause
corrosion of the pipes and ducts.

While other unbound applications such as subbase generally require a broad range of particle
sizes and can be spread and compacted in layers in the open, pipe bedding requires very
tightly controlled single-size grading related to the diameter of the pipe or duct that is being
supported. The selected materials are used for different utilities such as 0-5 mm for medium
voltage cables, IT ducts and street lights, 0-10 mm for potable water lines, and 10-20 mm for
drainage.

The requirements of pipe bedding, particularly the grading, mean that a lot of processing is
needed to obtain satisfactory materials from many of the local materials in Qatar. In some
cases, blending with other materials may be necessary to achieve compliance with QCS 2014.

7.1.1 QCS 2014 Pipe bedding requirements
Detailed requirements are given for pipe bedding directly associated with road drainage, in:

e Section 6: Road Works: Part 17: Road drainage



e Section 8: Drainage: Part 3: Earthworks

The requirements are similar in both sections, but the grading varies slightly between bedding
for rigid and flexible pipes (Section 8: Part 3) and surround material for soakaways (Section 6:
Part 17). It is recommended to combine the requirements in a single section of the QCS 2014
to improve the overall consistency of the requirements and avoid repetition of text.

The aggregate requirements are given in terms of grading and other properties related to the
cleanliness of the materials, mechanical and chemical properties, and durability as discussed
below.

7.1.1.1 Grading

Grading envelopes are provided in the QCS 2014 for coarse/all-in aggregate (aggregate with
a maximum particle size greater than 5 mm). The grading for surround material for trench
soakaways is given in Section 6.17.9.5 Single size coarse aggregate. The grading envelopes for
pipe bedding for rigid and flexible drainage pipes are given in Section 8.3.2.1 Pipe bedding.
The QCS 2014 grading requirements are reproduced in Table 7-1.

Table 7-1 Grading requirements for pipes bedding and granular materials (% passing)

Sieve size, mm Granular Rigid pipes Flexible pipes

- 20000

_ 60-90 - 100 90-100

5-30 90-100 80-100 50-80 - 90-100
2-10 50-85 60-85 40-70 50-85 50-85
_ 0-2 10-40 20-55 25-60 10-40 0-10
m - 0-10 10-30 10-40 0-10 0-10

The gradings are all slightly different and partly related to the diameter of pipe to be
supported. The gradings are coarser the larger the pipe diameter, but there are also
differences between gradings for flexible and rigid pipes of the same diameter. The coarsest
grading, with the lowest fines content, is for surround to trench soakaways. This material has
to be clean and highly permeable to allow the water to flow rapidly away from the pipe.

For flexible pipes, no grading limit is provided in the QS 2014 for pipes (<300mm) at sieve size
14mm, and the grading limits for sieve sizes 5 and 2.35mm are identical of 0-10mm. It would
have been expected to provide a wider grading range for the larger sieve size of 5mm.
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7.1.1.2 Other Requirements — QCS 2014 6.17

Other requirements for single size coarse aggregates for trench soakaways are given in the
QCS 2014 Section 6.17.9.5.3 and Table 17.4, reproduced below in Table 7-2.

Table 7-2 Requirements for granular material (Table 17.4 of QCS 2014)

S
Limits
- Grading BS EN 933-1 Table 17.3
- Clay lumps and friable particles ASTM C142 1% Max.
- Lightweight Pieces ASTM C123 0.5% Max.
“ Water Absorption (SDD) ASTM C128/127 2.0% Max.
“ Shell Content BS EN 933-7 3% Max.
“ Soundness (5 cycles by MgS0a) ASTM C88 15% Max.
Loss by Los Angeles Abrasion ASTM C131/C535 30% Max.

In addition, the granular material shall be clean, durable, sharp-angled fragments roughly
cubical or pyramidal in shape, of un-weathered rock of uniform quality and meet the grading
limits. The materials source shall be approved by the Engineer based upon the properties of
the materials in accordance with the testing requirements given in Table 7-2. No reactive
carbonate rock or sources with indication of local ground water contamination shall be used.

Cleanliness is covered by the grading in the QCS 2014 Table 17.3 and the requirements for
clay lumps and friable pieces and lightweight pieces. No limiting value is specified for fines
(silt and clay finer than 0.075 mm). This is done for fine aggregate in the Kahramaa
specification (Section 7.1.2), and for pipe bedding in the UK Specification for Highway Works
(Section 7.1.3). It is suggested that the limiting values for coarse aggregate for use in normal
concrete in the Section 5 Concrete: Part 2 Aggregates Table 2.1 of the QCS 2014 would also
be suitable for pipe bedding.

The QCS 2014 specifies limiting values for clay lumps and friable pieces and lightweight pieces
and shell content. The limiting value for clay lumps and friable particles is 1%, 0.5% for
lightweight pieces, and 3% for shell content. The values specified for lightweight pieces and
shell content are identical to those specified in the QCS 2014 for Aggregate use in concrete
(Section 5: Part 2). However, the clay lumps and friable material is half that for aggregate for
concrete, 1 % as opposed to 2 %.

Particle strength and durability are covered by Loss by the Los Angeles Abrasion, Soundness
and Water Absorption tests. The values given in Table 7-2 are the same as those for coarse
aggregate in concrete in Section 5 Concrete: Part 2 Aggregates. The concrete specification
(Section 5.02) allows higher values of water absorption for recycled aggregate; 3% for
structural concrete and 4% for non-structural concrete are permitted for EW, RCA, CDW.
These higher values recognise that these materials have higher values of water absorption,
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but can still provide suitable aggregate for concrete. It would be appropriate to apply these
higher values to pipe bedding using recycled aggregates for the same reasons.

The values for Loss by Los Angeles Abrasion and Soundness for pipe bedding in Table 7-2 are
the same as those for coarse aggregate for concrete in Section 5.02 and for road base in
Section 6.04. However, slightly lower values of 40% for Los Angeles and 20% for Soundness
are given for subbase in Section 6.04 Table 4.2.

The introductory text also describes aggregate as “sharp-angled fragments roughly cubical or
pyramidal in shape”. These characteristics are usually measured by parameters such as
flakiness index and elongation index. The QCS 2014 Table 2.1 in Section 5.02 includes a
limiting value for Flakiness Index of 35%, and this could usefully be applied to pipe bedding
and included in Table 17.4. Table 4.2 in Section 6.04 uses ASTM D4791 test for Flat and
Elongated Particles to control particle shape, with maximum values of 10% for road base and
15% for subbase. This test may be more appropriate for pipe bedding, which is also an
unbound material.

The QCS 214: Table 17.4 does not include any limiting values for Sand Equivalent, Liquid Limit
or Plasticity Index. These are not appropriate for coarse aggregate for an unbound application
such as pipe bedding. The limiting values for lightweight pieces, clay lumps and friable
particles, plus tight control on the grading and the quantity of fines, will ensure the aggregate
is suitable for purpose.

Table 17.4 does not include any limiting values for sulfate or chloride for pipe bedding. The
Kahramaa specification provides limiting values for acid-soluble chloride and sulfate for fine
aggregate. The QCS 2014 Section 5.02 Table 2.1 also includes limiting values for both fine and
coarse aggregate for use in concrete. The risk of corrosion of the pipes from sulfate or chloride
salts in the pipe bedding has to be considered. The risk may be low when the pipe bedding is
dry, but water readily finds its way into permeable materials such as pipe bedding during
heavy rainfall events, and on these occasions sulfate and chloride salts could be readily
mobilised and could potentially attack concrete or metal pipes. However, the risk also
depends on what measures are taken to protect the pipes, particularly metal pipes, to prevent
corrosion. The Kahramaa Specification, Section 8 Corrosion Protection, describes extensive
measures that should be taken to protect pipes against corrosion, which would also protect
against low levels of salts in the pipe bedding.

The limiting values for sulfate and chloride given for fine aggregate in the Kahramaa
specification are therefore probably the most appropriate to use for coarse aggregate in the
QCS Table 17.4. These are maximum sulfate content (SOs) of 0.4% and maximum chloride
content of 0.10%. The type of sulfate is not specified, but is assumed to be acid-soluble
sulfate, as this parameter is used for sulfate throughout the QCS 2014.

7.1.1.3 Other requirements — QCS 2014 8.03

The QCS 2014 Section 8: Drainage, Part 2: Earthworks, use almost identical text as Section 6:
Part 17 to describe the permitted materials for pipe bedding. “Pipe bedding shall consist of
granular material and shall be free of organic and deleterious matter and shall consist of
strong durable crushed un-weathered rock or stones having roughly cubical or pyramidal
shaped fragments, graded and tested from a source approved by the Engineer. No reactive
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carbonate rock or sources with indication of local groundwater contamination shall be used.”
The grading requirements as per Section 7.1.1.1.

7.1.1.4 French Drains — QCS 2014 8.02

For French drains, the QCS 2014 Section 8, Part 2 specifies that pipe bedding and backfill shall
be in accordance with Section 6, Part 14, Clause 14.9.5. There is no Clause 14.9.5 in the QCS
2014, presumably this refers to an earlier version.

A further requirement is that the total loss factor for the granular material used in French
drains using the 10-minute rotational test shall not exceed 10%. The loss factor is the Central
Materials Laboratory (CML, 1997) standard method of test for the 10-minute rotational test
for aggregate —Immersed Rotational Test. This was a test developed for assessing earthworks
suitability and was included in the QCS 2010 Section 6.03 Earthworks in the previous (2010)
version of the QCS. It has not been used in the QCS 2014, so it is recommended to replace by
an equivalent one such as Loss by Los Angeles Abrasion or the micro-Deval as per BS EN 1097-
1(2011).

The QCS 2014 also specifies that chloride and sulfate levels for bedding materials shall
conform to BS EN 10319.

7.1.1.5 Limitations on Material Type — Drainage Networks Design Department
Requirements

In addition to the requirements for grading and material properties, the QCS 2014 includes
limitations on material type for pipe bedding in Sections 6.17 and 8.02 as follows: “No reactive
carbonate rock or sources with indication of local groundwater contamination shall be used.”

This text is amplified in a memo from the Ashghal Drainage Networks Design Department to
the Road Projects Department of Ashghal dated 19th April 2016 and headed “Test for
Carbonate Rocks and Revision of Drawings” (Ashghal Memo, 2016). The memo refers to the
wording above and expands on it by stating, “Carbonate rocks should not be used as a single
size aggregate material for Pipe Bedding”. The memo specifies two test methods for
determining the carbonate content of the rocks:

e X-Ray Diffraction (XRD) — Calcite and Dolomite;
e Carbonate content test (ASTM D4373-14).

If the carbonate content is more than 50% the material should not be used as a single size
aggregate for pipe bedding. If the carbonate content is less than 50% then the material should
be tested in accordance with QCS 2014, Section 6, Part 17, Table 17.3 and 17.4, as described
in the previous sections. Tests should also be carried out for:

e Acid soluble chloride content;
e Acid soluble sulfate content;
e Organic matter;

e Flakiness index.
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The Ashghal memorandum of 2016 was replaced with another memorandum on 4th June
2018 (Ashghal Memo, 2018). The Memo is headed “QA000- Drainage works- Backfill gabbro”
and states “Material (either single sized or graded) which is used for pipe bedding around wet
utilities (excluding TSE), must include gabbro hardstone aggregates. In the case of filtration
and percolation systems such as French drains, soakaway and ground water lowering systems
gabbro hardstone aggregate shall be used throughout the whole filtration/percolation
medium it is designed for, regardless of the current level of ground water identified on site”.

The Ashghal memo clearly restricts the use of local aggregate (natural or recycled) and
conflicts with the Ashghal Recycling Manual for the wider use of recycled aggregate in
construction. Excluding local limestone from use as pipe bedding and replacing it with
imported gabbro would add considerably to the cost. It also adds to the environmental cost,
as the transport of gabbro to Qatar generates large quantities of greenhouse gases, which
would be avoided if locally available limestone or recycled materials was used.

From the text used - “reactive carbonate rock or sources with indication of local groundwater
contamination” —the issue has to do with reaction between carbonate rock and groundwater.
The majority of Qatar’s land surface comprises chalky limestone and dolomites which are
susceptible to dissolving and eroding in water. Large areas of Qatar are low-lying, with
groundwater close to ground level, and trenches for larger diameter pipes may reach below
the water table, at least for part of the year. The groundwater is likely to have high chloride
and sulfate content, and possibly also other salts, which may interact with the pipe bedding
and/or the pipe material, particularly where this is steel, iron or concrete.

Carbonate rocks are more susceptible to dissolving in groundwater with high sulfate content
due to the formation of gypsum, which could clog up the drains overtime. Cripps et al. (2019)
reported gypsum formation, as precipitated mineral, in limestone drainage blankets in
Carsington Dam due to acidic leachate with high sulfate content from the surrounding black
shale fill material used for the construction of the dam. Deposits of gypsum were also found
agglomerated to the particles of Wadi gravel obtained as oversize materials from the sand
washing plants in Qatar (Hassan et al., 2020b).

Groundwater movement could cause the fragmentation of weak bedding aggregate, resulting
in increased fine content and blockage of the pipe/drainage system. Stuyt et al. (2005)
recommended that the use of limestone aggregate must be avoided in subsurface land
drainage systems, because a high percentage of lime in the granular material could be a
source of incrustation. In wet conditions, the precipitation of calcium carbonate and calcium
sulfate may occur from weak limestone aggregate, forming hard and crystalline deposits that
are likely to build up comparatively slowly with adverse effects on flow after a long time.

The Ashghal Memo (2018) excludes the use of other local and recycled materials of non-
carbonate rocks such as Wadi gravel and steel slag aggregate. A case study is presented in
Section 7.3 on the use of local Wadi gravel in pipe bedding, as an alternative to imported
gabbro.

7.1.2 Kahramaa Specifications

The Kahramaa General Specification for Main Laying Contracts, dated April 2005, provides
detailed requirements for pipe bedding material in Section 5 Backfilling Trenches, Clause 5.1
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Imported Granular Material and Selected Excavation Material. The relevant text is reproduced
below:

e Imported granular material shall comprise either of natural dune sand or crushed
clean hard limestone or be a mixture of these. The sand and/or crushed limestone
shall be obtained from an approved source.

e Granular material shall contain no excessive quantities of dust, soft or flaky particles,
shells, congealed lumps, nodules of soft clay, shell, alkali or other contamination likely
to affect adversely the compaction of the material or to cause damage to pipes.

e The sulphate content (as SO3) of the material shall not exceed 0.4% by weight and the
Chlorides (as Cl) shall not exceed 0.10% by weight.

e Prior to commencement and during progress of works the Contractor shall provide
Kahramaa with samples of the proposed granular material to be used in the works,
along with their soil test results and shall obtain his written approval for its use. This
sample will be retained by Kahramaa for comparison with deliveries to the site during
the works.

e The grading of fine aggregate when determined by the method described in BS 812
shall lie within the respective limits specified within Table 7-3.

Table 7-3 Grading limits for fine aggregate pipe bedding (Kahramaa, 2005)

BS Sieve Size (mm) Percentage passing by Weight (%)

e The total quantity of fine dust through No. 22 mesh sieve in fine aggregate derived by
crushing rock, shall be determined by the method described in BS 812 paragraph 14
and shall not exceed 8% by weight.

e The total quantity of clay and silt in natural sand shall not exceed 4% by weight when
determined by the field setting test described in BS 812 paragraph 15.

The Kahramaa specification covers fine aggregate, 0-5 mm, whereas the QCS 2014 covers
coarse and all-in aggregate, where the maximum particle size is greater than 5 mm. There are
no references to different gradings to be used depending on the pipe diameter. The pipes,
cables and service ducts covered by the Kahramaa Specification will generally be quite small
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in diameter, seldom greater than 150 mm, and can be adequately seated on a 0-5 mm
bedding material, often at quite shallow depth. The Kahramaa Specification includes crushed
limestone as one of the permissible materials for pipe bedding, so clearly they do not have
concerns about the use of local aggregate and carbonate rocks as pipe bedding.

The Kahramaa Specification provides clear grading envelopes for the two permitted materials,
dune sand and crushed limestone. It also provides limiting values for the fines (< 0.063 mm,
silt and clay-sized particles) content of 8 % for crushed rock and 4 % for natural sand. The
higher limiting value for crushed rock is because fines generated by crushing rock are likely to
be dominantly silt-sized, whereas in the natural sand there is likely to be a higher proportion
of potentially harmful clay-sized particles. A similar distinction is made in the UK Specification
for Highway Works (Section 7.1.3).

Specific limiting values for sulfate and chloride are given, though no test methods are
specified. The Kahramaa Specification included detailed requirements for corrosion
protection measures to be applied to all types of buried pipes, so the limiting values for sulfate
and chloride in pipe bedding in the Kahramaa Specification can probably be assumed to be
adequate to cope with the conditions likely to be encountered.

There is general text around the same issues as for pipe bedding in the QCS 2014 — cleanliness,
presence of clay lumps or friable particles, lightweight particles or other contamination “likely
to affect adversely the compaction of the material or to cause damage to pipes”. It is
suggested that these general comments be replaced by specific limiting values for the
relevant parameters used for coarse aggregate in Table 17.4 of Section 6 of the QCS 2014.
Limiting values for Loss by Los Angeles Abrasion and Soundness are not required for fine
aggregate. The test methods for grading and fines content are out of date and should be
replaced by the methods used in the QCS 2014.

7.1.3 UK Specification for Highway Works

In the UK Specification for Highway Works (SHW), pipe bedding is covered under Series 500
Drainage and Service Ducts (Highways England, 2020). The grading of the pipe bedding varies
with the pipe diameter, as in the QCS 2014. There are limiting values for fines content, with
different values for pipe bedding derived from natural aggregate of 1.5% and 4% for crushed
rock and recycled aggregate. For fine aggregate and all-in aggregate, the maximum values of
fines content are relaxed to 3% for natural aggregate and 10% for crushed rock and recycled
aggregate. Natural aggregate, recycled aggregate and recycled concrete aggregate are
permitted for coarse aggregate, but if recycled aggregate or recycled concrete aggregate are
used the composition must be tested and contain no more than 1% other materials. This could
be covered by the requirements for clay lumps and friable particles and lightweight pieces in
the QCS 2014, to save introducing a new composition test to the QCS.

There is a requirement for a maximum Loss by Los Angeles Abrasion of 50% for particle
strength, which is the same as the value for unbound subbase. There is a general limiting
value for water-soluble sulfate of 0.2% for pipe bedding, when tested in accordance with BS
EN 1744-1 (2009). No limiting value is given for acid-soluble sulfate or chloride. Chlorides are
not common in UK soils and rocks, so limiting values are not normally given. Limiting values
for water-soluble sulfate, total sulfur and pH are given for pipe bedding placed adjacent to
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buried concrete or structural metallicitems. The values for backfill to metallic structural items
are very stringent.

7.2 Recycled and Local Aggregates for Pipe Bedding

Recycled aggregate of EW and RCA were assessed for compliance with national specifications
for use in pipe bedding applications. The materials were processed following the procedure
described in Chapter 3 to meet general specifications for use as aggregate for concrete,
subbase and pipe bedding applications. The selection of EW and RCA was made because the
materials provide relatively clean aggregates, compared to other recycled types of
construction and demolition waste, and are available in relatively large quantities in Qatar.

The physical, mechanical and durability testing of the recycled materials were conducted at
the Ashghal Centre for Research & Development, whereas the chemical testing was carried
out at an Ashghal-approved testing house. The carbonate content was conducted on the
granular aggregate (single size of 14 to 20 mm) of coarse aggregate, and the fine aggregate
(passing 5 mm).

7.2.1 Rigid Pipes

Rigid pipes, such as concrete, clay-ware, and iron, are relatively strong and the majority of the
structural strength from the embedment is inherent in the pipe itself. This allows a choice
from a range of bedding materials. The QCS 2014 grading limits for pipe bedding for rigid
pipes are given for different pipe diameters of less than 300mm, 300-800mm, and greater
than 800mm in diameter. EW and RCA aggregates were tested for sieve analyses and the
grading results are given in Table 7-4, together with the QCS 2014 grading envelopes.

Table 7-4 Grading of EW and RCA aggregate for rigid pipe bedding

Sieve Pipes < 300mm 300 to 800 mm Pipes > 800 mm

- 100 100 - 100 100 100

100 100

100 99 - 98 99 100 100 97  90-100
88 90  90-100 80 87  80-100 72 63 50-80
73 78 50-85 56 73 60-85 47 47 40-70
13 10 10-40 21 22 20-55 22 26 25-60
- 6 2 0-10 12 15 10-30 11 18 10-40
- 4 1 - 5 4 0-10 5 4 0-15
- 3.1 0.9 - 2.1 1.6 - 43 1.9 -

The QCS 2014 specifies different grading curves for different sizes of rigid pipes, with a smaller
maximum aggregate size and narrower envelopes for smaller pipe diameter. The grading
results are illustrated in Figure 7-1, Figure 7-2, and Figure 7-3 for the different sizes of < 300
mm, 300-800 mm, and > 800 mm respectively.
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EW and RCA showed similar grading curves for the different pipe diameters, with the majority
of sieve sizes falling towards the lower grading, indicating coarse grading. The EW aggregate
failed the meet the grading requirement of specific sieve sizes between 5 and 14mm for
different rigid pipes (highlighted in yellow in Table 7-4). Both materials had high content of
coarse aggregate (> 5 mm). For pipes < 300 mm, the amount of coarse aggregate (> 5 mm)
was 87 and 90% for the EW and RCA respectively. Although not specified in the QCS 2014, the
fines content (passing 0.075 mm) was also determined and the results varied between 2.1-
4.3 % for the EW and 0.9-1.9 % for the RCA. The fines content of EW and RCA are within the
maximum specified value in the UK of 4 % for crushed rock, except the EW for pipes > 800
mm diameter. High fines content in the pipe bedding could adversely affect the cohesion and
free-draining of the material.

100.0 |
9.0 | —=—ew - Rigid Pipes <300 mm|
—44— RCA
800 — aee-. Qcs Min
70.0 || ———QCS Max
60.0
50.0

% Passing

: /|
20.0 / /ﬁ
PIETS =

0.0 0.1 1.0 10.0 100.0
Sieve size (mm)

Figure 7-1 EW and RCA grading for rigid pipes (<300mm)
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Table 7-5 presents the physical, mechanical and chemical properties of EW and RCA together
with the QCS 2014 requirements for rigid pipes. The properties of clumps and friable pieces
as per ASTM C142 (2017), lightweight pieces (ASTM C123, 2014), and shell content to BS EN
933-7 (1998) were determined. The EW showed higher content of clay lumps and friable
materials for rigid pipes < 800 mm diameter, and exceeded the maximum specified limit of
1 %. The RCA aggregate showed relatively high values of clay lumps and friable materials for
the different pipe sizes but within the maximum limit specified in the QCS 2014. Both EW and
RCA satisfied the QCS 2014 requirements of lightweight pieces and shell content.

Table 7-5 EW and RCA properties for bedding rigid pipes

o
1.6 1.3 0.5 0.8 1.0 0.6 1% Max
0.0 0.0 0.0 0.4 0.2 0.3  0.5% Max
0.0 0.0 0.0 0.0 0.0 0.0 3% Max
2.8 3.0 1.1 1.6 6.4 51  2.0% Max
26 48 23 33 26 22 30% Max
29 32 34 3.5 22 20 15% Max
0.06 006 007 004 0.4 0.04  0.3% Max
063 074 053 121 134 142 0.3% Max

As discussed earlier, the QCS 2014 requirement of clay lumps and friable materials for
aggregate use in concrete (Section 5: Part 2: Table 2.1) is 2 %, which is double the value
specified for pipe bedding.

The QCS 2014 specifies a maximum value of water absorption (ASTM C127, 2015) of 2 %. The
results in Table 7-5 show values between 1.1 % to 3.0% for EW and a wider range of 1.6 % to
6.4 % for RCA. RCA generally comprises crushed stone aggregate partially coated with mortar
or cement paste. The mortar is lighter and more porous than aggregates used in standard
concrete, and could have a significant effect on the density and water absorption of RCA. The
EW aggregate would be suitable as coarse aggregate for concrete as per the QCS 2014,
Section 5 Part 2, with a water absorption requirement of 3 %. Further processing would be
required for the RCA aggregate to minimise the volume of mortar surrounding the aggregate
and meet the absorption requirement.

Property

Particle strength and durability were assessed by the Los Angeles (LA) abrasion (ASTM C131,
2014) and soundness (ASTM C88, 2018) testing. The LA abrasion test is an indication of the
aggregate strength by measuring how the particles are prone to fragmentation, with a lower
value indicating greater resistance to fragmentation. The soundness determines an
aggregate's resistance to disintegration by weathering; a low soundness value indicates
durability to weathering and less likely to degrade in the field.
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The QCS 2014 specifies maximum values of 30 % and 15 % for the LA abrasion and soundness,
respectively. The LA abrasion results in Table 7-5 show that one sample of the EW (300-800
mm) and one samples of the RCA (< 300 mm) gave higher values than the maximum specified
limit. The RCA was slightly higher, 33 %, whereas the EW gave a considerable higher value of
48 %. For the soundness test, all the tested samples gave higher values than the specified
limit, with the exception of RCA (pipe diameter < 300 mm) with a very low value of 3.5 %. It
is also the same materials that exhibited the low water absorption values of 1.6 %.

The acid soluble chloride and sulfate contents are also given in Table 7-5 and show low values
for chloride compared to the maximum specified limit of 0.3%, with values between 0.04 and
0.07%. None of the tested samples met the sulfate requirement of 0.3%. The EW aggregate
exhibited almost double, and the RCA aggregate at least 4 times the maximum specified value.
The properties of RCA could vary depending on the quality of recovered concrete. Recycled
concrete obtained from sources exposed to a high sulfate environment, such as groundwater,
would be expected to have high levels of sulfate compared to concrete buildings and
structures above the ground.

The results of pipe bedding for rigid pipes show that EW and RCA can comply with the QCS
2014 specifications for grading, cleanliness and acid soluble chloride. However, they do not
meet the requirements for particle strength, soundness (durability) or sulfate. Care should be
taken during the processing of recycled materials to ensure low sulfate content before
selecting the desired application.

7.2.2 Flexible Pipes

Flexible pipes have the ability to deform to a significant extent before collapse, and therefore
are more dependent on the support and structural strength of the surrounding aggregate.
Table 7-6 presents the grading of EW and RCA materials, together with the QCS 2014 grading
limits for flexible pipes. The grading curves are also graphically presented in Figure 7-4 and
Figure 7-5 for flexible pipes of < 300 mm and > 300mm, respectively.

Table 7-6 Grading of EW and RCA aggregate for flexible pipe bedding

Sieve Pipes < 300mm Pipes 2300 mm

14 99 95 - 94 84 90-100
10 90 69 50-85 60 72 50-85
8 9 10-40 14 4 0-10

2 0-10 3 2 0-10

2.2 1.0 = 1.8 0.5 =

For flexible pipes < 300 mm, EW aggregate failed to meet the grading requirements at sieve
sizes of 5 mm and 10 mm, whereas the RCA failed the 5 mm. For pipes = 300 mm, the EW
showed a finer grading at sieve size 5 mm, and the RCA showed coarser grading at sieve size
14 mm. The EW showed a higher content of fines, passing 0.075 mm, than the RCA aggregate.
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The aggregate properties of clay lumps and friable pieces, lightweight pieces, and shell
content are given in Table 7-7. The results indicate relatively clean EW and RCA aggregates,
with the EW exceeding the maximum permissible value of clay lumps and friable pieces.
Similar to the rigid pipes, the high content of clay lumps may be related to the relatively high
fines content of the EW aggregate.

Table 7-7 EW and RCA properties for bedding flexible pipes

EW RCA Qacs
1.2 1.6 1.0 0.5 1% Max
0.0 0.0 0.2 0.3 0.5% Max
0.0 0.0 0.0 0.0 3% Max
3.2 2.8 4.9 5.3 2.0% Max
27 31 21 26 30% Max
16 17 2 2 15% Max
0.05 0.04 0.04 0.05  0.3% Max
0.46 0.89 1.15 0.39  0.3% Max

The water absorption results exceeded the maximum specified value of 2 %, with higher
values for RCA compared to EW aggregate. However, the RCA exhibited higher strength (LA
abrasion) and resistance to weathering (soundness) to comply with the QCS 2014
requirements. Despite the relatively porous nature of the RCA, as reflected by the absorption
results, the aggregate is relatively strong with good resistance to weathering and aggressive
environment.

Property

The EW aggregate satisfied the LA abrasion for pipes < 300 mm but gave a slightly higher value
than the maximum specified value of 30 % for pipes = 300 mm. The EW slightly exceeded the
maximum soundness value of 15 % for both pipe sizes.

The chloride and sulfate results showed similar results to rigid pipes. Both EW and RCA gave
very low contents of acid soluble chloride, but exceeded the maximum permissible limit of
acid soluble sulfate.

7.2.3 Granular materials

Granular material in soakaway surrounds or trench soakaways are traditionally used to
dispose of stormwater from buildings and paved areas. They must discharge their stored
water sufficiently quickly to provide the necessary capacity to receive run-off from a
subsequent storm. They have the coarsest grading and lowest fines content for all pipe
bedding applications, as the material has to be clean and highly permeable.
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Table 7-8 presents the grading of EW and RCA granular materials tested together with the
QCS 2014 grading envelope. The maximum aggregate size is 37.5mm, compared to 25 and
14mm for rigid and flexible pipes, respectively. Also the amount of fine aggregate (less than
5 mm) is limited to a maximum of 2 %, compared to 40 and 10% for rigid and flexible pipes

respectively.

Table 7-8 Grading of EW and RCA aggregate for granular materials

Sieve size, mm EW RCA QCS 2014
100 100
60 55 60-90
9 7 5-30
4 2 2-10
1 1 0-2
1 1 -
100 I | ,
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- [
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Figure 7-6 EW and RCA grading for granular materials
The grading results in Table 7-8 and Figure 7-6 show the general compliance of the EW and

RCA granular materials with the QCS requirements, except the RCA at sieve size 20 mm. The
amount of fines content, <0.075mm, was identical for EW and RCA aggregate, which is the

same amount passing sieve size 5 mm.
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EW and RCA aggregates satisfied the QCS 2014 requirements LA abrasion, soundness, and
chloride content, but failed to meet with the sulfate limit. The carbonate content, to ASTM
D4373(2014), was carried out for the EW and RCA granular materials and the results are given
in Table 7-9. As expected, the EW is mainly composed of limestone aggregate and contains
94 % of carbonate minerals, compared to 18 % for the RCA aggregate. RCA is mainly composed
of hydrated cement, sand and coarse gabbro aggregate. Based on the age and exposure of
recycled aggregate, the hydrated cement (calcium hydroxide) can react with the carbon
dioxide from the surrounding environment to form calcium carbonate (Neville, 2011).

Table 7-9 EW and RCA properties for granular materials

RCA QCS limits

Clay lumps & friable particles 1.0 0.4 1% Max

Property

Lightweight Pieces 0 0 0.5% Max
Shell Content 0 0 3% Max

Water Absorption (SDD) 1.8 4.3 2.0% Max
Loss by Los Angeles Abrasion 24 30 30% Max

Soundness (5 cycles MgS0,) 11 1 15% Max
Acid soluble chloride 0.05 0.04 0.3% Max
Acid soluble sulfate 0.55 1.0 0.3% Max

Carbonate content 94 18 50% Max

The results indicate the general compliance of recycled materials with the QCS 2014
requirements for use as granular materials. RCA is expected to meet the carbonate content
requirement of less than 50 %, but would require appropriate processing to control the water
absorption and sulfate content before use in pipe bedding and drainage applications.

7.2.4 Fine Aggregate Pipe Bedding

The gradings of EW and RCA fine aggregate are given in Table 7-10 and Figure 7-7. The EW
showed well-graded aggregate with compliance with all sieve sizes specified in the Kahramaa
specification (Kahramaa, 2005), the RCA aggregate showed non-compliance, with values
exceeding the maximum permissible limits at sieve sizes of 0.6 and 0.15 mm.

The Kahramaa specification also limits the total quantity of fine dust through No. 22 mesh
sieve in fine aggregate, equivalent to sieve size of 0.075mm, shall not exceed 8 % for crushed
rock. Table 7-10 shows that the fines content of EW was 7.8 %, just within the specified limit,
and 16 % for the RCA. The presence of high fines content in RCA is not recommended for pipe
applications, as it may result in self-hardening due to the presence of high volume of
unreacted cement particles.
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Table 7-10 Grading of EW and RCA aggregate for utilities and Kahramaa specification

Sieve size, mm EW RCA Kahramaa — Crushed rocks

4.76 98 92 90-100
2.4 67 81 60-90
1.2 42 71 40-80
28 57 20-50
0.3 18 24 5-30
0.15 13 17 0-15
0.075 7.8 16 8% max
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Figure 7-7 EW and RCA grading for utilities — Fine aggregate

No specific requirements for aggregate cleanliness are provided in the Kahramaa
specification, but the materials were tested for the same properties as the QCS 2014 for
coarse aggregate. Table 7-11 shows relatively low values of clay lumps and friable particles,
with zero content of lightweight pieces for EW and RCA aggregate. Despite the high fines
content of RCA, the material is relatively free from clay lumps and lightweight materials. EW
was found to contain higher levels of clay lumps and friable materials than RCA.

The water absorption of the EW fine aggregate was relatively high, 5.3 %, compared to the
extremely high value of 16.1 % for RCA fine aggregate. The high absorption of RCA fine
aggregate clearly indicates the porous nature of the materials, but not necessarily weakness
due to the presence of hydrated cement particles.
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Table 7-11 EW and RCA properties for pipe bedding around utilities — Fine aggregate

Property EW RCA Kahramaa limits

Clay lumps & friable particles . 0.3 -
Lightweight Pieces 0 -
Water Absorption (SDD) 16.1 -
Soundness (5 cycles MgS0,) 19 -
Acid soluble chloride 0.05 0.1% Max
Acid soluble sulfate 1.84 0.3% Max

Carbonate content 19 -

The Kahramaa specification specifies sulfate content (as SOs3) shall not exceed 0.3 % by weight
and chlorides shall not exceed 0.10 % by weight. The results in Table 7-11 show compliance
of the EW and RCA with the chloride requirement, however, both materials failed the sulfate
test. The acid soluble sulfate of the EW fine aggregate was 1.37 % and a higher value of 1.84 %
for RCA, much higher than the maximum specified limit of 0.3 %. The carbonate content
results showed a value of 87 % for the EW aggregate compared to 19 % for the RCA aggregate.

7.3 Site Trial — Wadi Gravel for Trench Soakaway

Asite trial was constructed in September 2018 to demonstrate the potential use of local Wadi
gravel as granular material to replace imported gabbro for surround on a trench soakaway.
The trial was on the Ashghal project entitled “Roads and Infrastructure for Umm Salal
Integrated Worker Accommodation Community”. The trench was under the footway and
adjacent to the paved road, Figure 7-8. The distribution pipe was 300 mm in diameter and
gabbro aggregate (20 mm) was specified as the granular material surrounding the pipe. A trial
section of 80 m length was made with Wadi gravel in place of gabbro.

The Wadi gravel aggregate was supplied by Qatar Sand Treatment Plant (QSTP) of 14-20mm
aggregate. The cost of Wadi gravel aggregate was 35 % cheaper than the cost of imported
gabbro, with significant reduction in carbon footprint compared to imported gabbro, as
discussed in section 8.

The performance of Wadi gravel in the trench soakaway was assessed in March 2020, 18
months after construction. The Wadi gravel granular material was exposed, by excavation of
the overlaying layers as shown in Figure 7-8. Wadi gravel samples were collected for testing,
Figure 7-9, to assess performance in service and compare to construction data and project
specifications.
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Figure 7-9 Sample collection of Wadi gravel after 18 months

The properties of Wadi gravel at construction and after 18 months in service were
investigated. Testing was conducted by the Ashghal Centre for Research & Development, and
the results are summarised in Table 7-12, together with the project specifications. The grading
is also presented graphically in Figure 7-10. A single size aggregate of 20mm was specified in
the project, with a slightly different grading to the QCS 2014 for granular materials pipe
bedding. At construction, the grading of Wadi gravel was within the specified project
envelope but near to the maximum specified limit for all sieve sizes, indicating a fine grade.
After 18 months in service, the grading exceeded the maximum limits at sieve sizes of 14 and
10mm.
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Table 7-12 Grading and properties of Wadi gravel for granular pipe bedding

Project

Property Wadi gravel

0.2 0.7 1% Max

0.8 1.0 2.0% Max
25 27 30% Max
6 2.4 15% Max
0.01 0.01 0.1% Max
0.18 0.67 0.3% Max
20 52 50% Max

It was not expected the Wadi gravel material would disintegrate with time, as no traffic
loading was applied on the surface of the trench. It was noticed during the exposure of the
granular materials that fine particles from the sides of the excavated trench fell on top of the
geotextile filter membrane, Figure 7-9. The geotextile surface was cleaned before exposing
the Wadi gravel, but the sampling process could not avoid some contamination with
excavated materials that may have affected the grading. The increase in finer particles after
18 months shown in Table 7-12 and Figure 7-10 is very minor and may be due to the natural
variability of the material, plus a little contamination during sampling.

The results in Table 7-12 show that the Wadi gravel is relatively clean aggregate with a value
of 0.2 % of clay lumps and friable materials at construction. A higher value of 0.7 % was
determined for the Wadi gravel after 18 months, but still within the maximum specified limit
of 1.0 %. No traces of lightweight pieces or shell content were detected of the tested Wadi
gravel at construction or after 18 months.

The water absorption of Wadi gravel was relatively low of 0.8 % and 1 % at construction and
after 18-months, respectively, and lower than the project specified value of 2 % maximum.
The LA abrasion value was 25 % and the soundness was 6 %, lower than the project specified
values, and indicating a strong and durable aggregate.

The project specification of acid soluble chloride was 0.1 %. The Wadi gravel aggregate
showed an identical value of 0.01% at construction and after 18 months in service.
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Figure 7-10 Grading of Wadi gravel as granular material for pipe bedding

The specified acid soluble sulfate was 0.3 %. The Wadi gravel aggregate met the sulfate
requirement at construction, a value of 0.18%, but exhibited a higher value of 0.67% after 18
months. The difference in sulfate content could be attributed to the contamination of Wadi
gravel, during sampling, with excavated materials from the sides of the trench. It was noticed
during exposing the trench and collecting the sample after 18 months that there was no
evidence of white precipitated gypsum compounds in the Wadi gravel. It may also represent
variability in the quality of the Wadi gravel, in particular insufficient processing to remove
gypsum encrusted onto individual particles of Wadi gravel (Section 3.4, Figure 3-11 to Figure
3-13). It is recommended that the production of Wadi gravel is checked, by visual inspection
of samples and testing for acid-soluble sulfate, to ensure that the material is meeting the
requirements of the QCS 2014 and the Ashghal Recycling Manual (2021).
It is a requirement of the project specification to limit the carbonate content, as per BS 1377:
Part 3 (2018), to 50 %. The results in Table 7-12 show a value of 20.1 % for the Wadi gravel at
construction, which seems to be a low value when compared to the petrographic analysis
results presented in Section 3.4. A value of 52 % was determined for the Wadi gravel sample
obtained after 18 months, which is slightly higher the maximum specified limit of 50%. The
varying results of carbonate content at construction and after 18 months in service could be
attributed to the varying composition of Wadi gravel aggregate, and the limited number of
samples tested, knowing the varying composition of Wadi gravel aggregate. Further routine
testing of the processed Wadi gravel would help to clarify the situation, as for the sulfate

content.
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The results show full compliance with the project specification and the QCS 2014
requirements for granular pipe bedding materials for trench soakaway at the time of
construction. Regular checks during processing of the Wadi gravel are essential to maintain
the overall sulfate level below the specified limit. As a local material, the Wadi gravel
aggregate could be produced in different aggregate sizes for use in all pipe bedding
applications. The wider use of Wadi gravel in replacing imported gabbro in the Ashghal
specification and projects will reduce materials cost and support the government strategy of
self-reliance and sustainable development, provided it gives satisfactory performance.

7.4 Summary

Two main topics were considered in the discussion: implications of the review of national and
international specifications for pipe bedding, and; suitability of local recycled (EW and RCA)
and alternative (Wadi gravel) aggregates for use in pipe bedding and drainage applications.

74.1 Specifications

The requirements for pipe bedding and land drainage are covered in various sections of the
QCS 2014 and refer to other national specifications, such as Kahramaa. In order to improve
the overall consistency of the requirements and avoid repetition of text, it is recommended
to combine the requirements in a single document, similar to the UK-SHW 500 for drainage
and service ducts.

The QCS 2014 grading requirements given for flexible pipes, Section 8.02 Table 2.4, need to
be checked for consistency with revision of the limits provided. The QCS 2014 does not set
any limiting values for fines content (< 0.075 mm of silt and clay-sizes particles) for all
gradings. Increased fines content could clog the bedding materials or drainage system and
affect its functionality. The grading results indicated that limiting the fines content resulted
in improved aggregate properties, such as the case of granular materials of EW and RCA in
Table 7-9. The QCS 2014 specifies the value of 2 % for concrete aggregate in Section 5.2. The
UK SHW 500 for pipe bedding specifies 1.5% for natural and 4% for manufactured aggregate.
It is recommended to use a value of 2% for all aggregate types, consistent with Section 5.2.

The aggregate cleanliness in the QCS 2014 is covered by various requirements of clay clumps
and friable pieces, lightweight pieces, and shell content. The requirement for clay clumps and
friable pieces is 1 %, half the value specified for concrete aggregate (Section 5.2), in order to
reduce any risk of clogging of the material with fines.

Particle durability and strength are assessed in the QCS 2014 by the water absorption,
soundness and LA abrasion testing; however, there is potential to revise the maximum
specified limits and testing methods. The limiting value for water absorption is 2 % for pipe
bedding, similar to the value specified for natural aggregate for concrete in Section 5.02. The
QCS 2014 provides higher values for recycled aggregate of 3 % for structural concrete and 4 %
for non-structural concrete. These higher values recognise that recycled materials have higher
values of water absorption but can still provide suitable aggregate for concrete. It would be
appropriate to apply these higher values to pipe bedding using recycled aggregates for the
same reasons.
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The QCS 2014 specified values for LA abrasion of 30 % and soundness of 15 % for pipe bedding
are identical to those specified in Section 5.02 for concrete aggregate. The limiting values in
the QCS 2014 for unbound subbase materials are 40 % for LA abrasion and 20 % for
soundness. In the UK SHW 500, a maximum LA abrasion of 50% is specified for particle
strength for pipe bedding, which is the same as the value for unbound subbase. Given the
weak nature of local limestone and the possible increase in clay lumps and friable materials
as a consequence of relaxing the LA value, it is recommended to maintain the current
specified limits to ensure the best local material will be suitable for pipe bedding and drainage
applications.

Whilst no values are specified in the QCS 2014 for limiting the chloride and sulfate content in
pipe bedding, project specifications tend to specify values of 0.1 % and 0.3 % for acid-soluble
chloride and sulfate, respectively. The requirement for acid soluble chloride is much higher
the maximum specified value of 0.03% for aggregate for concrete (Section 5.02). However,
the evidence from trials is that most recycled and alternative materials comfortably meet the
chloride requirement. However, EW and RCA were found to exceed the sulfate limit on a
regular basis, while Wadi gravel occasionally exceeded it. Careful control of processing should
solve this problem for Wadi gravel. It may be more difficult to achieve compliance with the
sulfate limit of 0.3% for EW and RCA, but good quality control should ensure that values much
closer to the limit are achieved.

The main concern about the aggregate specification for pipe bedding is the prohibition of
local and recycled materials, limiting the use to imported gabbro aggregate. It is believed that
the restrictionis due to the potential dissolving of weak limestone aggregate in wet conditions
and the precipitation of the fine particles, affecting the permeability and flow of the drainage
system with time.

Assessment of the carbonate content of local limestone revealed values between 80 % and
94 % for natural and EW materials. Limestone is predominantly composed of carbonate rock
(calcite and dolomite) with small quantities of clay, gypsum and quartz. Reducing the
carbonate content of limestone aggregate is practically impossible, and therefore it is
recommended to revise this decision and specify the appropriate test method to improve the
utilisation of local materials in government projects. The resistance of aggregate
fragmentation in wet conditions, in particular the rubbing together of interlocking particles
within an unbound material, is addressed by the micro-Deval coefficient determined in
accordance with BS EN 1097-1 (2011). It is recommended to include a performance-based
property based on a micro-Deval coefficient value of 20, similar to that specified by the UK
water industry as additional requirement to pipe bedding materials.

Local materials of limestone aggregate and dune sand are permitted for use in pipe bedding,
in the Kahramaa specifications (2005) for fine aggregate. The limiting values for fines content
are reasonable and comparable to those of the UK specifications. The Kahramaa specification
also provides general text for the cleanliness of aggregate and it is suggested to support this
with specific requirements for liquid limit and plasticity index and organic content as specified
in the QCS 2014 for fine aggregate for use in unbound pavement materials. It is also
recommended to specify a value for the water absorption of fine aggregate, with
consideration of the potential use of recycled aggregate.
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7.4.2 Recycled and Local Aggregate

EW and RCA showed compliance with some aspects of the QCS 2014 and Kahramaa
specifications for pipe bedding applications. The production of pipe bedding materials usually
involves 3 cycles of crushing and screening and therefore the final product is expected to be
the best quality of the feedstock material. The grading of tested recycled materials showed
minor non-compliance with specific sieve sizes, but this is not a major issue and could be
corrected with regular monitoring during processing and improved production.

EW and RCA are relatively clean recycled materials. EW was found to contain higher levels of
clay and friable materials than RCA, probably due to the presence of clay particles, but the
values were lower than 2%, maximum specified value for aggregate for concrete in the QCS
2014 Section 5.02. EW and RCA recycled materials easily met with the lightweight and shell
content requirements.

The water absorption results for the EW ranged between 1.1 % and 3.2 % for coarse aggregate
and 5.3 % for fine aggregate, compared to the RCA of 1.6 % to 6.4 % for coarse aggregate and
16.1 % for fine aggregate. The absorption of EW aggregate is relatively low and could be used
as coarse aggregate for concrete as permitted by the QCS 2014 (limiting values of 3 % for
structural concrete and 4% for non-structural concrete). The RCA exhibited relatively higher
absorption values due to the presence of mortar surrounding the aggregate, but with
adequate strength and durability. RCA was found to be stronger with higher resistance to
weathering compared to EW as indicated by the LA abrasion and soundness results. EW also
gave disappointing results for soundness (durability), and it may be hard to find local
limestone of adequate quality to be suitable for use as pipe bedding. The fact that EW is
dominantly composed of carbonate minerals would also disqualify it as coarse aggregate
under the QCS 2014. RCA, however, is dominantly non-carbonate, so more suited for use as
coarse aggregate in pipe bedding and drainage applications under the QCS 2014.

For the chemical properties, there is a concern about the high sulfate content results,
particularly for the RCA. It is essential to monitor the sulfate content of recycled materials at
source, and if not possible, before processing to identify the suitable application of the
material. Blending with other aggregate materials is recommended to reduce the sulfate
content to acceptable levels.

Wadi gravel aggregate was successfully used to replace imported gabbro as a granular
material in trench soakaway. Performance assessment of Wadi gravel was conducted at
construction and after 18 months in service and showed general compliance with the national
and project specifications for use in pipe bedding. The sulfate content after 18 months in
service had increased compared to that at construction and exceeded the project
specification. However, this may have been due to variability in the original material, and
particularly in the intensity of the processing, or to contamination from trench fill during
sampling, rather than to any changes during service. Further sampling and testing of the Wadi
gravel is recommended to ensure the processing set out in the Ashghal recycling manual is
being followed. Wider utilisation of Wadi gravel in pipe bedding and drainage projects would
potentially reduce the cost of aggregate and reduce the environmental impacts associated
with the transport of imported gabbro. However, cost reductions must not be achieved by
skimping on the processing requirements for the material.
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8 Environmental and Economic Benefits

It is expected that use of local and recycled aggregates will have major economic and
environmental advantages, in terms of greatly reduced carbon footprint, compared to the
import of primary aggregates. Preliminary carbon footprint analyses indicated that at least
50% of the carbon footprint associated with the production of primary aggregates could be
avoided if a viable recycled alternative can be produced locally (Hassan et al., 2016). The
savings arise principally due to the transport that can be avoided in shipping the primary
product to Qatar. The production of aggregate and other construction materials, also requires
large quantities of water. High water demand poses problems in a country like Qatar with an
acute shortage of water. Given the high priority placed on sustainable development, this
Chapter covers the carbon and water footprint analyses for construction aggregates and
derived products, covering primary and recycled materials. The cost reduction associated
with the use of recycled aggregate is also discussed.

8.1 Scope and Methodology

The analysis of carbon and water footprints considered alternative aggregate sources and
aggregate derived products, including asphalt and concrete, on the basis of a ‘cradle to gate’
scope. This approach considers products from raw material acquisition through to the factory
‘gate’ i.e. in this case, the pointin the life cycle where the respective aggregate products have
been produced and are ready to be transported and applied in construction projects in Qatar.

Limiting the analyses to ‘cradle to gate’ meant that no application, waste management or
durability aspects of the products were considered within the scope. In this respect the study
constitutes what is termed a ‘partial life cycle assessment’, which is suitable for third party
disclosures and should be supported by information which defines which parts of the life cycle
have been analysed. A further specification of the study was to consider ‘absolute’ carbon
footprints, rather than just relative savings. This is consistent with the ISO methodology (ISO
14067, 2018) and meant that, for the life cycle steps that were considered, no activities could
be ‘cancelled out’ if they were common to the alternative products analysed.

The functional unit was defined as 1 tonne of finished product. Aggregate is defined as the
coarse aggregate, graded materials of different sizes, for use in bound and unbound
construction applications. The aggregate materials covered imported gabbro and recycled
aggregate, local sources of limestone and Wadi gravel. For sand this is defined as a tonne of
fine aggregate material, washed sand for concrete and crushed rock for asphalt or unbound
applications, awaiting dispatch to a construction site. For asphalt and concrete mixtures, this
can be converted back to the more typical functional unit of a cubic metre using the densities
of the products. Table 8-1 lists the aggregate and construction products that were assessed.

Primary aggregates for use in asphalt and concrete construction projects, typically gabbro,
are currently imported, while local limestone and Wadi gravel are generally used in unbound
applications. Primary imported aggregates originate from quarries in other Gulf States, such
as Oman. These aggregates are blasted from the quarry face; the ‘cradle’ for primary
aggregates, and then pass through a number of screens and crushers to arrive at the final
graded products. From the quarry the products are shipped to the port at Mesaieed in Qatar
using bulk carrier ships, unloaded and stockpiled for use. Local limestone also requires
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blasting whereas Wadi gravel and sand are simply excavated from their deposits, processed
and stockpiled. For recycled aggregates the comparable ‘cradle’ is a construction waste
stockpile where all aggregate sources have reached the end of their previous life cycle,
irrespective of their origin. The recycled material is passed though screens and crushers and
then stockpiled for further use.

Table 8-1 Products assessed for environmental and cost benefits

Product Source Final product evaluated

[pgjelolai=leeldlngElaA| Three Gulf State quarries to Graded aggregate for use in all

aggregate Mesaieed Port applications
Local limestone Umm Bab Graded aggregate for use in unbound
applications

Wadi gravel A sand washing plant, Qatar Sand Graded aggregate for use in unbound
Treatment Plants applications

Washed sand A sand washing plant, Qatar Sand Sand for use in all applications including
Treatment Plants concrete

Recycled A mobile plant and a fixed plant Graded aggregate for use in unbound

aggregates applications

Ready mix Salwa Industrial Area (fixed plant) Structural PC and GGBS C40 concrete

concrete

Asphalt Mesaieed (fixed plant) Base and wearing course asphalt

Bound applications, such as asphalt and ready-mix concrete, add other components to the
imported aggregates at fixed plant, using inputs of energy and water to arrive at the final
products. In bound applications, assessing the life cycle requires not only to look at the
activities at the batching plant but also to assess the ‘embodied’ impacts of all the component
materials including bitumen and Portland cement i.e. their own individual cradle-to-gate
assessments and onward transport. The impacts of using RAP from demolition road
pavements were included as these were thought to be potentially significant, particularly
regarding water use in road milling operations.

Transport onwards from stockpiles in Qatar was not included in the analysis, since this
distance is likely to vary depending on the actual location of the point of use: the construction
site which could be anywhere in Qatar.

Targeted questionnaires were used to obtain data from quarry or plant managers regarding
the production activities on their respective sites, unit cost of each product, and the onward
transport of materials to Qatar. These additional datasets were used to supplement previous
data collected in 2013 (Hassan et al., 2015), on two primary aggregate quarries (source 1 and
source 2) and one recycled source (source 1), for which emissions data has been refreshed.

This ‘bottom-up’ approach to data collection has advantages in terms of the need to use less
approximation and proxy figures, whilst at the same time relies on accurate data input from
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single sources such as quarry managers. Annual figures in tonnes for the calendar year 2018
at each of the newly evaluated production sites are presented in Table 8-2, alongside those
from 2013 (imported primary aggregates sources 1 and 2 and recycled source 1).

Table 8-2 Annual production figures evaluated

Product Total production (t)

Imported primary aggregates — source 1 12,203,000
Imported primary aggregates — source 2 3,420,000
Imported primary aggregates — source 3 1,500,000
Local limestone 1,560,000
Wadi gravel 780,000

Washed sand 6,800,000
Recycled aggregates — source 1 1,500,000
Recycled aggregates — source 2 200,000

Ready mix concrete 413,978
Asphalt 1,800,000

8.2 Carbon Footprint

Carbon footprinting is an environmental assessment approach which is used to identify the
contribution of products (and services) to climate change, using a life cycle-based
methodology. A life cycle approach is sometimes termed a ‘cradle to grave’ analysis, which
considers a product from raw material acquisition: the ‘cradle’, through to disposal of the
product at the end of its life: the ‘grave’. In carbon footprinting, all of the contributions the
product makes to climate change across this life cycle are assessed and therefore form part
of the final ‘carbon footprint’. These processes include energy use, chemical reactions, waste
disposal and land use change. The methodology of the International Standards Organisation’s
standard Greenhouse gases — Carbon footprint of products — Requirements and guidelines
for quantification (1ISO 14067, 2018) has been followed in producing this analysis.

8.2.1 Quantifying the Carbon Footprint of Aggregate Sources

In order to determine the carbon footprint of the alternative aggregate sources, it is necessary
to look in detail at the sources and sinks of emissions of the partial aggregate life cycles within
the system boundaries. 1ISO 14067 (2018) defines a number of specific greenhouse gases
(GHG) emission sources and sinks to consider. These are presented in Table 8-3, alongside the
particular considerations for the aggregate life cycles.
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Table 8-3 GHG emissions and removals in the aggregate life cycle

GHG emission/removal Relevant?

|

Biogenic carbon x

Electricity v

Land use change x

Soil carbon change x

Carbon storage in products V%

Non-CO; GHG emissions X
and removals from
livestock, manure and soils

Aircraft GHG emissions X

8.2.2 Emissions factors

Relevance to Qatari aggregate life cycle

Direct combustion of diesel and other fossil fuels, consum:a
in obtaining, processing and transporting aggregates. Dire
combustion impacts incurred cradle-to-gate that a
associated with the use of ancillary materials such explosiv
and water are also included.

Biomass cultivation and production is not relevant to the
life cycles.

Consumption of grid electricity in Qatar or other Gulf Stat
whilst obtaining, processing and transporting aggregate
Double-counting should be avoided if generators powered
fossil fuels are utilised.

Significant land use changes occur in quarrying or recycling
the desert landscape switches to exposed rock, or stockpil:
rock. However, this has no effect on the ability of the land
act as a sink for GHGs, as the level of vegetation is negligik
for the before and after scenarios.

A net increase or decrease in soil biomass does not occur
the quarrying process that take place in the desert landscag

Crushed concrete is carbonated during its secondary life.
this process carbon dioxide is absorbed to the surface
crushed concrete. This process will occur beyond the gate
recycled aggregate production process. Any carbonation
the concrete during its service life will be out of scope for tt
analysis.

Livestock, manure and soils do not feature in the evaluat:
aggregate life cycles.

Air transport is not used in the evaluated aggregate life cycle

Emissions factors associated with fuel consumption, transport and water treatment were
obtained from the UK Department for Business, Energy & Industrial Strategy (BEIS) website
entitled Government Conversion Factors for Company Reporting (BEIS, 2019). Whilst this is a
UK publication, many of the factors are the best available approximation for Qatar, in the
absence of Qatari-specific factors, as is presently the case. The emissions factor for Middle
East electricity consumption was sourced from the grid emissions factors compiled by the
Institute for Global Environmental Strategies (IEGS, 2019) and estimated for desalination from
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Meier et al. (2013). Further emissions factors for ancillary and component materials have
been used and are presented in Table 8-4.

Table 8-4 Emissions factors for component and ancillary materials

. Emissions factor
Material Source

(kgCO2./t)

4.08 Meier et al. (2013)
0.344 BEIS (2019)

o -

0.708 BEIS (2019)
1880 EFCA (2015)
m 150 Eurobitume (2020)
m 4070 Wayman et al. (2014)
1420 BEIS (2019)

8.2.3 Fossil fuel consumption

Diesel is a significant crude-derived energy source at all aggregate production sites, powering
an array of machinery and vehicles on site. Primary aggregates imported from other Gulf
States are excavated from the blasted quarry face and pass through a number of screens and
crushers (up to four) on route to loading onto ships in port. Conveyance though the machinery
on site is either by excavators or conveyor belts. For indigenous sources of primary and
recycled aggregate the process is similar but may be with fewer passes through crushers and
screens.

The asphalt plant uses primarily Liquefied petroleum gas (LPG) and to a lesser extent diesel in
the heating and mixing process. Electricity is used at the cement plant in mixing (this is
analysed in the next section).

Annual diesel and LPG consumption figures in litres are presented in Table 8-5 alongside the
appropriate COze production figures. The appropriate COze emissions factor for diesel is
3.131 kgCOze per litre and for LPG 1.714 kgCOze per litre. These figures include the upstream
impacts of the fuel, associated with extraction and refining, as well the emissions from
combustion.
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Table 8-5 Annual fossil fuel consumption figures

Product Diesel LPG
consumption consumption

(L)
4’ 151'730
source 1
5,455,308 0 18,074,199 3,420,000 5.285
source 2

1,800,000 0 5,963,652 1,500,000 3.976
source 3

3,000,000 0 9,939,420 1,560,000 6.371
limestone

Wadi gravel 133,311 0 441,678 780,000 0.566
Tl 1335959 0 4,426,219 6,300,000 0.651

Recycled 400,000 0 1,325,256 200,000 6.626
aggregates

Total CO,e Total CO,e pert
(kg) production (t) product

13,755,264 12,203,000

0 0 0 413,978 0.000
concrete

m 1,000,000 9,000,000 18,739,770 1,800,000 10.411

8.2.4 Electricity consumption

Electricity is directly consumed at two of the imported aggregate production sites and is the
primary energy source used to produce washed sand, gravel and ready-mix concrete. The
emissions factor for Middle East consumption of electricity is 0.816 kgCO2e/kWh; this reflects
production of the electricity, upstream impacts and transmission losses. In the absence of
country-specific emissions factors for electricity, a single figure has been used to cover all Gulf
States (IGES, 2019). Table 8-6 presents the contribution to the overall carbon footprints due
to electricity consumption.

For the aggregate sources, if the contributions of diesel and electricity consumption of the
production sites are considered together, an estimation of overall energy efficiency can be
made. These range from 12.9 mega Joules per tonne (MJ/t) for indigenous washed sand to
76.6 MJ/t for recycled aggregates (source 2). Of the imported aggregate sources, the scale of
source 1’s operation is reflected in a high energy efficiency of 15.3 MJ/t.
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Table 8-6 Annual electricity consumption figures

Product Electricity Total CO,e Total CO,e pert
consumption (kWh) (kg) production (t) product

7,800,000 6,362,320 12,203,000 0.521
0 0 3,420,000 0.000
9,600 7,831 1,500,000 0.005
0 0 1,560,000 0.000
6,458,400 5,268,001 780,000 6.754
8,812,500 7,188,198 6,800,000 1.057
0 0 1,500,000 0.000
0 0 200,000 0.000
953,953 778,122 413,978 1.880
0 0 1,800,000 0.000

8.2.5 Ancillary material consumption

In aggregate production, water and explosives, used for washing and blasting respectively,
are consumed in the course of obtaining the aggregate products themselves. The life cycle
footprints associated with both of these materials is included as a component of the overall
footprints in Table 8-7, whereas Table 8-8 gives the component embodied carbon for asphalt
and ready-mix concrete mixtures. Where water is concerned, only ‘sweet’ (tap) water is
assumed to have an impact, since it has been through abstraction, refining and conveyance
processes, from either a groundwater (0.344 kgCOe/t) or desalinated source (4.08 kgCO2e/t).
Where TSE is used, this is assumed to have zero impact at source, however, where waste
water is produced and disposed of to a water treatment plant, as is the case for ready mix,
this is accounted for (0.708 kgCO,e/t). Water use is evaluated more thoroughly in the water
footprinting section below.

Explosives have a life cycle impact that consists of production impacts and blasting impacts,
together totalling 4070 kgCO,e/t. Other ancillary materials such as lubricants, tyres, drill
heads etc., are only accounted for where they make a significant contribution since most fall
under the 1% total footprint cut-off criteria and are of minor significance.

8.2.6 Transportation

The three sources of primary aggregates originating in other Gulf States undergo two stages
of transportation. The first stage is from quarry to port and the second from port to Mesaieed
Port in Qatar. At one overseas quarry, conveyors are used to transport aggregates to the port
from the quarry, with the associated energy consumption is already included in the annual
production figures in Table 8-2 and the fossil foul consumption in Table 8-5. At the two other
quarries, aggregates are moved to the port using articulated vehicles with a short one-way
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trip distance of 18-30 km. Vehicles of this size emit at a rate of 0.0745 kgCOe per tonne.km
(BEIS, 2019). Once at the port, all primary sources undertake a journey by sea to Qatar in bulk
carriers of up to 100 kt deadweight, travelling 690 km on average. These vehicles emit at a
rate of 0.0050 kgCO.e per tonne.km (BEIS, 2019). Using tonne.km emissions factors takes
account of the return journeys that take place with an empty vessel. Upstream emissions are
included for both road transport and shipping. There is also an element of fuel consumption
associated with loading and unloading, depending on port configuration. Primary fuel
consumption data was not available for this activity; however, a good secondary source of
data is available that indicates that energy consumption for a grab bulk loader of the capacity
required would be in the region of 0.27 kWh per tonne (Tilke et al., 2010). All local sources of
sand, gravel, aggregates and derived products do not require this transport step. Movements
of these products to the factory gate or stockpile by plant are included in the energy
consumptions already evaluated in Table 8-2 (annual production) and Table 8-5 (fossil foul
consumption). Table 8-9 summarises the transport contributions to the overall footprint of
the different types of aggregate and derived products.

For asphalt and concrete, each component material requires transportation by road to the
mixing plant. The impact of these journeys is presented in Table 8-10. For asphalt, imported
aggregates — both coarse and fine fractions - are sourced less than 10 km from Mesaieed.
Bitumen is imported to Mesaieed from different sources, and Singapore is considered in this
document. Located in the Salwa industrial area, the concrete plant also sources imported
aggregates from Mesaieed along with ground granulated blastfurnace slag (GGBS) and
chemical admixtures. Cement and washed sand originate from QNCC, Umm Bab. The mixtures
considered in the analysis are:

e PC C40 concrete: made with 100% Portland cement (PC), imported gabbro, local
washed sand, water and chemical admixtures.

e GGBS C40 concrete: made with 65% GGBS and 35% Portland cement. Other
ingredients are the same as PC C40 concrete.

e PC C40 concrete with 100% Wadi gravel: same as PC C40 concrete, with replacing
100% of imported gabbro with local Wadi gravel.

e PC C40 concrete with 20% recycled aggregate: same as PC C40 concrete, with
replacing 20% of imported gabbro with recycled aggregate (RA or RCA).

e Asphalt wearing course (WC): made with 60/70 pen bitumen and imported gabbro
aggregate.

e Asphalt WC with polymer modified binder (PMB): made with 4% modified binder and
imported gabbro aggregate.

e Asphalt base course (BC): made with 60/70 pen bitumen and imported gabbro
aggregate.

e Asphalt BC with 15% RAP: same as Asphalt BC, with replacing 15% of imported gabbro
with RAP.
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8.2.7 Carbonation

Carbonation is a process that occurs when CO; from the atmosphere chemically reacts with
exposed surfaces of concrete. The process occurs when CO; from the atmosphere diffuses
into concrete pore system in the presence of water to react with the cement hydration
products to form calcium carbonate (CaCOs3). CaCOs has a detrimental effect on the concrete
alkalinity and hence the loss of protection to reinforcement corrosion, however the process
has an environmental benefit as CO; is effectively removed from the atmosphere (Kjellsen et
al., 2005).

The rate of carbonation is dependent on environmental factors such as temperature and
humidity, and whether the concrete is exposed or buried. In particular, the exposed surface
area of concrete is a particularly important factor and, for this reason, crushed, recycled
concrete has a higher absorption potential than cast concrete. Collins (2010) suggests that up
to 41% of the CO; emitted in the production of concrete and its constituents may be re-
absorbed during a 30 year secondary lifetime, which is a significant amount.

Concrete is likely to form a significant proportion of CDW waste, and, once processed and
utilised in its secondary life, is likely to absorb some CO; from the atmosphere. This further
reduces the overall footprint of the recycled aggregate products. However, for the purpose
of this ‘cradle-to-gate’ analysis, carbonation is not quantified and included, since it is likely to
occur most significantly beyond the boundaries of the study, and it is highly difficult to
quantify its true effect due to the relatively dry exposure environment in Qatar and wide
range of factors that are unknown at this time.

8.2.8 Total cradle-to-gate carbon footprints

Table 8-11 compiles the overall carbon footprints for the different types of aggregate and
derived products, using the figures calculated in Table 8-5 to Table 8-10. A weighted average
is calculated for the three imported sources, reflecting that, in 2019, sources 1 and 2
contributed two-thirds of total imports, whilst source 3 contributed one-third. A further
weighted average is calculated for the recycled sources, given that source 2 is a relatively
small, mobile operation and that source 1 will be the more representative of a scaled-up
operation at Rawdat Rashid. The weighted averages are used in calculating the aggregate
contributions to the derived products, concrete and asphalt, in Table 8-8 and in the water
footprint calculations. The results are discussed below for the local vs. imported aggregate
and also for the derived products.

8.2.8.1 Imported vs. indigenous sources of aggregate

The carbon footprint of imported aggregates (on average 10.43 kgCO.e per tonne) was higher
than any local source of aggregate, which ranged from 1.7 kgCO.e/t for washed sand to 8.2
kgCO2e/t for local limestone. Much of the additional impact associated with the imported
aggregates originates from the shipping that is required from the Musandam Peninsula to
Qatar. The primary aggregate source with a quarry on the largest scale (imported source 1)
demonstrated the benefit of scale in operation. This quarry had a high energy efficiency at
15.3 MJ/t, achieved primarily through using electricity in its energy mix.
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One source of recycled aggregates had the lowest energy efficiency at 76.6 MJ/t, utilising
diesel as its sole energy source in a relatively low scale operation, producing just 200,000
tonnes per annum. However, the larger-scale recycled source was more energy efficient at
29.1 MJ/t. The efficiency of recycling improves if scaled-up to produce greater quantities in
a more continuous operation, as the case at Rawdat Rashid. Carbonation of concrete is a
process that may further decrease the carbon footprint of aggregates derived from recycled
concrete during its secondary lifetime. This would further enhance the relative savings of
recycled aggregates over primary aggregates in a full life cycle study, cradle-to-grave.

Recycled aggregates had a carbon footprint of 3.0 kgCO,e/t on average, which represents a
saving of 71% on imported aggregates. However, local sources of aggregate do not yet directly
replace imported sources in terms of function, with local limestone primarily used in unbound
applications and imported sources applied in bound applications including concrete and
asphalt. This is with the exception of local washed sand, which is suitable for all applications,
is low impact in carbon terms and high in energy efficiency at 12.1 MJ/t.

8.2.8.2 Derived products — carbon

The asphalt and ready-mix products combine imported aggregates with other components to
form bound products for use in civil engineering applications. The applications are largely
divergent, with asphalt primarily used in highways and concrete destined for a range of other
construction applications. Concrete can be used in highways as a GGBS C40 concrete product
though the clear advantage in carbon terms lies with asphalt cradle-to-gate.

Asphalt products had fairly similar carbon footprints with wearing course slightly higher due
to a small additional fraction of imported bitumen. The footprint of wearing course including
polymer-modified bitumen (PMB) is 25% higher, demonstrating the additional impact that a
relatively small fraction of polymer adds to the mixture. The base course asphalt including
RAP had the lowest impact and a 7% saving on a like-for-like product; this benefit could
increase if RAP logistics are fully optimised i.e. RAP comes directly from currently milled, local
roads without stockpiling that requires double-handling.

The ready-mix concrete products showed a much greater difference, with PC C40 concrete
over two times more impacting than GGBS C40 concrete (144 kgCO2e/t compared to 69.6
kgCO2e/t). This reflects the lower content of Portland cement in the GGBS C40 concrete,
where 65% of PC is replaced by GGBS; an industrial by-product of the steel industry. This
analysis indicates the importance of utilising industrial by-products as substitutes for primary
products wherever possible. The concrete mixtures utilising 100% Wadi gravel and 20%
recycled aggregates respectively did not translate into appreciable savings, with the carbon
footprints on a par with the PC C40 concrete product.
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8.3 Water Footprint

Water footprinting is also a life-cycle based methodology, similar in some respects to that
used to measure carbon footprints, but instead measuring the total volume of fresh water
used by defined populations, organisations, products or services. However, whereas carbon
footprinting measures a single impact category, contribution to climate change, a global
indicator measured in carbon dioxide equivalents, measurement of a water footprint also
requires assessment of the geography of water use; the availability of fresh water in locations
where abstractions take place, where used (or polluted) water ends up and the potential
impact that this may have. The methodology of the International Standards Organisation’s
standard Environmental management — Water footprint — Principles, requirements and
guidelines (ISO 14046:2016) is applied to produce water footprints. This is supplemented with
guidance from the Water Footprint Assessment Manual (Hoekstra et al., 2011).

8.3.1 Quantifying the Water Footprint of Aggregate Sources

So far, the impact of water use in the supply chain of aggregates has been evaluated in terms
of the contribution that it makes to climate change, in the overall carbon footprints of
aggregates and mineral-derived products. Expressed in this way, water makes a relatively low
contribution to the overall product footprints, even if the water consumed originates from a
desalinated source. Sustainable water management is a particular priority for Qatar, given the
scarcity of water, low natural rates of replenishment and the infrastructure required to ensure
fresh sources are maintained. A comprehensive overview of Qatar’s water resources and
consumption is provided by Alhaj et al. (2017).

In this section, water consumption is evaluated in a different way; through water footprinting
of products. Here the high-level water consumption figures inventoried in the questionnaires
for fuel, electricity and ancillary consumption (Table 8-7 and Table 8-8) are classified by type
and explored geographically. Using a similar method by which the ‘embodied’ carbon has
been calculated, the ‘virtual’ water stored in aggregate products can be also calculated, with
contributions from energy use, transport and component products all evaluated. The virtual
components of the water footprint are otherwise known as the ‘indirect water footprint’ and
effectively measure the water consumption of the supply chain used to produce the
aggregate products.

8.3.2 Water Use in Aggregate Products

The components of water use in relation to aggregate products are presented in Table 8-12.
Geographically, each component of water consumption can be either domestic or overseas.
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Table 8-12 Components of the overall water footprint evaluated

Component Description Data source

Direct water use, sourced Recorded at site, sourced via questionnaires.
from groundwater aquifers
or desalination plants.

Indirect water use Mekonnen et al. (2015)
assou'a'.ced i) fl{el o' Gerbens-Leenes et al. (2018)
electricity consumption or

production (well-to-tank).

Indirect water use Gerbens-Leenes et al. (2018) (cement and GGBS)
embodied in component or

) . Eurobitume (2011, 2020) (bitumen)
ancillary materials.

The Norwegian EPD Foundation (2018) (explosives)
EFCA (2015) (superplasticiser)
Indirect water use Mekonnen et al. (2015)

sl . i) Gerbens-Leenes et al. (2018)
transportation.

The overall water footprint ~ WFroraL = WFp + WFe + WFe + WFr

8.3.3 Direct Water Use Classification

ISO 14046 requires water use to be classified by source, form of use, geographical location of
source and discharge, and any impact on water quality through use. This analysis is presented
for each product in Table 8-13. The table reports ‘direct’ water use during production (WFp),
used to wash away fines, in dust suppression and, in the case of concrete, product integration.
A few examples of water use in aggregate production are provided in Figure 8-1 to Figure 8-3.
Where an otherwise potable or ‘sweet’ source of water is used, this is coloured blue. This
‘blue water’ consumption reflects depletion of a ground or surface water source (Hoekstra et
al., 2011). Where desalinated water is used this has also been classified as blue water
consumption, given that this source of water is not freely available and requires an input of
energy to replenish; it is a form of ‘consumptive’ water use.

TSE water use is not classified as blue water consumption since this practice makes effective
use of a waste product that might otherwise be disposed of to a lagoon or deep-injected into
a non-freshwater aquifer. The ‘form’ of water use is the destination for used water. The
predominant destination is evaporation which would be expected given the nature of
quarrying operations and climatic conditions; the impacts of this are explored later in the
section on grey water below. In the operations that use significant quantities of TSE (Wadi
gravel and washed sand), effective processes have been implemented to capture and recycle
80% of the TSE used, using filter presses and flocculants to remove clay particles. The residue
from the filter press itself forms a useful product for agricultural use. Only the ready-mix
operation produces waste water at a rate of 0.55 litres per tonne of product that enters foul
sewers and needs treatment.
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Table 8-13 Classification of direct water use for products

Product Water WFp Direct water Form of water use
consumption  (litres/tonne) source(s)
((IWAZET))

Gabbro - source 1 3.41 Groundwater Evaporation
Gabbro - source 2 59.10 17.28 Groundwater Evaporation
Gabbro - source 3 0.03 0.02 Groundwater Evaporation

Local limestone 45.60 TSE 0 Desalination/ Evaporation
TSE
Wadi gravel 96.00 TSE 0 TSE Evaporation/Recycled
with a filter press
Washed sand 804.00 TSE 0 TSE Evaporation/Recycled
with a filter press

Recycled — source 1 27.28 TSE 0 TSE Evaporation
Recycled - source 2 0 0 None -

Ready mix concrete 11.36 27.44 Desalination  Product integration/
Waste water treatment

m 10.80 TSE 0 TSE Evaporation

Figure 8-1 Water use in a gabbro quarry to suppress dust




Figure 8-2 Production of washed concrete sand in Qatar

Figure 8-3 Water used for washing of recycled aggregate




8.3.4 Indirect Water Use

Each product also has a demand on water use that is ‘indirect’, that is embodied within the
product. This form of water use derives from the use of energy, either directly consumed or
consumed in forms of transport, and from consumption of component or ancillary materials,
which themselves have required water to produce. Indirect blue water use can be calculated
using factors akin to emissions factors for carbon, using the data sources presented in Table
8-12. The water footprints of various energy sources are important here.

Electricity has a blue water footprint of 4.241 m3/GJ, whereas crude-derived fuels are 0.080,
0.028 and 0.002 m3/GJ for diesel, fuel oil and LPG respectively. This is an immediate
differential for products that utilise electricity as opposed to fossil fuels in production. An
analysis has been conducted for each product using the raw data collected from aggregate
producers. The results are presented in Table 8-14.

Table 8-14 Indirect water use for products

Product WFF (fuel & WF: (embodied WFT WFINDIRECT
electricity components) (transport)

(litres/tonne)

10.80 0.41 1.25 12.46
4.89 0.48 2.87 8.23
3.77 7.45 4.30 15.52
7.59 2.76 2.50 12.86
5.89 1.49 0 7.38

126.94 0 0 126.94
20.39 0.02 0 20.41
0 6.13

35.18 419.44 3.30 457.92
35.18 316.04 3.06 354.28
35.18 483.71 3.29 522.18
PC C40 20% recycled 35.18 420.81 3.11 459.10
1.98 28.34 1.05 31.37
1.98 312.16 1.05 315.19
1.98 27.29 1.05 30.32

Base course asphalt — 15% RAP 1.98 27.41 1.05 30.44




8.3.5 Total Water Footprints

Combining direct and indirect water footprints gives the total water footprints for each
product in Table 8-15. These are provided in litres per tonne and also in the more common
unit of cubic metres per tonne. Whilst not strictly part of a water footprint calculation
according to ISO 14046, total TSE use per product is also provided in litres per tonne so that
issues around sustainable water management can be discussed later.

Table 8-15 Total water footprints

Product WFnpirect WFp WFrotaL WFrotaL WFrse

(litres/tonne) (m3/tonne) (I/tonne)

12.46 0.28 12.7 0.01 0
8.23 17.28 25.5 0.03 0
15.52 0.02 15.5 0.02 0
12.86 2.67 15.5 0.02 0
7.38 0 7.4 0.01 29.23
126.94 0 127.0 0.13 123.08
20.41 0 20.4 0.02 118.24
2.33 0 2.3 0.00 18.18
6.13 0 6.1 0.01 0
2.77 0 2.8 0.00 16.05
457.92 27.44 485.4 0.49 38.16
354.28 27.44 381.7 0.38 37.61
522.18 27.44 549.6 0.55 93.75
459.10 27.44 486.6 0.49 37.61
31.37 0 31.4 0.03 6.00
315.19 0 315.2 0.32 6.00

0

0

Base course asphalt 30.32 30.3 0.03 6.00
Base course —15% RAP 30.44

30.4 0.03 6.00

8.3.6 Grey Water

Whilst not sub-divided in ISO 14046, the Water Footprint Assessment Manual (Hoekstra et
al., 2011) sub-divides the overall water footprint into three components, made up of blue,
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green and grey water. The blue water component derives from surface and groundwater and
has been calculated in Table 8-13 to Table 8-15. As previously stated, TSE use has been
evaluated but does not form a part of the blue water footprint. The green component of water
use would reflect water from precipitation on land that does not run off or recharge the
groundwater but is stored in the soil and can be consumed to produce crops. This component
of water consumption is not relevant to the life cycles of aggregate products. The final
component, grey water, is defined as the volume of freshwater that is required to assimilate
the load of pollutants based on natural background concentrations and existing ambient
water quality standards (Hoekstra et al., 2011) (ibid.) i.e. the volume of water that is required
to dilute pollutants back to harmless levels. Grey water could be relevant to industrial
processes including aggregate, asphalt and concrete production.

The scope of this study did not extend to evaluating the water quality of waste water that
might be deposited on land after use in quarry processes, or disposed of to foul sewers in the
case of concrete production. However, a useful insight into grey water evaluation and its
relevance to aggregate product cycles can be gained from other published sources, such as
Gerbens-Leenes et al. (2018) who evaluated the total water footprints of both ordinary and
composite Portland cement (CEM 11/B).

The overall grey water footprints of cement and composite cement are very similar and both
are dominated by the contribution of gypsum. In the published source (Gerbens-Leenes et al.,
2018), gypsum is obtained from flue gas desulphurisation (FGD) and is allocated some of the
impacts from this polluting process that is primarily associated with power generation. It can
be argued that this allocation of impacts to a secondary product should not take place, but
the gypsum does have an economic value and therefore takes on some of the impact. If
gypsum were obtained from a mine, then its grey water impact would be lower and the grey
water footprint of cement would be greatly reduced.

Part of this grey water contribution could be embodied into the overall water footprint of
ready-mix concretes, which include around 150 kg of cement or composite cement per tonne
in their mixture recipes. The volumes of water needed to dilute chemical pollutants arising
from the cement production process in litres per tonne of cement are also provided by
Gerbens-Leenes et al. (2018). If these contributions are totalled up, then the uplift of
approximately 112 m3/tonne of ready mix would hugely outweigh the blue water
contribution. For this reason, the grey water contribution is not included in the overall
footprints presented here.

A further point to note here is that the grey water contributions from mining
limestone/dolomite, mining sand and crushing & washing limestone, all are zero at the
accuracy reported. This suggests that the grey water component of other aggregate products
evaluated is likely to be negligible.

8.3.7 The Geography of Blue Water Consumption and Virtual Water Flows

The overall blue water footprints (WFroraL) presented in Table 8-15 also have a geographical
component that can be used to provide an insight into the pressures the aggregate life cycles
exert on particular groundwater sources. In order to conduct this analysis it is necessary to
assume that any fuel consumed within Qatar, for industrial processes or transportation, also
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originates in Qatar, whether electricity, gas or crude-derived products. This seems a
reasonable assumption given Qatar’s wealth of these resources. Water statistics (PSA, 2018a)
seem to confirm that water from either ground or desalinated sources are the principal
sources of water used in the oil & gas industry and electricity generating industries. The
geographical demand on blue water resources, split between domestic and overseas sources
is presented in Table 8-16.

Table 8-16 Geographical split of blue water consumption for aggregate products

Product WF (domestic) WF (overseas) WFrotaL
(I/tonne) % (I/tonne) % (I/tonne)

0.10 1% 14.63 99% 14.7
0.10 0% 4754  100% 47.6
0.10 1% 15.44 99% 15.5
0.10 1% 19.71  100% 19.8
7.38 100% 0 0% 7.4
126.94  100% 0 0% 127.0
20.41 100% 0 0% 20.4
2.33 100% 0 0% 2.3
6.13 100% 0 0% 6.1
2.77 100% 0 0% 2.8
28.84 6% 439.76  94% 468.6
30.20 7% 335.00  93% 365.0
PC C40 100% Wadi gravel 14.18 3% 516.72  97% 531.7
25.50 5% 44400  95% 469.6
33.15 93% 2.32 7% 35.5
316.95  99% 2.32 1% 319.3
32.11 92% 2.32 8% 34.4

Base course asphalt — 15% RAP 28.18 81% 5.79 19% 34.0

The analysis indicates that, for imported gabbro aggregates, the majority of water demand
resides overseas, whereas for local sources of aggregates the demand on water resides
domestically. For the derived products, ready mix demands are principally domestic, with the
exception of the imported aggregates used. For asphalt, the demand is largely overseas, given
the imported sources of aggregates, bitumen and polymers that it utilises. Some sources of
blue water demand are hard to pinpoint in terms of location (e.g. for imported bitumen),
however, much of demand can be more or less identified to two principal aquifer systems,
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alongside desalination plants. Qatar’s water statistics (PSA, 2018) indicate that, in 2016, 71%
of blue (or freshwater) came from desalinated sources, with the remainder from
groundwater. The main groundwater source is the Umm er Radhuma-Dammam (Central)
aquifer system (see Figure 8-4; UN-ESCWA and BGR, 2013) that is also exploited by Bahrain
and parts of Saudi Arabia. The Umm er Radhuma-Dammam aquifer has hydraulic continuity
with the Rus formations in north and south Qatar.

Imported aggregates originating in the Musandam Peninsula utilise water from Umm er
Radhuma-Dammam Aquifer System (South), a source of groundwater situated under Oman,
Saudi Arabia, UAE and Yemen (see Figure 8-5, ibid.). Abstraction takes place in the Dhofar-
Najd region common to both Oman and the UAE. Oman, for example, relies more heavily
(92%) on this groundwater source for blue water than desalination (Oman Water Society,
2014).

UN-ESCWA and BGR (2013) report the Umm er Radhuma-Dammam (South) aquifer system to
be more sustainable than the Umm er Radhuma-Dammam (Central) system. Over-abstraction
locally is still apparent in the Southern aquifer with overall levels dropping year-on-year.
However, the Central system already shows signs of significant depletion and a drop in the
water table that make it unusable in some locations.
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Figure 8-4 The Umm er Radhuma-Dammam (Central) aquifer
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Figure 8-5 Umm er Radhuma-Dammam (South) aquifer

This analysis highlights the potential issues with importing products. The geographical burden
of water abstraction shifts from one nation to another and, in this case, from Qatar that is
classified at ‘extremely-high’ in terms of baseline water stress, to Oman and UAE that are
classified at ‘high” water stress in the region where aggregates are quarried (World Resources
Institute, 2019). Importing aggregates, whilst a contributor, is not likely to push Oman and
UAE into higher levels of water stress as a solitary factor. More water-intensive industries
such as agriculture that also export from the Musandam Peninsula are likely to have a more
critical effect.

8.3.8 Discussion

Water is used directly in dust suppression and washing operations in the aggregates supply
chain and to mill asphalt at end-of-life. Water is also added to cement to facilitate the
chemical process of hydration in concrete. These processes are examples of direct water use
from either a blue (groundwater or desalinated) source, or utilising TSE. Imported aggregates
and cement produced locally used blue water that might otherwise be used for drinking water
whereas the domestic aggregate processors mostly used TSE, which might be upheld as
sustainable practice, given that Qatar has clear strategies to make better use of TSE rather
than disposing of it. Domestic gravel and sand operations also seek to mitigate their relatively
high use of TSE by further recycling 80% of it on site and this should be upheld as ‘best
practice’.
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Use of water to process aggregates in overseas quarries varied quite considerably between
0.02 and 17.28 litres per tonne. This may highlight a problem in data collection at one source
or quite possibly that water use is in fact not measured with any degree of accuracy,
potentially treating water as an unlimited commodity in these operations.

Fresh water is used in concrete with the mixture in terms of setting time and strength,
corrosion of reinforcement, staining and reduced durability. Fresh water for concrete
production must meet the requirements of the Qatar Construction Specifications (2014)
and/or BS EN 1008 (2002). An interesting analysis to conduct in further work would be to see
if TSE or other sources of industrial waste water can meet these standard requirements to be
used in concrete mixing and further limit the use of freshwater in this sector. A similar analysis
would be useful for the use of TSE in road milling machines that are currently modelled using
blue water.

No direct water use was reported in relation to the smaller-scale aggregates recycling
operation. This is feasible given that it is a mobile operation, working potentially on one
homogenous source of RCA or EW waste at a time. With a water footprint of 6.1 I/t, the
relative saving of this operation over imported aggregates (15.5 I/t) is 61%. However, it is
common practice in recycling operations to remove contaminants using water, as used in the
larger-scale recycling operation. This larger plant directly used 18.2 litres of water per tonne
of product and had an overall water footprint of 20.5 I/t. This is indicative of how much water
a scaled-up operation at Rawdat Rashid may consume and is on a par with other domestic
sources of aggregates. Should recycling be scaled up at Rawdat Rashid to deal with
heterogeneous sources, washing operations may need to be integrated to promote the
quality of the recycled aggregates. If this is the case, then the water source should be TSE, as
has been modelled in this assessment.

Conducting a full water footprint analysis on the aggregate supply chains allowed indirect
water use to be highlighted, demonstrating that each aggregate product contains ‘hidden’ or
embodied flows of water associated with it. These indirect flows are demands on water used
to produce the product arising from energy consumption, transportation, component
materials and ancillary material use. Most of these additional blue water flows also have a
geographical component that can be pinpointed to particular water sources.

The overall water footprints associated with the aggregate products ranged from 6.1 I/t for
one source of recycled aggregates to 485.4 |/t for one PC C40 concrete. Most aggregate
sources did not exceed 20 I/t, with the main exception being Wadi gravel at 127 I/t,;
something that can be attributed to high use of electricity in production as opposed to other
crude-derived fuels. Water in electricity use is high due to the use of steam to drive turbines
and act as a coolant.

The water footprints of the concrete products were an order of magnitude higher than any of
the other products, with the exception of polymer-modified asphalt and this was mainly due
to the water use associated with Portland cement production. To reduce water use associated
with bound products, asphalt should be the selected material where it can act as a direct
substitute (e.g. in road construction). In this respect polymer modification should be carefully
matched to the application, since this increases the impact of asphalt tenfold. For the ready-
mix concrete products, there a small saving is observed for the 20% recycled product over the
conventional PC C40 concrete product. The Wadi gravel footprint remains high due to the
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electricity use at this production site. Despite the high calculated water footprint for concrete
products, these are still considerably lower than the blue water footprint for unalloyed steel
which amounts to 11,830 L/t (Gerbens-Leenes et al., 2018). Grey water footprints were also
investigated and were found to be potentially significant for the mineral-derived products,
depending on the source of gypsum used.

8.4 Cost Savings

For effective implementation, recycling needs to be justified financially as well as
environmentally. The initial cost of a material is a major factor on the decision of its use. In a
country like Qatar, with high aggregate demand and shortage of local supply, the price of local
materials, including recycled aggregate, would be expected to be cheaper than that of
imported gabbro. The main cost savings will be in the transport and handling of imported
materials. Other factors that could affect the price of recycled aggregate are availability,
processing costs, and incentives.

The availability of materials has a significant impact on price, with larger quantities resulting
in cheaper prices. The quantity of construction waste estimated at Rawdat Rashid Recycling
site is within the range of 60-80 Mt (NDS-2, 2018; Hassan et al., 2016), which could provide a
sustainable supply of materials for large investment. The long-term agreement set between
the MME and QPMC, chapter 2, and the participation of the private sector (PPP investment)
can make a major impact in the aggregate supply in Qatar. Provided that a consistent quality
of recycled aggregate is available locally in compliance with the specification requirements,
there will be less reliance on imported aggregates.

One of the main challenges facing the consistent supply of recycled aggregate is the variability
of construction waste materials, which are obtained from a number of different sources. This
variability requires greater efforts in processing with impact on both the quality and price of
the final recycled products. For example, processing of mixed CDW materials will require
greater efforts in separation, crushing, screening and washing when compared to a relatively
clean EW aggregate that will only require crushing and screening. The recovery rate from the
processing of clean waste materials will be also higher than the rate from mixed and non-
segregated wastes. The MME initiative of pre-demolition audits (Section 3.3.3) will minimise
waste contamination and maximise recovery rate. The QPMC plan to introduce washing
facilities for mixed CDW at Rawdat Rashid will also improve the quality and recovery rate of
recycled aggregate but will increase the processing cost.

Introducing a revenue from waste generation and disposal can assist the government to send
less material to landfill and recycle more. Many countries are currently applying tipping fees
for the disposal of waste materials. This fee could be applied to Qatar with the aim of
improving the quality of recycled aggregate. In Kuwait, a tipping fee is applied for each truck
dumping demolition waste at the rate of 4-6 KWD/truck, which is equivalent to 50-75
QR/truck. The fees are paid to the contractor processing the recycled materials. In Europe,
many governments have set targets for the reduction of waste going to landfill and imposed
taxes on material sent to landfill. These taxes are in addition to the tipping fees charged by
the landfill site operators. These policies are driven by a shortage of landfill capacity as well
as a desire to be more sustainable. This is a situation that Qatar is likely to find itself in fairly
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soon if it continues with the present policy of allowing contractors to send material to tip
without any charges or taxes.

The government could make a large contribution to encouraging recycling by imposing taxes
and/or tipping fees on material sent to landfill. The taxes/charges should be related to the
potential harm to the environment and ease of recycling; thus, inert materials, like excavation
waste or clean concrete, would be taxed at a low rate whereas mixed CD&EW would be
charged at a higher rate. Hazardous materials, such as asbestos, should not be permitted at
general sites such as Rawdat Rashid, but should be sent to special sites where they can be
handled safely.

In the UK there are two rates of landfill tax:

e The lower rate of £2.65/tonne (approx. 13 QAR/tonne) for inert materials (e.g. clean
concrete or excavation waste);

e The standard rate of £84.40/tonne (approx. 420 QAR/tonne) for other waste,
including mixed CD&EW with wood, paper, plastic, metal and other contaminants.

The landfill tax was first introduced in 1997 in the UK and the standard rate has risen very
considerably over the last 20 years. Introducing an initial landfill tax at fairly low rates, with a
commitment to increase rates over time to discourage sending waste to landfill and
encourage recycling, combined with the other initiatives for the uptake of recycled
aggregates, would send a strong signal to the construction industry that the government wish
to see a change in the current practice of sending everything to landfill. This is in line with
government policy of economic development without damage to the environment as set out
in the Qatar National Vision 2030.

8.4.1 Recycled Aggregate vs. Primary Aggregate

As part of the sustainable supply of recycled aggregate, QPMC regulated the prices of both
primary and recycled aggregate and made the prices publically available on their website.
Table 8-17 lists the prices of imported gabbro and recycled aggregate sold by QPMC (QPMC,
2021). It also includes the prices of local limestone aggregate, traditionally used in subbase
and fill applications, and processed Wad gravel.

Table 8-17 shows the prices of 77.00 QR/t for imported gabbro and 40.00 QR/t for local
limestone aggregate. Gabbro is currently used as aggregate for asphalt, concrete and pipe
bedding applications, whereas local limestone aggregate is mainly used in road base and
subbase unbound applications and low strength concrete products. A cost saving of 48% could
be achieved when replacing imported gabbro by local limestone aggregate, provided the
latter satisfies the specification requirements. However, the local and recycled materials
cannot replace imported gabbro entirely; in concrete and asphalt, for example, they are not
permitted for use in asphalt wearing course applications. Other materials, such as Wadi
gravel, are only available in limited quantities.

The price of local sand is relatively cheap at QR 22.00 per tonne, compared to other aggregate
materials. The material is collected from sand deposits and processed through washing for
the removal of clayey and other fine particles. The oversize material of Wadi gravel is almost
double the price of washed sand, mainly due to the additional processing of crushing and
washing for the removal of adhering gypsum and reducing the sulfate content to acceptable
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levels for use in construction. With the increased processing cost of Wadi gravel, the material
offers a 35% cost reduction in comparison to the price of imported gabbro when used in
concrete applications.

Table 8-17 Prices of primary and recycled aggregate materials (QPMC, 2021)

. Cost saving relative to
LT G el ) imported gabbro (%)

Imported gabbro 77.00 -

Local limestone (Primary) 40.00 48%
Washed sand 22.00 -

Wadi gravel 50.00 35%
Local limestone (Recycled, EW) 11.00 73%
Recycled aggregate for asphalt (RAP) 49.50 36%
Recycled aggregate for concrete 20.00 74%

Aggregate for pipe bedding 20.00 74%

The greatest reductions in aggregate prices are for the recycled aggregates, as shown in Table
8-17. A cost saving in the range of 36 % to 74 % can be achieved by replacing conventional
primary materials. For example, the use of recycled EW aggregate to replace local limestone
aggregate will reduce the aggregate price by 73%. Similarly, the use of recycled aggregate to
replace imported gabbro in concrete and pipe bedding applications will result in 74% cost
saving of the aggregate prices. A cost saving of 36% is achieved when RAP aggregate is used
to replace gabbro in asphalt pavement.

8.4.2 Prices of Aggregate-Derived Products

Asphalt, concrete and unbound subbase were selected as the aggregate-driven products for
the comparison of cost savings associated with the use of recycled aggregates. These
construction materials are widely used in Qatar and can uptake large quantities of recycled
aggregate. Aggregate is probably the cheapest ingredient of these products but occupies
greater than 85% by weight of each product. Therefore, a reduction in the aggregate price
will be expected to reduce the price of the derived product. The unit price per tonne of each
product is given in Table 8-18 for the selected construction applications.

The Ashghal Recycling Manual (2021) permits the use of maximum 15% RAP in asphalt base
course (BC) layers, without modifying the mix design (JMF). RAP is not permitted for use in
wearing course (WC) applications. The results in Table 8-18 show that the cost of asphalt
mixture made with 15% RAP is 192 QR/t, compared to 197 QR/t for the conventional asphalt
mixture made with 100% gabbro aggregate. A cost reduction of 3%, which is relatively small
compared to the cost saving values for the aggregate prices, Table 8-17. However, RAP is
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available in large quantities and this could lead to significant cost savings if it is widely used
in base course.

An identical cost saving of 3% is found with the use of 20% recycled aggregate in C40 concrete.
Table 8-18 shows the prices of C40 concrete with and without 20% recycled aggregate are
315 QR/t and 306 QR/t, respectively. Increasing the aggregate replacement level to 100% of
Wadi gravel resulted in a cost reduction of 10% in C40 concrete. The greatest cost saving in
Table 8-18 is 47% and is related to the use of recycled subbase materials as opposed to
subbase made with natural limestone materials. Recycled aggregate, consisting of EW and
RCA, will be available in large quantities from Rawdat Rashid, so the bulk use of these
materials will lead to significant cost savings overall.

Table 8-18 Prices of aggregate-derived construction products (reworks)

Unit cost Cost savings
(QR/t) (%)

Asphalt Asphalt wearing course (bitumen 60/70) 198 =
products

Base course asphalt BC-A 197 -
Base course asphalt — BC-B 15% RAP 192 3%
Concrete Concrete — C40 OPC Normal 315 -
Concrete — C40 100% Wadi gravel 284 10%
Concrete — C40 20% recycled aggregate 306 3%
Subbase Subbase (Primary aggregate, unbound) 44.00 -

Subbase (Recycled aggregate, unbound) 26.00 47%

Whilst the cost savings of recycled aggregate prices ranged from 35% to 74% compared to the
prices of primary materials, the equivalent cost savings were between 3% and 10% for asphalt
and concrete mixtures, and 47% for subbase applications. The different in cost savings is
attributed to the proportion of recycled materials used in each application, the cost of other
ingredients, and other costs related to the transporting of materials to the plant, handling,
and mixing of the materials. The greatest cost saving of subbase material was obtained from
the regulated QPMC prices for recycled aggregate and products, whereas the cost of asphalt
and concrete mixtures were obtained from individual mixing plants. More reduction of the
prices of asphalt and concrete mixtures, made with recycled aggregate, will be expected with
the wider uptake and use of recycled materials in practice.

8.5 Summary

Carbon and water footprint analysis were carried out on Qatar’s aggregate sources and eight
mineral-derived products, cradle-to-gate. A feasibility study was also conducted to assess the
prices of recycled aggregate and derived products compared to conventional construction
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materials. Whilst there is no specific requirement in the NDS-2 on carbon emissions and water
consumption of construction products, such analyses have been proved feasible to conduct
and provide relevant information to support the delivery of government strategy of
sustainable development. Some of the practices observed can contribute to meeting the
objectives of NDS-2, particularly use of TSE in domestic aggregate production and recycling of
construction waste to produce recycled aggregates. In the aggregates sector, an effective
climate change response in the absence of using fewer aggregates overall, would be to
substitute use of imported aggregates with as many local or recycled aggregates as possible,
since clear carbon savings and cost savings are associated with the local sources.

To reduce overall water use, there is also a benefit associated with using recycled aggregates
in place of primary aggregates in unbound applications, whether imported or local. If the
operation at Rawdat Rashid is scaled-up and requires more heterogeneous sources of CDW
and EW to be washed in processing to remove contaminants, this advantage will be
maintained only if the water consumed is TSE.

Where there is a direct choice between asphalt and concrete, asphalt should be selected since
it has both significantly lower carbon and water footprints per tonne, notwithstanding
durability aspects. Introducing reclaimed asphalt in new asphalt mixtures has a benefit in
terms of carbon footprint and causes no additional water consumption overall, even if
groundwater is used to mill the expired asphalt. It is however logical to explore whether TSE
can feasibly be used in road milling machines to avoid unnecessary freshwater use. The same
effect is observed in concrete mixtures that include recycled aggregates but to a lesser extent.
The use of 15% RAP in asphalt or 20% recycled aggregate in concrete results in only 3% cost
saving. When 100% of Wadi gravel is used to replace imported gabbro, the cost saving of
concrete is 10%. More reduction in the cost of recycled aggregate-derived products is
expected with the wider implementation of recycling and regulating the prices of recycled
products, similar to the QPMC approach. Even the relatively small cost reductions of 3% to
10% reported above amount to significant overall cost savings when used in large quantities
in widely used construction materials such as asphalt and concrete.

Enhanced use of composite cements should be promoted in appropriate applications to
reduce the use of Portland cement which is the highest consumer of water in any of the
product supply chains, contributing 60-70% to the overall footprint. The water footprint of
concrete products, which is a magnitude higher than any other aggregate product, may
further be lowered if TSE or other industrial wastewater of consistent quality could substitute
some of its freshwater demand, particularly in cement production. It is recommended that an
analysis is conducted to determine the feasibility of this substitution. Greater use of cement
replacement materials such as GGBS or FA would also reduce the carbon footprint of
concrete, while improving durability.

The geographical analysis of the blue water demand of the product supply chains highlighted
the particular challenges encountered in the Gulf region with regards to the sustainability of
groundwater resources in aquifers. This problem is bigger than the aggregates supply-chain
alone and will apply to many imported products, whether sourced regionally or globally. An
holistic and internationally-coordinated approach will be required to find a sustainable
solution to this problem.
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9 Towards Wider and more Efficient Implementation

The previous chapters covered the government’s vision, strategy and initiatives to achieve
sustainable development in the construction industry through the efficient use of natural
resources and the use of recycled aggregate. A national target has been set to recycle 20% in
government projects by 2020. Enabling specifications, guidelines and manuals have been
published to facilitate the use of recycled and alternative aggregates in construction. A
sustainable supply of recycled aggregate is guaranteed by QPMC through their long-term
agreements with MME and Ashghal to manage and process construction wastes at different
locations.

Case studies on the successful uptake and implementation of recycled and alternative
aggregates in various construction applications are presented. The main durability concern
on the performance of recycled aggregates in service, within the aggressive exposure
conditions in Qatar, is addressed from site investigations with up to 5 years real exposure
conditions. This chapter focuses on the wider and more efficient use of recycled and
alternative aggregates in construction. It reviews potential technical and non-technical
barriers that can inhibit the wider utilisation of recycled aggregate and proposes practical
solutions on how to overcome them to achieve the government’s recycling target.

9.1 Quality of Recycled Aggregates

As discussed in chapter 2, construction waste accounts for approximately 80 % of solid waste
generation in Qatar, which is literally 8 Mt per year. In additional, over 80 Mt of construction
waste are accumulated in landfill sites. Mixed CDW occupies by far the greatest volume of
construction waste in landfill sites. Compared to other recycled aggregates of RAP, EW, and
RCA, mixed CDW materials are composed of different quantities of concrete, bricks, gypsum
products (e.g. plasterboard and building plaster), asphalt, ceramic products, glass and metal.
They can also contain lightweight materials of wood, paper, cardboard, plastic, and cloths
that can impact on the quality of recycled products. The composition of CDW aggregates
highly depends on their source and the processing method. The diversity of the construction
materials and methods mean that mixed CDW will change in quality and composition, which
will produce recycled aggregate of varying quality. Much greater effort —and hence cost —is
therefore required to produce quality recycled aggregates from mixed CDW compared to
single material types such as RAP, EW, RCA and steel slag.

Standards and specifications tend to restrict the composition of recycled aggregate, and to
limit the amount of foreign and lightweight materials in construction. For example, the QCS
2014 permits the use of EW and RCA up to 20 % and 50 % by aggregate weight in structural
and non-structural concrete, respectively. Where the recycled aggregate is derived from
mixed CDW, the material is not permitted in structural concrete and the maximum fraction is
25% in non-structural C25 concrete. Similarly, the Ashghal Recycling Manual (Ashghal, 2021)
allows up to 100% EW in unbound road base and subbase applications. However, the
maximum level of recycled aggregate derived from mixed CDW is limited to 30 % in road base
and 50 % in subbase applications.

Considering the large quantities in Qatar, there is an urgent need for a quality protocol system
to control the consistent supply of CDW materials. Separation of CDW materials at source
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produces higher quality aggregate, fewer contaminants, lower processing cost, and a higher
recovery rate than mixed CDW materials.

To provide more confidence in the quality production of recycled aggregate, there is a need
to certify the QMS and the recycled products by an independent body. The certification
system will enable an independent review and inspection of the production process and final
products, and their compliance with the QMS and relevant specifications. Currently the
Ashghal Quality and Safety Department (QSD) performs quality audits on asphalt plants and
testing laboratories in Qatar, with updated lists of approved asphalt suppliers and testing
houses for use in Ashghal projects. The QSD has the relevant expertise and facilities to carry
out the audits on recycled aggregates and perform the required conformity testing in their
Ashghal Centre for Research & Development testing facilities. There is no doubt that the QSD
audit and certification of recycled aggregates, generated by QPMC and their partner
contractors, will greatly support the wider acceptance and uptake of recycled aggregate in
Ashghal projects.

Recommendations on improving the quality of mixed CDW at source and during processing
are discussed in the following sections.

9.1.1 Code of Practice for Mixed CDW

The current MME plan to introduce demolition permits and pre-demolition audits to
maximise waste recovery can be included into a Code of Practice with the aim of reducing the
overall amount of waste, increasing the recovery of materials, and improving recycling
efficiency. The Code of Practice will help in maximising the amount of inert demolition waste
that can be recycled as aggregate and to achieve the national target of 20% recycling by 2022.
The operation of the Code of Practice is illustrated in Figure 9-1 and will include the following
actions:

9.1.1.1 A Demolition Permit:

Prior to being granted a demolition permit, the contractor must carry out a pre-demolition
audit of the building/structure to be demolished. The pre-demolition audit will identify
materials that can be removed for reuse or recycling, such as furnishings and fittings, false
ceilings and floors, partitions, air conditioning units and other mechanical plant. The audit
should also identify the possible presence of any hazardous materials such as asbestos. If
necessary, specialist surveys should be carried out to establish whether hazardous materials
are present and to identify the correct procedures for removing them prior to demolition.

9.1.1.2 Pre-demolition Audit

The pre-demolition audit should identify the main structural features of the building and
enable an estimate of the total amount and nature of demolition waste to be made. The
contractor should plan the demolition to maximise the quantity of high quality, segregated
material — clean concrete, blocks, bricks, etc. — that can be generated, as this will yield better
quality recycled aggregates than mixed materials or materials contaminated with wood,
plastic, paper, metal or other substances.
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Figure 9-1 Code of practice for demolition waste




9.1.1.3 Waste Management Plan

Based on the results of the pre-demolition audit, the contractor must prepare a waste
management plan showing how he intends to handle materials before and during demolition
so as to minimise contamination of the materials and achieve maximum value from reuse and
recycling. The plan should indicate arrangements for storage and segregation of waste on site,
a programme for demolition showing the various activities and an estimate of the likely
quantities of different types of waste and where they will be sent for reuse, recycling or
disposal.

9.1.1.4 Demolition Process

The contractor must submit the pre-demolition audit, waste management plan and any
specialist surveys that have been carried out to MME when applying for a demolition permit.
MME will only issue a permit once the waste management plan has been approved.
Demolition must proceed in accordance with the programme shown in the waste
management plan, subject to any changes required for health and safety reasons or due to
discovery of unexpected materials or structural conditions. The contractor should keep
records of the quantities of different waste streams and where they were sent for processing,
recycling or disposal. The records should be available for inspection at the site office during
the demolition works and should be kept at the contractor’s main office for a minimum of
two years after completion of the work.

9.1.1.5 MME Checks

The destinations of the various waste streams must not change from those set out in the
waste management plan without approval from MME. MME should carry out spot checks on
vehicles arriving at Rawdat Rashid and other waste treatment facilities to confirm that
materials are being delivered to the correct destinations.

9.1.2 Washing of Recycled Aggregate

Mixed CDW materials have been accumulated in Rawdat Rashid landfill site for many years.
The materials are contaminated with dust and foreign materials that limit their utilisation in
construction. Current practice of processing mixed CDW materials includes the use of air
blowers for the removal of lightweight materials. As addressed by the QPMC team, the air
blowing system does not removal all lightweight materials and therefore may impact on the
uptake and use of material. With the long-term agreement set with the MME, QPMC are
planning to invest in washing facilities to further reduce the dust and lightweight impurities
in the final product.

Washing of mixed CDW, if done properly, will effectively remove the dust and lightweight
materials and increase the recovery rate from waste. While the washing will add to the cost
of processing, it will also increase the uptake of recycled materials in construction and prevent
the unnecessary disposal of a useful material in landfill facilities. Washing of aggregate is not
new to Qatar and is currently used for the processing of concrete sand for the removal of
harmful clayey particles and the reduction of gypsum or sulfate content. The washing could
be conducted in a cheap and effective way, as reported in section 8.3, based on the utilisation
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of TSE water as an alternative to potable water. This is in line with the government strategy
for the efficient use of natural resources, and the NDS-2 encouragement to the wider use of
TSE in various projects in order to minimise its disposal.

Considering the diminishing sand deposits in Qatar, washing of fine recycled aggregate could
improve the supply of concrete sand. The remaining sand deposits in Qatar tend to contain
high levels of sulfate content that may impact on the properties of concrete. Recycled
materials of fine aggregates can be blended with natural sand with the aim of improving the
grading of fine aggregate, reducing the overall sulfate content of fine aggregate, and
enhancing the durability performance of resultant concrete.

9.1.3 Processed Wadi gravel

Wadi gravel is a local aggregate in Qatar that could contribute to enhanced sustainability by
replacing expensive imported gabbro. Successful case studies are presented in this document
on the potential replacement of 100% gabbro in structural concrete, section 5.2, and pipe
bedding applications, section 7.3. However, the material needs to be processed before use to
reduce sulfate content to acceptable levels to meet the required specifications.

It is important to stress that if Wadi gravel is used as aggregate in concrete or pipe bedding,
it must be produced under a quality control system that ensures it is subject to rigorous
processing to remove the gypsum-bound material and reduce the sulfate content to
acceptable levels. If excessive quantities of gypsum-bound deposits are included in the
concrete, the resulting expansive reactions will result in poor quality concrete, which will
deteriorate rapidly and bring the material into disrepute. Similarly, Wadi gravel with low
sulfate content is required for pipe bedding, especially within the aggressive ground
conditions in Qatar, to minimise the risk of corrosion to adjacent pipes.

Wadi gravel is generated as a by-product of the sand washing plants and is currently available
for sale as processed and unprocessed aggregate. The cost of processed Wadi gravel is higher
than that of unprocessed material. It is strongly recommended that the use of unprocessed
Wadi gravel in construction is banned by the government to avoid any damage to
infrastructure. Similar to construction waste, Wadi gravel aggregate should be collected and
managed by a single supplier who should process the material to the required specification
before sale. The added cost of processed Wadi gravel is compensated by the improved
quality, and the cost is still lower than imported gabbro, as shown in section 8.4.1.

MME is expected to lead the effective implementation of processed Wadi gravel in the
construction industry, with its control over the sand and Wadi gravel deposits, and the sand
washing plants in Qatar. An example of the effective processing of Wadi gravel is
demonstrated by the Qatar Sand Treatment Plant (QSTP), who successfully implemented the
procedure described in section 3.4 using existing facilities, and successfully produced quality
aggregate for use in structural concrete and pipe bedding applications.

9.1.4 Quality Audits

One of the main factors controlling the uptake of recycled materials is quality, especially with
the general perception that recycled aggregates are of inferior quality and higher variability
than primary aggregates. Recycled aggregates possess varying properties to primary
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aggregate, which could influence their use and performance in the final product. For example,
RCA are covered with a porous layer of mortar that increase its porosity and affect the
required water content in concrete. Similarly, RAP aggregate is coated with a layer of bitumen
that can increase the binder content in the asphalt mixture and hence requires further
consideration at the mix design stage.

A practical evidence is presented in the case studies reported in this document that when
recycled aggregates are properly processed and used in the appropriate construction
application, they should give performance at least similar to primary aggregate in asphalt,
concrete and unbound applications. Considering the potentially high variability of the
composition of the construction waste, there is a need to control the changes of aggregate
properties within certain limits, known as tolerance. Provided the recycled aggregate is
produced within the specified tolerance, the material can be widely used without adjusting
the mix design to accommodate the inconsistent supply of recycled aggregate. The QCS 2014
and the Ashghal Recycling Manual (2021) provide detailed information on the required
properties and tolerance of recycled aggregates for use in various applications.

It is strongly recommended to develop and implement a quality management system (QMS)
for the consistent supply of recycled aggregate in Qatar. The QCS 2014 and the Ashghal
Recycling Manual (2021) provide detailed information on the quality requirements, with a
dedicated section in the QCS 2014 (Section 2) on Quality Assurance and Quality Control. The
QMS is graphically presented in Figure 9-2. It should cover the various processes of:

e Separation of raw waste materials, preferably at source, to provide a relatively clean
feedstock materials and maximise the recovery rate.

e A defined production process with required equipment and facilities to achieve the
desired products.

e Methods of storage and stockpiling of the processed materials in clearly marked areas
and prevented from contamination from dust and other sources.

e The criteria for evaluation of the processed products, including type and frequency of
testing with regular monitoring during production.

e Procedures to implement changes, based on screening testing and monitoring, to
achieve the desired properties.

e Finally, the QMS should also cover non-conformity of products, with records on causes
and implemented actions implemented to prevent reoccurrence.

Recycled aggregates should not be classed as ready for sale until they have been tested and
shown to be compliant with the relevant construction applications. Test results for each
product should be made available for contractors on request together with history of
production data to assess the variability of production with time. Regular checks and tests
should be carried out during production and of the end product to ensure quality and a
consistent supply of aggregate. The Ashghal Recycling Manual (2021) provides clear guidance
on the production, type of tests, and frequency of testing for the main type of recycled
aggregate covered in this document.
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Figure 9-2 QMS for recycled aggregate

9.2 Benefits of Recycling

The construction industry is always focused on new opportunities to give competing
companies an advantage and make them more efficient. With the shortage of quality
aggregate in Qatar and the government interest of reducing reliance on imports, the
development of a local market for recycled aggregates provides an opportunity for reducing
the cost of construction with added benefits of being green and sustainable. QPMC
announced lower cost for recycled aggregate, compared to imported aggregate as given in
Table 8-17. However, the cost benefits associated with the use of recycled aggregate are not
yet fully recognised. Based on the outcomes of the performance of recycled aggregate in
various construction applications, the following recommendations are made to maximise the
cost and other benefits associated with recycling in the construction industry.

9.2.1 More Recycling Lower Cost

As discussed in section 8.4, with the wider use of recycled and alternative aggregates the cost
of construction products is likely to become cheaper with time, as more recycling will result
in lower costs. The long-term agreement set between MME and QPMC in January 2020 has
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enabled regulating the prices of recycled aggregate. The recycling agreement is relatively
new, but based on the projected high production QPMC offered low prices of recycled
aggregate of up to 74 % cheaper than imported gabbro. As the use of recycled aggregate in
construction projects is still relatively low, it is expected with more use of recycling that both
contractors and clients can realise the cost benefits of recycling. The sustainable supply of
recycled aggregate promised by QPMC, and preferably certified by Ashghal, should provide
assurance for the construction industry for more use of recycled aggregates. The main action
will be on the contractors to revise and improve their rates based on the reduced prices of
recycled aggregate.

The availability of regulated recycled aggregates highlights opportunities for contractors to
work intelligently on achieving the government target of 20 % recycling and be more cost-
effective in delivering their construction projects. Contractors are more likely to use locally
available materials, compared to imports, differentiate themselves with lower costs and
greater sustainability, and therefore potentially increase their scores in tender opportunities.

It is expected that the procurement of government construction contracts, such as Ashghal
projects, will focus more on the principles of value engineering and sustainability. The aim is
to develop and maintain the infrastructure at reduced environmental impact throughout its
life cycle. Ashghal is currently encouraging their contractors to implement recycling in new
construction and maintenance projects to meet the government target of 20 %, and
contractors will be recognised for implementing recycling.

9.2.2 Other Benefits

The accumulation of waste materials in landfill sites poses a threat to our environment. The
case studies presented in this document provide confidence in the conversion of waste
materials into high-value aggregate products. In addition to cost savings, other benefits that
could be achieved form recycling include:

e Efficient use of resources: The wider use of recycled aggregate will reduce the
accumulation of waste in landfill sites and minimise the use of natural aggregate, in
line with the government strategy. The use of TSE as an alternative to potable water
in construction provides another example of efficient use of resources.

e Reduce reliance on imports: Qatar relies heavily on imported gabbro, and the
development of a local market of recycled aggregate will improve the aggregate
supply to fuel ongoing infrastructure projects, with a first-hand control on quality
production.

e Protection of the environment: The use of recycled aggregate represents a potential
saving of up to 71 % in carbon footprint, and up to 80 % in water footprint, when
compared to imported aggregates. Energy and water are the main environmental
factors considered by the government for protecting the environment and coping with
the global warming and scarcity of water to achieve sustainable development.

e Social benefits: The PPP investment for developing a local market of recycled
aggregate in Qatar creates new business opportunities and allows the private sector
to participate in government projects. Such investment supports the government
strategy of diversifying the production base in promising infrastructure projects.
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The wider use of recycled aggregates will therefore provide many benefits to Qatar, including
protection of the environment, productive use of materials that would otherwise be waste,
reduction of imports of natural aggregates, cost savings, new business opportunities and
reduction in generation of greenhouse gases.

9.3 Training and development

Training and development programmes are essential to ensure appropriate processing of
recycled materials and utilisation in various construction applications to achieve the
government recycling target of 20% by 2022. Training can be delivered in a number of ways,
and the approach adopted during the delivery of this project was to tailor for specific
audiences of senior managers, users of recycled aggregate and producers of recycled
aggregates. This approach was found useful in making the required changes in the
construction industry in terms of decision making and implementation in projects, and quality
of recycled products. The same approach is recommended for the wider implementation of
recycled aggregate in construction projects. Detailed of the 3 level training courses are given
below.

9.3.1 Senior Managers — Decision Makers

The training course is a short session of a high level briefing aimed at decision makers who
need to be informed of the government strategic decisions and recycling target, and the
benefits that could be achieved from recycling. The actions required for the effective
implementation of recycled aggregates in construction projects in terms of contractual issues
and enforcement of recycled aggregate should be also addressed for their considerations. An
example is the training course delivered to the MME Project Management & Development
Department on 27" December 2020 for the effective implementation of recycling in MME
projects.

9.3.2 Users of Recycled Aggregates

This training course is aimed at contractors, producers of construction products made with
recycled aggregates, consulting engineers in design and supervision organisations, and
clients. The training programme should include presentations of the type of recycled and
alternative aggregates and their permitted applications in construction, successful case
studies, site visits, and group discussions. The training should be interactive for delegates to
understand how to assess whether the recycled aggregate is suitable for a specific application
and how to apply in practice. Quality is essential if recycled aggregates are to perform
satisfactorily, so delegates should be aware of the main criteria to look for when viewing the
aggregate properties and how to interpret test results for particular applications. An example
of the training course delivered to the users of recycled aggregate is the workshop held on 9t
December 2020, Figure 9-3, as part of the project dissemination.

9.3.3 Producers of Recycled Aggregates

The only current producer of recycled aggregates in Qatar is QPMC, through their long-term
agreement with the MME for managing the production of recycled aggregates at Rawdat
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MME organises recycling workshop

QNA
Doha

he Ministry of Municipality

and Environment'’s scientific

research team organised a
workshop yesterday on the use of
recycled stones in buildings, roads
and the manufacture of construc-
tion materials.

The workshop aimed to enhance
the integration of efforts around the
application of scientific research
results related to the utilisation
of construction waste in Rawdat
Rashid, which is estimated at more
than 40mn tonnes, and to convert
it into recycled stones and sands for
use in building projects, roads and
the manufacture of construction
materials.

The workshop also focused on
technical and scientific methods
to use waste in construction, while
presenting the approved national

and international technical specifi-
cations, field and laboratory exper-
iments, and discussing the related
technical issues.

The workshop was attended by
officials and specialists from the
Ministry, the infrastructure re-
search centre, Qatar Primary Ma-
terials Co (QPMC), Qatar National
Research Fund (QNRF), Public
Works Authority (Ashghal) and a
group of related contractors and
consultants.

Assistant Undersecretary and
Director of the Environmental and
Municipal Studies Institute at the
Ministry of Municipality and Envi-
ronment Eng Mohamed bin Saif al-
Kuwari confirmed that the work-
shop focused on the use of recycled
materials such as stones, sand, etc.,
which are located in Rawdat Rash-
id, in construction industries such
as bricks, interlocks, tiles, concrete
units, etc.

Al-Kuwari added that it was

The workshop also focused on technlcai and scientific methods to use waste in construction.

Eng Mohamed bin Saif al-Kuwari

agreed during the workshop that
there would be future bilateral or
group meetings between compa-
nies specialised in recycling con-
struction waste and converting
them into stones and sand and the
scientific research team, expressing
the team’s full readiness to provide
scientific and technical advice to
any company working in this field,

and to organise training courses on
how to use these stones, in build-
ings, roads and infrastructure.

He pointed out that the scientif-
ic research team presented to the
companies during this workshop
a summary of the experiences
and technical expertise obtained
since its inception, by showing a
presentation related to the recy-
cling of construction waste with
an indication of the strength and
quality of the test rooms and the
test method that was carried out
five years ago and these facilities
are still It is characterised by high
quality, strength and durability
with time.

He also said that the ministry
was seeking to exert efforts and
co-operate with the private sector
in order to exchange experiences in
this field, as well as the ministry’s
keenness to promote scientific re-
search in a way that serves Qatar
National Vision 2030.

DECLARATION OF LIQUIDATOR
THE LIQUIDATOR
MOHAMED IRSHAD THAYYIL KODAKATH

of SB & Partners Chartered Accountants

LIQUDATION OF
GULF STEEL CRAFT ENGINEERING AND CONSTRUCTION
With Limited Liability (Under Liquidation)

That the company’s activities will be liquidated as per the provisions of
article (304) and following articles of the Commercial Companies

Law No. (11) for the year 2015

Anyone has claims or pending issues against the company must contact

the liquidator within 75 days from this notice

At 74034755 or 44512904 or
info@parkerrussellsb.com

Declares

CR No. 63372

Figure 9-3 MME workshop to users of recycled aggregates (Gulf Times, 2020)

Rashid landfill site. QPMC is also managing the production of recycled aggregate at the
Ashghal recycling sites. QPMC is working in partnership with private industry on processing
the construction waste materials to develop recycled aggregate products, and already
appointed an independent test house for assessing the quality of recycled aggregate
products. Due to the large quantities of mixed CDW materials at Rawdat Rashid landfill site,
the material will need a multi-stage process for processing into suitable materials for use in
general fill and subbase applications. Similarly, the Wadi gravel aggregate generated as
oversize material from the sand washing plants will require intensive multistage treatment to
produce a complaint aggregate for use as coarse aggregate in concrete (refer to section 3.4,
Figure 3-11).
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The training for the producers should be aimed at plant managers and other managers
responsible for the quality aspects of the operations to ensure recycled aggregates are
produced to the desired specification.

It is recommended that the above training programme, tailored to different audiences, is
delivered on a regular basis to ensure continuous and wider implementation of recycled
aggregates in construction projects. The training should be provided by the MME, Ashghal
and leading experts in the recycling industry for effective delivery of the different courses. It
is suggested that a certification system should be awarded at the end of the training course,
and subject to the successful completion of an assessment exercise at the end of each training
course. The certificate can be valid for up to 2 years and issued jointly by the MME and
Ashghal on the successful completion of the various training courses on the strategy, uses,
and production of recycled aggregate in construction. The certification system will motivate
practicing engineers and help them to climb the professional ladder in recycling and
encourage continuous education and development of the construction industry.

In addition to the training tailored for specific audiences, the MME issued a number of press
releases during the course of the project to raise awareness of the public. Examples of the
press releases are shown in Figure 9-4 and Figure 9-5. Further dissemination of the recycling

work is strongly recommended for wider implementation.
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Figure 9-4 MME Press Release of the benefits of recycled aggregates (Raya, 2020)
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Figure 9-5 MME Press Release of the benefits of recycled aggregates (Lusail, 2020)
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9.4 Future work

In the case studies described in this book, recycled and alternative aggregates were used to
replace primary aggregate in various construction application. Despite the harsh exposure
environment in Qatar and the region, the case studies presented provide practical evidence
on the similar performance of construction products made with recycled aggregates
compared to primary aggregate. Based on the project outcomes, the following topics are
suggested for future work to support the wider and more efficient use of recycled aggregates
in construction.

Case studies are presented in this book on the successful performance of recycle aggregates
in various construction applications. However, the number of cases was limited due to the
project duration. Further case studies on the performance of recycled aggregates in a range
of applications are required to provide more confidence. The new case studies can extend to
cover the production of recycled aggregate and main parameters to be considered in the
appropriate selection of recycled aggregate in various applications. Historic data on the
properties of recycled aggregate will also provide confidence for the asphalt and concrete
suppliers to understand the variability of material properties and how to produce consistent
mixes with recycled aggregates.

Environmental assessment of construction materials: The ability to measure the embodied
impacts of aggregates and aggregate-driven products provides new tools for the
environmental assessment of construction materials. The carbon and water footprint studies
conducted in this project provide valuable information on the most widely used construction
materials in Qatar, which could be extended to all construction materials. Such assessment
will determine the optimal environmental impact with more focus on sustainability and green
construction.

Continuous development is an essential requirement for the efficient use of recycled
aggregate in construction. With the development of more data and experience on the
performance of recycled aggregates in service, lessons will be learnt on the appropriate
selection of recycled aggregates in a range of applications with increased confidence in their
use. Training and dissemination will be required to ensure that all parts of the construction
industry are aware of the possibilities of using recycled aggregates. Continued monitoring of
the case studies considered in this book up to 10 years in service would provide reassurance
on the durability of materials within the harsh exposure conditions in Qatar and the region.
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11 Acronyms

AAR
Ashghal
ASR
BC
CBM
CDW
CRF
CFrota
CR
CRMB
DSR
EW
Gmm
HBM
HMA
IBA
IBAA
IDT
IRD
JMF
MDD
MME
MPa
Mt
NDS-1
NDS-2
NMAS
NPRP
omcC
PAV
PC
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Alkali Aggregate Reaction

Public Works Authority

Alkali Silica Reaction

Base Course

Cement Bound Mixture

Construction & Demolition Waste
Crushed Rock Fines

Total Carbon Footprint

Crumb Rubber

Crumb Rubber Modified Binder

Dynamic Shear Rheometer

Excavation Waste

Maximum Specific Gravity

Hydraulically Bound Mixture

Hot Mix Asphalt

Incinerator Bottom Ash

Incinerator Bottom Ash Aggregate
Indirect Tensile Test

Infrastructure Research & Development
Job Mix Formula

Maximum Dry Density

Ministry of Municipality and Environment
Mega Pascal

Million Tonnes

Qatar First National Development Strategy
Qatar Second National Development Strategy
Nominal Maximum Aggregate Size
National Priorities Research Programme
Optimum Moisture Content

Pressure Aging Vessel

Portland Cement




PMB Polymer Modified Binder

QcCs Qatar Construction Specification
QMs Quality Management System
QNRF Qatar National Research Fund
QNV Qatar National Vision

QPMC Qatar Primary Materials Company
QSTP Qatar Science & Technology Park
RAP Reclaimed Asphalt Pavement
RCA Recycled Concrete Aggregate
RCP Rapid Chloride Permeability
RTFO Rolling Thin Film Oven

TSE Treated Sewage Effluent

TSR Tensile Strength Ratio

VFA Voids Filled with Asphalt

VIM Void In Mix

VMA Voids in Mineral Aggregate

WC Wearing Course

WFrotaL Total Water Footprint
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