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Résumé

Face a I’épuisement accéléré des ressources naturelles et a I’augmentation constante des besoins en
matériaux de construction, le secteur du batiment est confronté a un défi majeur : comment répondre
a la demande croissante en infrastructures tout en préservant I’environnement et en assurant la
durabilité des ouvrages ? Cette problématique est d’autant plus pressante que I'urbanisation rapide,
soutenue par les avancées technologiques et la croissance démographique, impose la création de tissus
urbains dynamiques et adaptes aux évolutions de la société. Il devient ainsi indispensable de repenser
les modes de production des matériaux et de privilégier des solutions innovantes et responsables pour
accompagner le développement durable des villes et des infrastructures. Les pays du monde entier
dépendent fortement du béton pour leurs projets de construction, ce qui rend I'épuisement des
ressources naturelles - la principale source des matériaux qui composent le béton - plus intense et donc
plus préoccupant. Le monde doit donc redoubler d'efforts pour trouver des ressources alternatives. Le
recyclage des matériaux de construction récupérés dans les batiments « désaffectés » et les
infrastructures démolies ou dans les ateliers de construction, les usines de béton préfabriqué et les
usines de matériaux de construction - pour les utiliser comme ressource alternative - est une idee
prometteuse, qui se révéle remarquablement respectueuse de I'environnement et efficace sur le plan
économique. En outre, il existe une importante source naturelle non traditionnelle de sable qui est
encore loin d'étre exploitée de maniére optimale, en particulier dans le domaine de la construction : les
dunes de sable du desert. Afin de contribuer aux efforts visant a trouver des ressources alternatives
pour les matériaux de construction en voie d'épuisement, ce travail étudie la possibilité de combiner le
recyclage du béton ancien sous forme de gros granulats avec l'utilisation du sable des dunes du désert
comme alternative au sable conventionnel pour produire un béton écologique de qualité. Les propriétés
physiques de ces deux matériaux alternatifs ont montré une complémentarité en termes de maniabilité.
Une amélioration de 7 % de la résistance a la compression du béton a été observée par rapport au béton
de contrdle produit a partir de matériaux conventionnels. Certains tests indicateurs de durabilité ont
été réalisés pour justifier la faisabilitt du jumelage de ces matériaux alternatifs ainsi que le
comportement du béton apres I'avoir soumis a des conditions extrémes (abrasion, gel-dégel, milieux

chimiques, haute température). Des résultats globalement favorables ont été rapportés.
Mots clés :

Epuisement des ressources naturelles ; matériaux alternatifs ; recyclage de béton ; durabilité.



Abstract

Faced with the rapid depletion of natural resources and the continuously growing demand for
construction materials, the building sector is confronted with a major challenge: how to meet the
increasing need for infrastructure while preserving the environment and ensuring the durability of
structures? This issue is made even more urgent by rapid urbanisation, driven by technological
advancements and population growth, which requires the development of dynamic and adaptable urban
fabrics. It is therefore essential to rethink material production methods and prioritise innovative,
sustainable solutions to support the sustainable development of cities and infrastructure. Countries
around the world rely heavily on concrete for their construction projects, making the depletion of
natural resources - the main source of the material that makes up concrete - more intense and therefore
more worrisome. Accordingly, the world needs to put more effort into finding alternative resources.
Recycling building materials recovered from ‘decommissioned’ buildings and demolished
infrastructures or from construction workshops, precast concrete plants and building materials factories
- for use as an alternative resource - is a promising idea, showing remarkable eco-friendliness and
economic efficiency. In addition, there is an important non-traditional natural source of sand that is
still far from being optimally exploited, especially in the field of construction: the desert sand dunes.
As a contribution to efforts to find alternative resources for depleting building materials, this work
investigates the possibility of combining the recycling of old concrete in the form of coarse aggregates
with the utilisation of desert dune sand as an alternative to conventional sand to produce eco-quality
concrete. The physical properties of these two alternative materials showed complementarity in terms
of workability. A seven per cent improvement in the compressive strength of the concrete was observed
compared to control concrete produced from traditionally sourced materials. Some durability indicator
tests were carried out to justify the feasibility of twinning these alternative materials as well as the
behaviour of the concrete after subjecting it to extreme conditions (abrasion, freeze-thaw, chemical

media, high temperature). Overall favourable results are reported.
Keywords:

Depletion of natural resources; alternative materials; concrete recycling; durability.
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Symbols and Abbreviations

PC - Parent Concrete

NASTBC - Concrete With Natural Coarse Aggregate and Alluvial Sand
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GENERAL INTRODUCTION

In Algeria, many constructions and bridges - of which concrete is a part - have already
reached the end of their pre-estimated lives or almost, especially in the country's north.
Except for those with confirmed historical, cultural and economic values, these
constructions and bridges will certainly be demolished. This requires serious reflection
on the fate of the enormous debris quantity to be cleared accumulating with the
thousands of tons from public and private construction sites [1]. Recorded natural
disasters such as the earthquakes of Chlef ex "El Asnam" (1954; 1980) and Boumerdes
(2003) [2-4] in turn have a significant share of waste. Many countries in the world are
experiencing the same situation. In some countries, the war machine has left behind
destroyed cities with almost demolished infrastructures and buildings. Logically, after
the war ended, gigantic reconstruction operations will be started after clearing the
debris. The idea of eliminating this debris by deposit or burial through inert waste
storage facilities (IWSF) and technical landfills (TLF) is not still original [1, 5, 6]. Their
saturations imply the opening of others to the detriment of the environment [7]and the
legislation requires in response stricter conditions limiting the grant of authorizations.
This waste type begins to be inadmissible [5, 6]. In similar cases, several countries in
the world that have opened major projects for infrastructure renovation and replacement
of old buildings with more modern ones are facing the same problems. Construction
and reconstruction operations in the world are taking on an accelerated pace due to the
obligation to follow the high pace imposed by the known development in the various
areas of life (social, economic, cultural, sporting, etc.). New cities are springing up like
mushrooms all over the world. The creation of artificial land extending into the seas
using sand comes as a solution to the land problem for some countries [8, 9]. For all
this, we will need very big building materials quantities, mainly sand and coarse
aggregates (gravels) used in the concrete composition. Unfortunately, construction and
reconstruction operations may not be able to keep up with the accelerated pace given
the shortage of traditional natural sand and coarse aggregate resources due to the
depletion, the fear of depletion or the geological nature in the vicinity of the
construction sites. Transferring to import is not always better [9]. In addition to the
economic impact of the mismanagement of the resources, depriving future generations
of natural wealth will likely cause an intergenerational tear. This work contributes to
research addressing these complex issues. The globe is 30 per cent composed of Sahara
~q o~
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[10]. The Algerian territory is 70 per cent Sahara, which represents a big resource of
non-traditional sand. The thousands of tons of demolished concrete above mentioned
can be transformed into a big reserve of aggregates. The idea of bringing together
Saharan dune sand and coarse aggregates from demolished concrete to make new
concrete presents a two-dimensional recovery with a multidimensional impact.
According to Bouhnik, (2007) and Guettala et al., (2003) [11, 12], the use of Saharan
dune sand in the sand concrete formulation made it possible to achieve compressive
strengths of around 31 MPa, whereas ordinary concrete with Saharan dune sand cannot
exceed 24 MPa according to Bentata, (2004) and Bouhnik, (2007) [11, 13]. Trying to
reconcile these studies, we tried to improve the mechanical performance of ordinary
concrete formulated with Saharan dune sand by promoting the mortar amount in the
mixture, in other words, to formulate a pumpable ordinary concrete. A previous attempt
to formulate a non-pumpable ordinary concrete resulted in an insufficient mortar
volume compared to the volume of the coarse aggregates, which is a second reason why
we opted for the choice of pumpable ordinary concrete. On the other hand, according
to Hani Mokbel, (2014), Sanchez de Juan and Gutiérrez, (2009) and Zhao et al., (2015)
[14-16], the water absorption capacity of the aggregates extract from old concrete
increases with the decrease of their size due to the increase of old adherent mortar'
amount. The finest fractions of demolished concrete aggregates then have the highest
water absorption capacity compared to the largest [14, 16]. This encouraged us to
abandon the (3/8) fraction in this study.

Kang et al. [17, 18] discovered a link between the rise in DAs' compressive strength
and the increment in their size, which resulted from a decrease in OM content. Sdnchez
de Juan et al. and Hemmati Pourghashti, H. et al. [15, 19] have reported that the OM
content in the 4/8 mm fraction of DAs ranges from 33% to 55%, while it ranges from
23% to 44% in the 8/16 mm fraction. To prevent excessive water absorption, it is
recommended that DAs for structural concrete should not contain more than 44% OM.
If the OM content exceeds this threshold, the water absorption of DAs may exceed 8%.
To address this issue, researchers have explored two main approaches: mortar-gravel
(OM-NA) separation techniques (mechanical, chemical, physical, thermomechanical,
etc.) and specific old mortar (OM) treatments (pre-saturation, pre-wetting, accelerated
carbonation, using silane-based water repellents, etc.) [20-31]. In all instances, these

strategies whether they involve separating mortar from gravel or treating old mortar,
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were implemented during the final stages of DAs production [32-46]. However,
according to S. Braymand and Yin Jinming, these methods carry costs, require time,
and pose potential health risks for certain applications [47, 48]. According to Jang, H.
et al, [49] some treatments, such as hydrochloric acid (HCI) solutions, have an extreme
level of aggressiveness, capable of disintegrating limestone aggregates during
application. This characteristic requires meticulous attention when selecting
appropriate methods because of the potential risks associated with this strong chemical.
Within this research, we aimed to investigate the impact of aggregate size on concrete
performance, specifically focusing on the ratio (DADmax/NADmax), Which represents
the maximum size of demolition aggregate (DADmax) in relation to the maximum size
of natural aggregate (NADmax) used in the parent concrete. Our objective is to elucidate
the correlation between this ratio and the water absorption capacity of the resulting
material. Based on the findings from this initial phase, we will select coarse demolition
aggregates for further analysis in the subsequent part of the study. This approach not
only enhances our understanding of how aggregate size influences water absorption but
also informs the selection of materials for optimizing concrete formulations. By
carefully examining these relationships, we aim to contribute valuable insights that can
improve the mechanical properties and sustainability of concrete made with recycled
aggregates.

Gravels intended for the manufacture of concrete are generally sold on the Algerian
market in fractions 3/8, 8/16 and 16/25 mm. Depending on the element to be produced
(structural, decorative or other), one, two or three of these fractions are used in the
concrete formulation. Which makes 7 gravel combinations possible. The latter were
translated in this work into 7 types of parent concrete, among which we find binary,
ternary and quaternary with granular skeletons that are continuous for some and
discontinuous for others. This made it possible to study a variety of concretes. The sub-
fractions chosen are based on the standardized sieves available at the laboratory level,
of which there are 10. Each test was repeated 3 times and the average was calculated.
Which gave a total of 210 values reduced into 70 average values. The parent concretes
(PCs) were produced in a laboratory setting, and the maximum diameter of the Natural
Aggregates (NAs) (NADmax) was predetermined. If the PCs were not manufactured in
a laboratory, we would have had to perform a visual inspection to determine their

NADmax. The DAs were sorted into sub-fractions based on their known maximum
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diameter (DADmax), and their water absorption was measured for 20 minutes, with the
DADmax/NADmax ratio serving as a determining factor. As per Zhaoa et al. [50], there
is a strong correlation between the OM content in DAs and their water absorption, with
higher OM levels resulting in increased water absorption. By analyzing the water
absorption data, a threshold ratio of DADmax/NADmax Was determined to generate DAs
sub-fractions containing a minimum amount of OM. The sub-fractions were
reclassified into (3/8), (8/16), and (16/25) mm fractions, aligning with the particle size
distribution of the NAs. The water absorption over 20 minutes was then calculated
based on the dominance of each sub-fraction. Additionally, a DADmax/NADmax
threshold ratio was defined for the (3/8), (8/16), and (16/25) mm fractions. Before the
crushing process, the careful selection and management of Parent Concrete (PC)
compositions, tailored to the desired DAs fraction, constitutes an insightful upstream
intervention.

As the second phase of this study, we conducted compression tests on the demolished
concrete (parent concrete) to assess its quality. Following this, we performed a series
of physical and mechanical characterisation tests on the constituent materials. We
formulated four different types of concrete by combining sand with coarse aggregates
and examined their properties in both fresh and hardened states. Additionally, we
conducted durability indicator tests to evaluate the performance of these concrete mixes
under severe conditions.

These investigations are crucial for understanding how different aggregate
compositions affect the overall mechanical properties of concrete, particularly in terms
of strength and durability. The insights gained from this phase will inform future
applications and optimise the use of recycled materials in concrete production, ensuring

that structural integrity is maintained even under challenging environmental conditions.
Circumstances and Points of Support for the Research

This thesis research is based on a set of data that gives it usefulness and importance.
Some of these are listed below:

1. Great Need for Aggreqgates for Construction Activities:

The construction of buildings and infrastructures is mainly based on concrete thanks to
the various advantages it offers. Concrete is made up of around 80% aggregates.
According to Thomas Martaud (2009) [51], statistics provided by Arquié et al, 1990

N4N



GENERAIL INTRODUCTION

give approximate figures for the aggregate needed to build certain structures: 3,000
tonnes for a secondary school; 5,000 tonnes for a hospital; 12,000 tonnes for a kilometre
of road and 30,000 tonnes for a kilometre of motorway. For its annual consumption,
the world needs 2.2 billion tonnes of sand, 4.7 billion tonnes of gravel and 9 billion

tonnes of concrete [52].

2. Shortage of Natural Aggregates (Sand and Gravel):

Suppliers of natural aggregates (sand and gravel) risk not being able to meet all the
demand from the construction and public works market, given the shortage of these two
vital materials due to the geological nature of certain sites, on the one hand, and to

restrictions on the exploitation of deposits by the competent authorities, on the other.

3. Large Deposits of Dune Sand:

Desert sand is abundant in desert lands, which cover approximately one seventh of the
Earth's surface and one third of its land area. The Sahara, the largest hot desert in the
world, spans almost 8,600,000 square kilometers, featuring diverse topographical types.
Stony and rocky regions account for 82% of its mineral cover, while sand deserts,
including ergs, cover approximately 18%. This 18% is significant, with a total area of
1,548,000 square kilometers. The Sahara extends beyond the Red Sea, merging with

the Arabian Desert to cover almost 12 million square kilometer [53, 54].

4. Large Quantities of Construction Waste:

The amount of local and global waste generated by the planned and unplanned
demolition of buildings and engineering structures continues to grow. Of the 25 billion
m2 of buildings in Europe, 35% are over 50 years old, 40% were built before 1960 and
75% are energy inefficient, according to European Commission statistics [52]. The
construction sector in Europe produces around 40-50% of all waste produced in the
world, with construction waste production corresponding to 1,725 kg per inhabitant per
year, or 37.5% of total waste. According to national statistics, in 2014 Belgium
produced more than 26 million tonnes of construction and demolition waste, a pile
almost twice as high as the Great Pyramid of Giza. According to a study published by
the Apur in February 2022, the construction of 27.5 million m? and the demolition of
9.5 million m? are planned between now and 2030 as part of the Greater Paris

development projects. 220.5 million tonnes of waste produced in France by economic
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activities comes from the construction and public works sector 1. According to the
Regional Waste Management Plan, between 2016 and 2025, the construction and public
works sector will produce around 40 million tonnes of waste per year in the Tle-de-
France region, over 90% of which will be non-hazardous waste and therefore
potentially recoverable if it is not landfilled or incinerated [55]. In Libya, following the
destruction of buildings after the revolution, the volume of construction waste was
estimated at 80 million tonnes [56]. There are many reasons for demolition, which can
be divided into three categories:

% Normal End-of-Life Category (Full Life Cycle):

This category is characterised by a drop in performance and a serious deterioration in
the condition of buildings and engineering structures after many years of service. As a
result, these structures can no longer be used in accordance with the rules of the art of

construction and safety standards.

% Early End-of-Life Category (Shortened Life Cycle):

In this category, buildings and engineering structures are still performing well and have
not suffered any deterioration, except that the purpose for which they were built is
coming to its planned end (concrete plants, life bases, temporary buildings, etc.).

0,

% Accidental End-of-Life Category (Interrupted Life Cycle):

In this category buildings and engineering structures come to an unforeseen end of
service as a result of accidental ruin or the threat of ruin. It can be divided into two sub-

categories:

> Natural Accidental End-of-Life Sub-Category:
In this sub-category the causes of ruin or threatened ruin of buildings and engineering
structures are purely natural following natural disasters such as earthquakes and

landslides.
» Accidental Human End-of-Life Sub-Category:

In this sub-category, man is the cause of the ruin or threat of ruin of buildings and
engineering structures through errors (incidents, road accidents, etc.) or through

planned or unplanned destruction (military and civil wars).

The Life cycle of construction material or building is shown in Figure 1.
~ 6 ~
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Figure 1 : Life Cycle of Construction Material or Building [57]
5. Environmental Problems

Whether at local or international level, the environment is often the victim of
infringements linked to certain human activities or sometimes natural phenomena
requiring human intervention.

% The disposal of debris by dumping or burial in inert waste storage facilities (ISDI)
and technical landfill centres (CET) has become more difficult and subject to very strict
conditions.

%+ The northward movement (creep) of Saharan sand and the threat of desertification
have forced the Algerian state to set up anti-desertification programmes that consume

a great deal of energy and effort and require large state budgets (green dam, etc.).

6. Economic Problem

The need to complete planned projects on time, faced with a shortage of aggregates,

means that foreign currency imports have to be used.

7. Probable Social Problem

The deprivation of future generations of natural wealth as a result of intensive and
unstudied exploitation of resources will probably cause an intergenerational rift.
According to Statista Research Department (2024) [58], world sand and gravel
production in 2023 will amount to 402,700 thousand tonnes, broken down as follows:
USA : 130,000, China 88,000, Italy 33,000, Turkey 15,000, France 14,000, India
12,000, Netherlands 12,000, Germany 11,000, Bulgaria 8,600, Russia 7,300, Malaysia
7,000 and Spain 6,600, Poland 5,800, Australia 5,500, Canada 5,500, United Kingdom
4,200, Argentina 4,000, Indonesia 3,500, Mexico 2,700, Japan 2,000 and finally the rest

of the world with a total of 25,000.
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Research Objective

The aim of this research work is to contribute to efforts to tackle the problems raised
by the two-dimensional upgrading of the two ‘environmentally undesirable’ materials

in a high-performance concrete.
Breakdown and Organisation of the Thesis

The thesis work was carried out in the civil engineering research laboratory of the
University of Biskra (LRGC-Biskra) and the civil engineering laboratory of the
University of Annaba (LGC-Annaba) under the supervision of Dr. Bouzidi
MEZGHICHE, Senior Lecturer A. This thesis consists of four chapters, preceded by a
general introduction highlighting the various aspects on which we have based our
approach to this subject. The first chapter deals with the Construction Activity
Overview. The second chapter presents a bibliographic synthesis. The third chapter
presents the characterisation of the materials used, the experimental methodology for
the preparation of the concretes, the characterisation and control tests on the concretes
in the fresh and hardened states, as well as some durability indicator tests. Finally, the
fourth and last chapter covers the results obtained and their interpretation and sets out
the conclusions of the study. The outlook, references and appendices complete this

research document.
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CHAPTER I _ CONSTRUCTION ACTIVITY OVERVIEW

I.1. INTRODUCTION

The construction industry is a vital component of economic and social development,
influencing various sectors and contributing significantly to a nation's growth. In
Algeria, as in many other countries, the construction sector is experiencing rapid
expansion driven by a growing population and increasing urbanization. This chapter
provides an overview of construction activities both in Algeria and globally,
highlighting the key areas of focus within the industry.

In the first section, we will delve into the specifics of construction activity in Algeria,
examining critical areas such as housing, road and rail infrastructure, bridges and
tunnels, airports, seaports, hydraulic structures like dams, and other specific
constructions. Each of these elements plays a crucial role in supporting the country's
infrastructure needs and enhancing the quality of life for its citizens.

Following this, we will broaden our scope to explore construction activities worldwide.
By comparing Algeria's construction landscape with global trends, we can identify
similarities and differences that may inform future developments in the sector. This
comparative analysis will cover various aspects of construction, including housing,
transportation infrastructure, and hydraulic structures.

Through this comprehensive examination, Chapter | aims to establish a foundational
understanding of the construction industry's significance in Algeria and its alignment
with global practices, setting the stage for further exploration in subsequent chapters.

I.2. CONSTRUCTION ACTIVITY IN ALGERIA

Construction activity in Algeria has continued to progress since independence and in
particular over the last two decades marked by unprecedented financial ease thanks to
the surge in the price of oil knowing that the national economy is mainly based on this
resource. In the following some examples of the lively activity of the construction

sector.
I. 2.1. Housing

Algeria has implemented ambitious housing plans to meet the needs of its population
and promote urban and social development. The country's five-year plan (2005-2009)
aimed to construct 1,251,209 housing units, divided into five distinct programs. These
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projects, largely based on the use of concrete, demonstrate the government's
commitment to meeting the housing needs of its population [1]. The government has
developed a new five-year plan (2020-2024) aimed at the construction of one million
housing units, including public rental housing units, subsidized promotional rents,
promotional rental housing units, and aid for self-construction of rural housing. This
ambitious program demonstrates the government's commitment to meeting the
population's housing needs and promoting inclusive and sustainable urban development
[59]. The Algerian government has announced the construction of 4.2 million housing
units as part of its urban development initiatives. Additionally, the national stock of
educational establishments saw a significant increase, from 28,457 to 28,839 structures
in 2022, demonstrating the efforts made to strengthen the country's education system
[60]. The city of Sidi Abdellah (Figure I. 1) is an example of the government's efforts
to improve living conditions. Located 25 km west of Algiers, the new town benefits
from excellent accessibility and plans to upgrade 400 ha of existing fabrics. The project
aims to create a university, training, and advanced technology center, covering 7,000
ha, including 3,158 ha urbanized and 3,842 ha of protection zones. The expected
population is 450,000 inhabitants, requiring the construction of 90,000 housing units.
To date, 93,000 housing units have been completed or are in progress, including 69,260
in rental purchase, 9,668 in LPP, and 1,000 in LPL. 43,426 housing units have been
serviced, including 41,349 delivered. 70 pieces of equipment are registered, including
34 completed, 19 in progress, and 17 not launched. Additionally, 60 investment projects
were affected, including 11 completed and operational, 8 in progress, 7 stopped, and 33
not launched [61].

Figure I. 1 : The City of Sidi Abdallah, Algeria [61]
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l. 2.2. Road Infrastructure

According to Rabah Aicha (2022) [62], Algeria's road network is recognised as one of
the densest in Africa, covering 124,107 km. The East-West motorway, with an initial
length of 1,216 km, extends to 1,720 km, including ancillary roads and slip roads. The
motorway features 60 interchanges, 5 tunnels, 390 engineering structures including 25
major viaducts, as well as rest areas, service stations, truck stops and maintenance
centres. At present, a section of 84 km remains to be completed, as well as access roads
linking the ports of Djen Djen and Béjaia over a total distance of 741 km. The 60 km
access road to the port of Mostaganem has already been completed, while the 60 km
access road to Batna and the 41 km access road to Ghazaouet are under construction.
In addition, the Hauts Plateaux motorway extends for 1,020 km, and a North-South
motorway project, formerly the Trans-Saharan route, is currently being planned,
including additional access roads. According to [63], an 84 km section of the motorway
remains to be completed, as do the access roads linking the ports of Djen-Djen and
Béjaia over a total distance of 741 km. A 60 km access road leading to the port of
Mostaganem is already complete. Two other access roads, 60 km to Batna and 41 km
to Ghazaouet, are currently under construction. The Hauts Plateaux motorway extends
over 1,020 km. In addition, a North-South motorway project, formerly known as the
sub-Saharan route, including access roads, is currently in the development phase [64].
Figure 1. 2 shows a number of road projects that have been completed or are under way.
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Figure I. 2 : Situation of the Road Network in Algeria [64]
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|. 2.3. Rail Infrastructure

%+ According to “Le chantier magazine” [65], Algeria has set itself the ambitious target
of increasing its national rail network to 6,500 km by 2023. To achieve this, the country
needs to build 2,300 km of new lines in just three years. In the longer term, once this
initial target has been reached, Algeria plans to build a further 6,000 km of track. In this
way, the Algerian rail network should reach an impressive total of 12,500 km by the
target date. Figure 1. 3 shows a detailed map of Algeria's current and projected rail

network.
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Figure 1. 3 : Map of the Algerian Railway Network [66]
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+«+ According to information from [67], a 9.5 km extension of the Algiers Metro

(Figure 1. 4), linking El Harrach-centre station to Algiers airport, is due to be completed
and put into service in the first quarter of 2026. This extension, comprising nine
stations, is designed to improve connectivity and mobility for residents by serving
major districts such as Beaulieu, Oued Smar, City 5 July, Bab Ezzouar, the El Harrach
University Center, the Bab Ezzouar Business Center and Houari Boumediene
University. It will also provide an interconnection with the tramway at the University
of Houari Boumediene crossroads, strengthening multimodal transport options in the

region.

Figure 1. 4 : Algiers Metro [68]

l. 2.4. Bridges and Tunnels

Algeria has witnessed a significant increase in the number of engineering structures
over the years. The art structure park has grown from 800 in 1962 to approximately
5,000 in 2007, with 742 structures built since 1999. The national engineering structure
park now boasts over 10,500 road and highway engineering structures. Notably, several
exceptional viaducts have been constructed, including the Trans Rhumel Viaduct, Oued
Rekham Viaduct, Tlemcen Viaduct, and El Qantas Railway Tunnel. These structures
represent significant engineering achievements and play a crucial role in enhancing
transportation infrastructure across Algeria [62, 69—72]. These exceptional engineering
structures (Figure 1. 5) represent significant engineering achievements and play a

crucial role in enhancing transportation infrastructure across Algeria.
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Oued Rekham Viaduct

Figure 1. 5 : Bridges and Tunnel in Algeria [69, 71-73]

l. 2.5. Airports

Algeriais planning to build a new airport (Figure I. 6) with a capacity of over 10 million
passengers a year, to complement the existing international airport (6 million
passengers a year). The construction of this new terminal coincides with the renewal of
the Air Algeria fleet. The new airport, which will cover an area of 20 hectares, will be
equipped with state-of-the-art infrastructure: a 4,500-space car park, three aircraft
parking areas, taxiways covering an area of more than 424,000 m?, as well as 120 check-
in desks and 84 control counters. The new terminal will have a capacity of 10 million
passengers per year and will be able to handle 1,800 baggage items per hour [74].

Figure 1. 6 : New Algiers Airport [75]
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l. 2.6. Seaports

Once inaugurated, the commercial port of Cherchell, the ‘Port of El Hamdania’
(Figure 1. 7), will become the most important port infrastructure on the African
continent. In addition to the four active quarries, there are plans to open nine new
quarries covering an area of 87 hectares. Construction material requirements are
estimated at nearly 30 million cubic metres. These materials will be transported to the

port site by at least four land routes and one sea route [76].

Figure 1. 7 : Model of the Port of El Hamdania - Cherchell [76]
I. 2.7. Hydraulic Structures (Dams)

According to Lilia A. (2022) [77], Algeria currently has 75 operational dams.
Furthermore, the country is set to add 5 more dams to its operational capacity in the
near future. Additionally, there are 5 more dams currently under construction. Figure I.

8 illustrates the Beni Haroun Bridge and Dam in Mila.

Figure 1. 8 : Beni Haroun Bridge and Dam [78]
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I. 2.8. Specific Structures

In Algeria, many special projects (religious, cultural, sporting, touristic, etc.) have been
completed, are under way or are planned for the coming years. Among the most famous
is:

+«+ The Great Mosque of Algiers, one of the largest Muslim temples in the world,
welcoming 120,000 worshippers. The mosque also includes a cultural centre and a
theological training institute [79]. Figure 1. 9 illustrates the Great Mosque of Algiers in

El-mohamadia.

Figure I. 9 : Religious Structure [80]

% On the sporting front, new ultra-modern stadiums have been built in Algeria

to host the 2019 African Cup of Nations. One of these new gems is the Nelson
Mandela stadium, located in the western suburbs of Algiers. With a capacity of
40,784, it is the fifth largest stadium in Algeria. Inaugurated in January 2023, the
stadium meets FIFA standards and has notably hosted matches at the 2023 African
Nations Championship (CHAN). The construction of the Nelson Mandela stadium in
Algiers required a record concrete pour of 8,400 m3 for the 3 m-deep foundation
platform. This exceptional pour consumed 280 tonnes of cement and 21,000 tonnes

of aggregates [81].

< On the cultural front, the Algiers Opera House, opened in 2016, is a renowned
venue for music and the performing arts. This 59,000 m? building was designed by
Italian architect Vittorio Gregotti and can accommodate 1,400 spectators. Several
performance halls, a conservatory and creative workshops are housed here [82].

% The Algiers International Conference Centre, located in the Club des Pins,
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covers 270,000 m? and offers 230,000 m2 of floor space. It includes a 6,000-seat
auditorium, a banqueting hall for 3,000 people and a 15,000 m2 exhibition hall. The
interior design combines Islamic Moorish and modern styles, with advanced
electromechanical systems. This flagship project contributes to the internationalisation
of Algeria [83].

+« An ambitious transport diversification plan has been announced by the

Algerian Ministry of Transport, with the emphasis on developing the cable car network.
The aim of this programme is to renovate, maintain and build new lines linking various
cities in the country. Numerous renovations will be carried out on existing lines from
2024, while work in progress, such as the Constantine and Tizi Ouzou cable cars, should
be completed in the first quarter [84]. Figure 1. 10 shows some Cultural, sporting and

touristic structures.

Figure I. 10 : Cultural, Sporting and Touristic Structures [83, 85-87]

I.3. CONSTRUCTION ACTIVITY WORLDWIDE

Research firm Global Data forecasts average annual growth of 3.6% in the global

construction industry between 2018 and 2022, reaching a global turnover of $12.9

trillion by 2022. According to the forecasts detailed in the report “World Construction

Outlook to 2022: 3rd Quarter 2018, this figure represents a significant increase on the

$10.8 trillion recorded in 2017 [88]. The world's largest concrete projects showcase
~18 ~
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construction industry ingenuity and advanced technology, pushing engineering
boundaries. These impressive achievements highlight global concrete projects' scale
and innovative use in creating large infrastructures, marking significant construction

field advances.
I. 3.1. Housing
s Qatar

Lusail Real Estate Development spans 38 km?, blending residential, commercial, retail,
and exclusive islands, shaping Qatar's urban landscape. Doha Festival City is a dynamic
entertainment hub with diverse offerings like Ikea, hotels, and a convention center,
meeting the needs of visitors and residents. Healthcare facilities in Doha, including five
primary healthcare centers and four hospitals at Hamad Medical City, enhance medical
accessibility citywide for residents' well-being [89].

% China

The Tianjin Eco-City is an ambitious project designed to address the housing demands
of the burgeoning middle class in major cities' outskirts while championing sustainable
development. This government-backed initiative aims to create a network of eco-
friendly cities that will bolster China's global image as a champion of sustainability.
Situated just 150 km from Beijing, the Tianjin Eco-City is envisioned to house
approximately 350,000 residents upon its scheduled completion in 2020, setting a new
standard for sustainable urban living in the country 2020 [8, 90].

< Saudi Arabia

The Line is a visionary project for a Saudi smart city in Neom, boldly reimagining
urban living without cars or streets, with a mission to achieve carbon neutrality. This
groundbreaking initiative envisions a linear metropolis spanning 170 kilometers in
length, 500 meters in height, and 200 meters in width, designed to welcome
approximately 9 million residents. As part of Saudi Arabia's Neom initiative, "The
Line™ is a key component in the country's strategy to diversify its economy beyond oil,
positioning itself as a major economic hub and a pioneer in sustainable urban innovation
[91].

s Egypt
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The ‘new administrative capital’ emerges majestically from the sands to the east of
Cairo, covering an area of 750 km?, the size of Singapore. Located 50 km from the city
centre and Tahrir Square, this city will house the institutions of power. The authorities
plan to relocate 6 million inhabitants to relieve congestion in the current capital. This
pharaonic project, the New Capital, is taking shape on a 270 km? desert plain halfway
between Cairo and Suez. It aims to create 21 residential districts and 25 business or
government districts, representing an investment of 60 billion dollars. This emerging
city embodies Egypt's desire to project itself into the future, by offering its citizens a

modern living environment, while strengthening its international influence [92].
+ Nigeria

Lagos, a bustling megalopolis, is Nigeria's main economic and industrial centre. With
an estimated population of 20 million, it alone generates 10% of the country's GDP.
Faced with numerous urban challenges, the city is investing in ambitious projects such
as Eko Atlantic City, an artificial island designed to become a new ecological business
district. At the same time, Lagos is establishing itself as a major technology hub in
Africa, home to a number of innovative start-ups. Despite infrastructure problems,
particularly in terms of internet connectivity, the city is attracting more and more
investors and entrepreneurs, contributing to its rapid transformation. Lagos embodies
the emergence of a modern and dynamic Africa [93]. Figure I. 11 illustrates some cities
around the world.
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The LINE project site

Figure I. 11: Cities Around the World [90, 93-96]

l. 3.2. Road Infrastructure

+» USA’ LBJ Express Project

The LBJ Express project aims to alleviate congestion on 13 miles of 1-635 (LBJ
Freeway) and I-35E in Dallas. The project involves reconstructing main lanes and
frontage roads along 1-635 and adding six managed lanes from I-35E to US 75. Six
elevated managed lanes will be constructed along 1-35E from Loop 12 to the I-35E/I-

635 interchange. The project's total cost is $2,645 million [97].
e China Highway

China's motorway network has grown exponentially since 2008, expanding from zero
to 60,000 kilometers. This rapid development has positioned China as the second-
largest motorway network in the world, after the United States. By 2020, the goal is to
reach 100,000 kilometers, aiming to connect remote areas and promote balanced
development across the country. This infrastructure modernization is part of a broader
vision to enhance connectivity, facilitate economic exchanges, and improve living

conditions for local residents [98]. The Chongging Elevated Road, a key component of
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Qingdao's "three vertical and four horizontal” expressway network, is a prime example
of this effort. Spanning from Shandong Road to Xianshan Road, it plays a crucial role
in easing congestion and improving connectivity between the city's north and south
regions [99]. Figure I. 12 illustrates some road infrastructures around the world.

v / & - <

Figure I. 12 : Road Infrastructure in USA and China [97, 99]

l. 3.3. Rail Infrastructure
e L.G.V Bordeaux - Tours

The Tours-Bordeaux High-Speed Rail project, also known as the South Europe Atlantic
high-speed rail, is a significant infrastructure development in France. Completed in
2017, this €7.8 billion project involved constructing a 302 km high-speed link between
Tours and Bordeaux, reducing travel time between Paris and Bordeaux by an hour and

benefiting 20 million passengers annually [100].
e London Crossrail

The Crossrail project, one of Europe's largest construction sites, is building 42 km of
tunnels beneath London to create a new high-frequency rail network. Set for completion
in 2022, the £19 billion project will enhance connectivity, reduce journey times, and

accommodate over 200 million passengers annually [101].

% Riyadh Metro
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In just 5 years, Saudi Arabia is building the world's largest public transport system - 85
stations, 176km of rail, and 6 metro lines across Riyadh, at a cost of $27 billion. This
landmark project will establish the Kingdom's first comprehensive urban transit
network, modernizing mobility and sustainability [102].

e China’s TGV

China's high-speed rail network, launched in 2007, has become the world's largest, with
plans for 13,000 km in 2019 and 16,000 km by 2020. Operated by CRH, the network
uses trains from global manufacturers like Bombardier and Siemens. While facing
challenges like a 2011 collision and weather-related damage, the network continues
expanding, with some lines limited to 300 km/h. Recently, CSR unveiled the
experimental 500 km/h CRH500, built with lightweight materials, though not
surpassing the French speed record. This ambitious project showcases China's
commitment to developing a world-class high-speed rail infrastructure [98]. Figure 1.

13 illustrates some rail infrastructures around the world.

Figure I. 13 : Rail Infrastructure Around the World [98, 100, 101, 103]

I. 3.4. Bridges and Tunnels
% The Hong Kong-Zhuhai-Macao Bridge

It is a series of bridges and tunnels in China's Pearl River Delta, linking the cities of
Hong Kong, Zhuhai and Macao. Created in 2009, the gigantic project became the
world's longest maritime bridge when it was inaugurated in 2018. It comprises a 22.9
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km bridge, a 6.7 km underwater tunnel and 4 artificial islands. The bridge is designed
to withstand earthquakes, typhoons and ship strikes for 120 years. With a daily waiting
capacity of 40,000 vehicles, it will considerably reduce journey times between these
major economic centres [98, 101].

+« The Atlantic Bridge

It is a remarkable work of art linking the North and South American continents over
the Panama Canal, built by VINCI Construction Grands Projets. This cable-stayed
bridge, 4.6 km long, with 3.1 km of remarkable engineering structures, is the longest
cable-stayed concrete bridge in the world. It has a central span of 530 metres and an air
draught of 75 metres, making it suitable for the largest commercial vessels [104].

Figure 1. 14 shows some important bridges in the world.

2215, Hong Kong-Zhuhai-Macao Bridge The cable-stayed Atlantic Bridge

s S K S

Figure 1. 14 : Some Important Bridges in the World [98, 104]

e The Gotthard Base Tunnel in Switzerland

This tunnel (Figure 1. 15), stretching 57 kilometers from Erstfeld to Bodio, is the world's
longest tunnel. It connects industrial centers in Belgium, Italy, Germany, the
Netherlands, and Switzerland. Opened in 2016, the tunnel consists of two tubes, each

nearly 8 meters in diameter [105].

Figure I. 15 : The Gotthard Base Tunnel [105]
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I. 3.5. Airports

Beijing, Dubai, Istanbul and Saudi Arabia are aiming to become the world's largest
airports [106, 107] (Figure I. 16).

e China

China is planning to build 240 airports by 2020 to cope with the growth in air traffic.
Beijing increased its airport capacity to 80 million passengers after the 2008 Olympic
Games, but saturation was reached earlier than expected. Daxing airport, designed by
ADP Ingénierie, will become one of the world's largest with 100 million passengers on
700,000 m? and 6 runways [106, 108-110].

s United Arab Emirates

Dubai plans to increase the capacity of its Al Maktoum airport from 5 to 160 million

passengers by 2025, as part of the $30 billion ‘Dubai World Central” project [111].

% Turkey

In Istanbul, a new 150-million-passenger airport will open in 2018 at a cost of €7 billion
[111].

«»» Saudi Arabia

Saudi Arabia is also inaugurating its ultra-modern Red Sea airport in 2021, with a

capacity of several million passengers [107].

/

Figure I. 16 : World's Largest Airports [101, 107, 112, 113]
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I. 3.6. Seaports and Lock

The New Doha Port Development Project, also known as Hamad Port, is a
groundbreaking initiative that has transformed Qatar's maritime landscape. Spanning
26.5 km2, it is one of the largest and most advanced seaports in the Middle East.
Located to the south of Doha, the port has an annual capacity to accommodate over 12

million twenty-foot equivalent units [114].

%+ The New Terneuzen Lock in the Netherlands, one of the world's largest locks,

connects Rotterdam and Paris via a vital shipping route. By 2023, the lock will measure
427 meters long, 55 meters wide, and 16.4 meters deep, accommodating larger vessels.
Construction requires 60,000 tonnes of steel, 32,000 tonnes of concrete reinforcement
bars, 325,000 m3 of concrete, and the dredging of 9,500,000 m? of soil. The lock
complex must serve four key purposes: flood prevention, water release, shipping trade
support, and continuous road traffic flow. By carefully considering these functions and
utilizing available resources, the New Terneuzen Lock will improve the region's flood

control and transportation systems [115]. Figure I. 17 shows the New “Doha Seaports

and Terneuzen Lock”.

I. 3.7. Hydraulic Structures

e China Dams

China has launched an ambitious plan to increase hydropower production, with the aim
of achieving 50% more than at present. Over 70% of China's energy needs are met by
coal, which will gradually be replaced by hydroelectric power. The commissioning of
the Three Gorges dam in 1999 already illustrates this strategy. Despite international
concerns about the impact on people and the environment, China is continuing to
implement its plan by building new dams. The first of these new projects, the Xiaowan
dam on the Mekong, has a capacity to generate 4,200 MW of electricity [98].
~ oG~
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e The Great Ethiopian Renaissance Dam

The Grand Ethiopian Renaissance Dam, also known as the Millennium Dam, harnesses
the Blue Nile River's power in Ethiopia. Construction began in 2011, with a significant
milestone reached in February 2022 as it started generating 375MW of electricity for
the national grid. Once the reservoir fills over the next 7 years, the dam's capacity will
increase to 5.15 gigawatts, marking a substantial growth from its current output. This
project signifies Ethiopia’s commitment to utilizing renewable energy sources for

economic development and energy security [88].
e The Cetin Dam and Hydroelectric Power Plant

The Cetin Dam and Hydroelectric Power Plant located in Sirvan and Pervari districts
of Siirt, construction began in July 2017 by Limak insaat. With an installed capacity of
420 MW, it will annually generate 1.174 billion kwh of energy. This project features
the largest RCC dam in Turkey and Europe, standing at 165 meters with a volume of

4.726.527 m? [116]. Figure 1. 18 shows some great dams in the world.

Figure I. 18 : Great World Dams [98, 114, 117]

I. 3.8. Specific Structures
e Abraj Kudai

Abraj Kudai (Figure 1. 19) set to become the world's largest hotel upon completion, will
boast an impressive 10,000 rooms, with a unique design featuring a ring of 12 45-storey
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towers, including 10 4-star and 2 5-star hotel towers, as well as 70 restaurants and

helipads for convenient helicopter and light aircraft access [118].

Figure 1. 19 : The Abraj Kudai [119]

e The Great Egyptian Museum

Located in Cairo, the Great Egyptian Museum aims to become one of the largest

museums in the world, the largest in the country and the largest establishment devoted

to Egyptian civilisation. With a surface area of over 490,000 m? and more than 100,000

exhibits, this museum will be a veritable temple of Egyptian culture. The budget for

this pharaonic project is estimated at nearly 1 billion dollars, reflecting the importance

of this project for the conservation and promotion of Egyptian culture [101].

e Mercedes-Benz Stadium

Mercedes-Benz Stadium is a football and American football stadium located in Atlanta,

Georgia, United States. It opened in August 2017 and has a capacity of 71,000, which

can be increased to 83,000 for certain events. The stadium is owned by the State of

Georgia and operated by the AMB Group, parent organisation of the Falcons and

Atlanta United. The total cost of construction is estimated at around 1.6 billion dollars

[101].

e Allegiant Stadium in Las Vegas (Nevada, United States)

Allegiant Stadium is one of the most modern and functional stadiums in the world. With

a capacity of 65,000, extendable to 72,000 for cultural events, Allegiant Stadium has a

unique system of grandiose French windows over 60 metres wide, overlooking the

famous Las Vegas [95].

e The Jeddah Tower

The Jeddah Tower set to become the world's tallest, will soar over 1000 meters with

167 habitable floors in Saudi Arabia. Initiated by Prince Al-Walid and designed by
~ g~
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Adrian Smith, it will feature flats, offices, and a luxury hotel. The massive structure
requires over 80,000 tonnes of steel, six times the size of the Eiffel Tower, and is
expected to be completed in 2020 at a cost of over $1 billion [101].

e The Resort World Casino in Las Vegas

The Resort World casino will be the largest in the world, proposed by the Malaysian
casino giant Genting Group. The resort will feature over 3,100 hotel rooms across
14,000 square meters, along with a 4,000-seat cinema, ice rink, aquarium, Chinese
garden, and panda enclosure. The theme is centered around Chinese culture, with
thousands of machines and hundreds of table games to attract visitors globally [101].

e The Palm Jumeirah

Visible from afar in the Persian Gulf; the Palm Jumeirah is a massive artificial island
shaped like a palm tree, featuring a five-kilometer-long trunk and 17 palm fronds. This
exclusive leisure and holiday center is home to numerous apartments, villas, luxury
hotels, leisure parks, shopping centres, and marinas, along with a 120-kilometer-long
sandy beach. The palm fronds are even visible from space. Figure 20. | illustrates

cultural, sporting and touristic structures around the world.

The Great Egyptian Museum Mercedes-Benz Sta

. v

Figure 1. 20 : Cultural, Sporting and Touristic Structures Around the World [101, 120, 121]

I. 4. CONCLUSION

Based on the overview of construction activity in Algeria and globally, it is evident that
the construction sector plays a vital role in economic development and infrastructure
enhancement. In Algeria, significant investments in housing, road and rail

infrastructure, bridges, tunnels, airports, seaports, and hydraulic structures demonstrate
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a commitment to improving living standards and connectivity. Globally, similar trends
are observed, with a focus on developing robust infrastructure to support growing
populations and economies. The emphasis on specific structures further highlights the
need for innovative solutions tailored to unique challenges faced in various regions. In
conclusion, the construction activity landscape reflects the critical importance of
infrastructure development in both Algeria and worldwide. Continued investment and
strategic planning are essential to address current needs and future demands, ensuring
sustainable growth and improved quality of life for communities.
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CHAPTER II _ BIBLIOGRAPHIC SYNTHESIS

Il. 1. INTRODUCTION

The second chapter of this thesis presents a comprehensive bibliographic synthesis
focused on the critical components of construction materials, particularly aggregates
and concrete. Understanding the properties, production methods, and applications of
various types of aggregates is essential for improving concrete performance and
sustainability.

This chapter begins with an exploration of aggregates, defining their role in
construction and tracing their historical use. It highlights the importance of both
conventional aggregates and innovative alternatives, such as Sahara dune sand and
demolition aggregates, which are gaining prominence in modern construction practices.
The synthesis further delves into the manufacturing processes, classification, and
physical characteristics of these materials. It examines the significance of aggregate
properties on concrete formulation and performance, including fresh and hardened state
characteristics.

Additionally, the chapter addresses advanced topics such as the transition zone at the
aggregate/paste interface (ITZ), deformability under load, and the methodologies for
conducting multiscale investigations into material properties. Statistical analyses will
also be discussed to validate findings and support conclusions drawn from the literature.
By synthesizing existing research and insights on aggregates and concrete, this chapter
aims to provide a solid foundation for understanding their roles in construction and

paving the way for future innovations in material science.

1. 2. AGGREGATES
I1. 2.1. Definition

Aggregates consist of a set of mineral grains that, depending on their size (ranging from
0 to 125 mm), fall into one of seven categories: fillers, sandblastings, sands, gravels,
pebbles, ballast, or rip-rap. These aggregates are obtained by exploiting deposits of
alluvial or marine sands and gravels, by crushing solid rocks (limestone or igneous), or
through the recycling of products such as demolition materials. Their nature, shape, and

characteristics vary depending on the deposits and production techniques used [122].
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I1. 2.2. History of the Aggregates Use in Construction

For centuries, structures and monuments have been erected using hard stones like
sandstone, granite, and limestone. For instance, aggregates were used, among other
resources, in the construction of the extensive road and aqueduct network of the Roman
Empire. Often, these stones were taken out of quarries that were distant from the
locations where they were utilized. The need for aggregates expanded significantly in
the 19th century with the advent of cement and concrete. The rise in the building
industry has led to an increase in the usage of stone-based raw materials [123].

Il. 2.3. Aggregates Importance in Concrete

Aggregates play a crucial role in concrete by serving as fillers, reducing the volume of
cement needed and thus offering economic and ecological benefits. Additionally,
aggregates form the concrete skeleton, providing structural integrity and limiting
dimensional variations due to their greater rigidity compared to cement paste. This

technical advantage ensures a more stable and durable concrete structure.

I1. 3. CONVENTIONAL AGGREGATES
I1. 3.1. Definition

Conventional aggregates are the most commonly used aggregates in concrete
production, typically composed of natural sand, gravel, or crushed stone that meet

industry standards.
1. 3.2. Global Aggregates Production, Consumption and Need

Global aggregates production, consumption and need are critical issues that require
urgent attention. According to Statista [58], global production of sand and gravel in
2023 amounted to 402,700,000 tons, with the United States leading production at an
estimated 130 million tones (Figure I1. 1). However, a lack of gravel and sand is a
widespread problem impacting many areas of the world [124].

An estimated 40 to 50 billion tons of sand are used annually, with China consuming the
most at 60% of the world's output. To meet construction demands, countries like the
United Arab Emirates, especially Dubai, import sand, with projects like the Burj Kalifa
requiring 45,700 tons of Australian sand. Dubai's artificial islands, such as the Palm

Islands and "The World" project, consumed massive amounts of sand, with the Palm
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Islands using approximately 150 million tons and "*The World" requiring more than 500
million tons [125].

China's cement consumption is also alarming, as it consumed the same volume in two
years that the United States would have consumed in a century. One volume of cement
is generally associated with between 2 and 3 volumes of sand in mortar and with 2
volumes of sand and between 3 and 4 volumes of gravel in concrete [126-128].

A recent study published in the journal One Earth highlights the urgent need to address
the growing demand for aggregates, particularly sand, which is set to explode over the
next few decades. Projections indicate that demand will double by 2060, reaching 55
gigatons per year, posing significant environmental and social risks [129]. Scientists
warn that this increased demand could lead to irreversible damage to ecosystems and

trigger conflicts over the scarcity of this resource [130].
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Figure 1. 1 : Sand and Gravel Production Worldwide in 2023, by Country and in Thousands of Tons
11. 3.3. Manufacturing

The two main stages of aggregate processing are (1) basic processing, which involves
crushing, screening, and washing to achieve the right gradation and cleanliness, and (2)
beneficiation, which involves using techniques like heavy media separation, jigging,
rising-current classification, and crushing to improve quality [131]. Aggregates can be

made from solid rock, loose rock, or recycling materials.
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11. 3.4. Massive Rock Manufacturing Process

Production in solid rock (Figure Il. 2) begins with an extraction phase, using explosives.
This is called blasting. The extracted material is then washed, crushed and screened to
obtain the desired granularity. The largest fractions of rock are rejected during
screening, to undergo further crushing [132]. Table 1.1 shows the main types of

crushers used in quarrying and respectively the phenomenon allowing crushing [133].
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Figure I1. 2 : Massive Rock Manufacturing Process [132]
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Table Il. 1 : The Main Crushers Used [133]

Crusher type  Jaw crusher Gyratory crusher  Roller crusher  Impact crusher
Phenomenon  Compression Compression Crushing Projection
Primary primary - -
Intervention - secondary Secondary Secondary
stages - ternary Ternary Ternary
- - Quaternary Quaternary

Ilustration

11. 3.5. Loose Rock Manufacturing Process

The production of loose rock (Figure I1. 3) is simpler because extraction does not
require the rock to be split: it is mined directly in the quarry, before being washed and
sorted, with little or no crushing. Washing is, however, an important stage in removing

the clay that coats the sand or gravel [132].
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Figure I1. 3 : Manufacturing Process in Loose Rock [132]

Examples of limestone and silicon sand quarries are shown in Figure 11. 4.
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Figure I1. 4 : Quarries of Limestone and Silicon Sand [134-136]

I1. 3.6. Classification

The classification of aggregates is a means of distinguishing between different types
according to well-defined criteria. According to F. MAUBERT (1989) [137], The
classification criteria for aggregates are mainly: granularity, density, origin and method

of preparation.
11. 3.6.1. Granularity

Granularity is the dimensional distribution of the grains making up an aggregate. The
diameters of these grains are between two minimum values ‘d” and maximum values
‘D’ by which this aggregate is designated. On the basis of this designation, the latter is
assigned one of the conventional names specified by standard NF EN 933-2 [138] in
the following increasing order of granularity:

o Fillers 0/D where D < 2 mm with at least 70% passing 0.063 mm

o Sablons s 0/D where D <1 mm with less than 70% passing 0.063 mm
o Sands 0/D where 1 <D < 6.3 mm

o Bass 0/D where D > 6.3 mm

o Gravel d/D whered >1etD < 125 mm

o Ballasts d/D where d > 25 mm and D < 50 mm
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Il. 3.6.2. Real Density

According to the standards (NF P 18-309; NFP 18-554 and NF P 18-555) [139-141]
aggregates can be classified into three classes according to the actual density of the
grain:

o Light when it is less than 2 gr/cm®

o Medium when it is between 2 and 3 gr/cm®

o Heavy when it is greater than 3 gr/cm3
I1. 3.6.3. Origin

Aggregates can be classified according to origin into two categories:
o Natural when they have only undergone a mechanical transformation operation;

o Atrtificial when they have undergone other processing operations.
1. 3.6.4. Preparation Method

The preparation of natural aggregates is done by a succession of mechanical operations:
crushing, screening, washing, etc...
For artificial aggregates, the method of preparation must be specified in its designation

(expanded clay, granulated slag, crystallized slag, etc...).
Il. 3.6.5. Geological Nature

Natural aggregates are extracted from deposits of loose detrital formations or massive
rock formations.

o Loose Detrital Formations

For materials from detrital rocks, a simple washing is enough to get rid of the fines,
screening ensures particle size sorting and crushing to reduce the size of large elements.
Materials can be rolled, crushed or rolled-crushed as needed. To have fine elements the
sand can be crushed.

o Alluvium From Water courses

The deposition of alluvial materials in river beds occurs thanks to the phenomena of
erosion and transport by water. Alluvium constitutes the main source of supply of
aggregates. Generally, they are classified into 3 categories:

= Siliceous gravel

= Sand-lime gravel

=  Gravel limestone
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o Sedimentary Formations of Marine and Continental Origin

Most of its sands are fine to medium granularity with very large quartz dominance.

o Dunes and Coastal Strips

They can be found in lenses of fine sand, or in the form of sea pebble beaches.

o Arenas

On-site weathering residues of magmatic and metamorphic rocks. Arenas of granite
origin are the most exploited.

o Moraines

Very heterogeneous unusable deposits. If they are taken up by a watercourse and
deposited downstream, they can be assimilated to coarse alluvial deposits. Moraines
contain all the huge blocks and fine silty or clayey sands.

o Slope Scree

The majority of scree slopes (eluvions, colluvions sometimes locally called groise,
grouine, etc.) are due to the effects of freezing and especially the alternation of freezing
and thawing. Only limestone scree can be exploited as aggregates, depending on the

mechanical characteristics of the original rocks.
1. 4. SAHARA DUNE SAND
I1. 4.1. Definition

A dune is defined by the Larousse dictionary as a sandy mound created by the wind on

coastlines and in deserts. This sand formation is often referred to as a ‘sand pile’ shaped

by wind forces [142].
I1. 4.2. Availability

The world's major hot deserts are primarily located on the western coasts of continents
between latitudes 15° and 30° N and S. These deserts include the Sahara Desert (over
9,064,958 square km), the Great Australian Desert, the Arabian Desert, the Iranian
Desert, the Thar Desert, the Kalahari Desert, and the Namib Desert. The North
American desert stretches from Mexico to the United States, known by different names
such as the Mohave, Sonoran, California, and Mexican deserts. Figure I1. 5 shows the

distribution of deserts around the world.



BIBLIOGRAPHIC SYNTHESIS

CHAPITRE 11
MONDE 5 0 ¢c E A N A R CT I Q U E 6
Carte de désert i
~AMERIQUE Betpak Dala
L'OCEAN E'VROPE Qyzylqum ®
DU el ATLANTIQUE Dasru-'bvsr _ ?—‘« ALl
o Mok 3 Grand désert debassin NORD \'};‘ & s/: f°5‘(né59"d°“°’
Désert \‘*4 =
Chihwahuan Desert °"°e“°“ )iNafu hea um ,
oA ran—lg\ )' s ! | A f ,Q_Mj;aDésendeThaI f’[
\ » ¥ s s B
PACIFIQUE g il F s 5?“ . OCEAN
N ORD \& e Golte PACIFIQUE
Bengale
AFRlQUEDenakiI e
AMERIQUE
Sechura DU SUD
OCEAN OCEAN Grand Sandy ‘/-DésertdeTanami
PACIFIQUE S LN D XE O
SUD Atacama sup pe Namb .7 Gibson_AJEST RAY | €
ﬂ L'OCEAN '™ Kalahari Gm\dthctoda\.g:f:\;,uUhSknpsm
ATLANTIQUE
DésendeMome‘.(./\
0 LEGENDE __|
| 'ﬁPatagonh | Désert subtropical
ap &8 furorid. g {1 Hiver froid 0 1000 2000 Km
yright WWW.mapso om mm Cool cotia
(Updted on 19th March, 2013) = 0 500 1000 Mile

Figure I1. 5 : The Desert Card [143]

11. 4.3. Dune Types

Sand dunes are mounds formed by grains of sand that are blown apart and brought
together by the wind. Wind speed, turbulence and direction determine the types of

dunes that form. Figure I1. 6 show the different shapes of dunes created by winds.
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Figure I1. 6 : Types of Dunes According to Wind Direction [144, 145]

The amount of sand available plays an important role in the formation of sand dunes.
Dunes are generally classified according to their shapes, as highlighted by Omondi
(2018) [146]. The main types of sand dunes include parabolic dunes, linear dunes and

aeolian dunes.
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I1. 4.3.1. Reversed Dunes

These are dune wings at different heights with a parabolic shape resulting from the
change in the usual wind direction, which leads to a reversal of the orientation of the

dunes in relation to their initial orientation.
I1. 4.3.2. Nebka Dunes

Accumulation of sand generally forming around a clump of vegetation in a desert. In
the outwash beds of wadis where sand and silt are more abundant, vegetation is more
vigorous, and elongated mounds called nebka in the Sahara, can rise several metres

around the trunks of tamarisk trees, for example [147].
I1. 4.3.3. Star Dunes (Stars)

Winds blowing in opposite directions as a result of seasonal changes or secondary wind
currents give rise to this type of dune. They are the most voluminous, with a maximum
height of a few hundred metres and long arms extending in several directions in the

shape of a starfish, hence their name. Their arms can be several kilometres long.
1. 4.3.4. Half-Moon Dunes

Also known as ‘Barchanes’, which means ‘moving dunes’ in Turkish. When the wind
blows in one direction throughout the year, crescent-shaped dunes appear, ranging in
height from 1 to 50 metres and in length and width from 15 to 500 metres. The horns

point in the direction of the wind.
Il. 4.3.5. Transversal Dunes

They are elongated and lie perpendicular to the direction of the prevailing wind. They
originate where there is an abundant source of sand and extend for several kilometres,

sometimes reaching a height of several hundred metres.
1. 4.3.6. Longitudinal Dunes

Also known as “linear dunes” or “Seif dunes”. They appear when the wind blows
regularly throughout the year in two different directions. They occur where the sand
supply is average. They run parallel to the prevailing wind direction, creating parallel
ridges of dunes. They are longer than they are wide. The ridges can be straight or
slightly sinuous. They can reach 400 km in length, 600 m in width and 40 m in height.
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I1. 4.3.7. Barchanoid Dunes (Ridges)

Plan view of an asymmetrically wavy dune crest with parallel rows of consolidated
barchans, or linked crescents. It migrates forward and is positioned transverse to the
direction of the main wind. Its leeward slopes dip sharply (32-34°) and its windward
slopes softly dip. Broad, inter-dune corridors usually divide barchanoid ridges. Fulje
are interdune depressions found between closely spaced barchanoid ridges (Glenn
1979). Compared to the very slightly curved transverse ridges, their individual
segments exhibit larger curvature (Breed and Grow 1979; Thomas 1989, p. 248 and
references therein). While transverse ridges feature mostly horizontal strata, they
exhibit curved strata in cross sections parallel to the crest. Two alternating... patterns

are seen in Barchanoid ridges.
I1. 4.3.8. Dome Dunes

They have a portion missing from the side and are shaped like an oval or circle. They
are uncommon and only appear on the edges of arid deserts. At modest wind speeds,
they can form. Domed dunes can change into several types of dunes. In dunes that are
too tiny for barchan growth, where the horns and slide faces cannot develop, domes can
also exist [148].

1. 4.3.9. Parabolic Dunes

Parabolic dunes, also known as blowout dunes, are breathtaking geological formations
that can stretch up to 12 kilometers in length. These U-shaped wonders are formed
when vegetation grows at the extremities of a cluster, while the central part continues
to advance under the relentless force of a prevailing unidirectional wind. The unique
shape of these dunes, with their tips pointing towards the direction of the wind, is a
testament to the relentless power of erosion and deflation [149].

I1. 4.4. Physical Characteristics

The dune sands of the Sahara Desert, particularly in the Grand Erg Oriental, exhibit
distinct physical characteristics. The grain size distribution of these sands is bimodal,
with modal classes in the fine sand size range 2 ¢ and 2.64 ¢ (¢ is a logarithmic scale
used in sedimentology to describe grain size. The phi scale is calculated as: p=—log>(d)
where d is the diameter of the grain in millimeter. A smaller ¢ value indicates larger

grain sizes, while a larger ¢ value indicates finer grains). The well-sorted nature of the
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sands is evident from their sorting values, which are less than 0.5, indicating a high
degree of sorting. The grain size distribution is positively skewed, suggesting an excess
of fine grains compared to a normal distribution. Furthermore, the sands are very
platykurtic, with kurtosis values indicating a high textural maturity. Finally, the dune
sands are dominated by rounded and well-rounded grains, reflecting the extensive
abrasion and rounding processes that have occurred during their transport and
deposition [54]. The dune sand utilized in the study by Benharzallah Krobba et al. [150]
was sourced from the Algerian desert, specifically in the northern region near the city
of Laghouat, located 400 km south of Algiers. This sand has a fineness modulus of 0.84
and a granular size range of 0 to 0.5 mm. The grading curve for the dune sand is
illustrated in Figure 11. 7. Scanning Electron Microscopy (SEM) investigations reveal
that the grains are predominantly rounded, although some irregular and angular grains
are also present, as shown in Figure I1. 8. Additionally, Energy Dispersive X-ray (EDX)

analysis confirms the primarily siliceous composition of the dune sand.

100
— 8O
% /
=]
i, /
:
g /
- /

20

7
0 ™

001 0.1 1 10
Sieve diameter (mm)

Figure I1. 7 : Particle Size Distribution of Desert Dune Sand (Laghouat-Algeria) [150]
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Figure I1. 8 : SEM Image and EDX Analysis of the Desert Dune Sand (Laghouat-Algeria) [150]
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Il. 4.5. Origin of Granulometry

Strong winds, often exceeding 100 km/h, are the driving force behind the formation of
desert dunes. These powerful gusts suspend the grains of sand, with the turbulent air
flow strong enough to counterbalance gravity, preventing the grains from falling back
to the ground. This allows the sand to be transported over vast distances. The lightest
and smallest grains can be carried for thousands of kilometers, while the heaviest and
largest grains remain on the beaches due to their weight. This selective transportation
process results in desert dunes being composed of fine sands with grains typically

ranging from 0.1 mm to 0.3 mm in size [151].

I1.5. DEMOLITION AGGREGATE
I1. 5.1. Definition

Demolition aggregate (recycled) is defined by article 2 of decree n°. 84-378 of
December 15, 1984 [152] as inert waste from demolition work. It does not undergo any

physical, chemical or biological modification during its landfill.
I1. 5.2. Description of Demolition Aggregates

Concrete demolition aggregates differ significantly from natural aggregates in their
composition, consisting of two bodies of different nature: the natural aggregate and the
cement mortar attached to it. This cement mortar is the primary cause of the decline in
the characteristics of recycled aggregates. The water absorption coefficient of recycled
aggregates is much higher than that of natural aggregates. The precise value of the water
absorption of recycled aggregates depends on the parent concrete and the amount of
residual mortar on the aggregates. According to Juan et al (2009) [153], the quantity of
mortar varies according to the concrete crushing process and is directly related to the
grain size. In addition, several studies have been carried out to define this mortar [154].
It has also been observed that the properties of the mortar are influenced by the

performance of the initial concrete [155].
I1. 5.3. History of Demolition Aggregate Use in Construction

The idea of waste recycling emerged immediately after World War I1, with research
published around the world. In 1947, a dissertation at Cornell University investigated

the possibility of recycling waste, inspired by Ploger's 1946 work, read by the Russian

~ A4~



CHAPITRE Il BIBLIOGRAPHIC SYNTHESIS

academic Gluthge. In Germany, in 1948, RAC used concrete produced from recycled
rubble. In the mid-1970s, the introduction of CCR made concrete research a solution to
problems created by environmental requirements and strict restrictions on waste
disposal. Most developed countries are ahead in waste recycling, recognizing the
importance and necessity of this process. New Zealand and Denmark are pioneers in
this area [156, 157].

11. 5.4. Availability

In Algeria, the production of inert waste is constantly increasing due to demographic
expansion and the need for new housing. Construction sites are increasing rapidly,
generating large quantities of inert waste. In 2016, the annual production of inert waste
represented around 11 million tonnes, mainly from the building and public works sector
(construction and demolition waste). Building and public works (BTP) companies are
major producers of inert waste, including concrete, bricks, tiles, concrete coated with
adhesives, plaster, glass, bitumen, earth and pebbles, insulation materials, floor
coverings, and so on. It is estimated that inert waste production will reach over 13
million tonnes by 2020 [158]. Figure Il. 9 shows Buildings threatened with ruin and

uncontrolled dumping of demolition concrete.

Figure I1. 9 : Buildings Threatened With Ruin and Uncontrolled Dumping of Demolition Concrete
(Course of the Revolution and Seybouse City, Annaba _ Algeria).
2012 World Bank research estimates that 1.3 billion tonnes of solid garbage are
produced annually worldwide. By 2025, this volume is anticipated to rise to 2.2 billion
tonnes annually. Around the world, half of the solid waste produced annually is made
up of building materials [159] which represents a significant source of demolition
aggregates worldwide. Table I1. 2 shows global C&D waste production in 2018 [160].
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Table Il. 2 : Global C&D Waste Production in 2018 [160]

N°  Country C&D Waste Generation (Million tons)
1 Hong Kong 18.12

2 India 112 to 700
3 Europe 500

4 Autralia 20.4

5  Netherlands 22

6 Italy 39

7 UK 58

8  France 65

9  Germany 86

10 United States 534

11 China 1130

In 2012, France produced 246 million tonnes of waste from the building and public
works (BTP) sector. In 2022, almost 19% of construction and public works waste will
be generated in the building sector. The recovery rate for construction waste varies
between 48% and 64%. ADEME ratios are used to quantify and qualify the production
of waste (or demolition products) depending on the type of deconstruction operation
(rehabilitation or demolition) at the building scale until 2024 and beyond. The
demolition data directory recently established by Apur has identified around 16 million

tonnes of construction waste from construction projects by 2030 [161, 162].
I1. 5.5. Demolition Aggregates Production

Although recycled aggregates still account for only a small proportion of overall

aggregates production, there has been encouraging year-on-year growth (Figure I1. 10).

8,0% Part en % recyclage
7,0% '\—C/)

6,0%

Figure I1. 10 : Share of Recycled Aggregates in Total Aggregates Production [163]



CHAPITRE Il BIBLIOGRAPHIC SYNTHESIS

This growth is due to regulations on the use of recycling aggregates, environmental

targets set by governments and improvements in recycling techniques.
11. 5.6. Difference Between Recycling and Downcycling

Recycling involves preserving the intrinsic value of a product, allowing it to be reused
in the production of the same or similar products. This process is known as sustainable
material flow or loop recycling. In contrast, downcycling occurs when a recycled
product loses some of its value due to its use in a lower-quality application [57].
According to recent studies, the rehabilitation of the E411/A4 highway between
Daussoulx and Thorembais is being carried out on a new site, enabling the recycling of
materials on site and significantly reducing CO2 emissions [149]. The Ostin area, near
Namur, has been transformed into a 5-hectare site featuring a mobile asphalt mixing
plant, a mobile concrete mixing plant, and a processing center for materials resulting
from the demolition of the site. Figure 11 .11 shows an example of recycling platform

and aggregate production.

CTA for the treatment of
materials from concrete

Authorized site for processing
hydrocarbon strawberries

Mobile coating station

Mobile concrete plant

Figure 11. 11 : Recycling Platform and Aggregate Production [123, 149]

I1. 5.7. Manufacturing Process

Mobile equipment placed on location or in a warehouse, as well as sizable crushing
plants, are two methods for producing recycled aggregates. In most cases, the recycling
process must be followed through on the following stages in order to generate excellent
aggregates:

v" Control of Debris

It is best to stockpile debris in a deliberate manner. For instance, high-quality concrete
trash (precast concrete, road concrete) is heaped up separately and given different care.
Regardless, it is challenging to convert excessively contaminated concrete flows into
high-quality concrete aggregates without employing a variety of cleaning methods.

v" Debris Fragmentation and Pre-Screening
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These steps remove sand, organic matter, and dirt that may attach to the debris and

facilitate a smooth crushing operation.
v" Crushing Debris
A variety of crusher types can be used to accomplish this:

©)

©)

(@]

(@]

o

Utilising Magnetos to Disperse the Fragments
Air Separators (Light Particle Ejection)

By Hand Sorting

Combined Cleaning

Trash Being Screened and Divided into Halves.
Aggregate Storage.

Separating the Waste by Fraction by Screening.
Group Storage.

Figure 11. 12 presents the process flow diagram for a state-of-the-art recycling facility.

The diagram illustrates the various stages involved in efficiently processing and

recycling construction and demolition waste to recover valuable materials like

aggregates [150].
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Figure 11. 12 : Process Flow Diagram for a State-of-the-Art Recycling Facility [150]

Thus, a waste processing facility consists of a set of equipment or a mix of equipment
that generates high-grade recycled aggregates. Generally, either mobile or stationary
systems are used for the manufacturing of aggregates based on demolition and
construction debris [164]. It is important to remember that mobile installations are less
effective than fixed installations since their bulk is restricted to make them movable. In
order to obtain granules, there are two main steps in the recycling process for building
and demolition waste: crushing and screening. The goal of crushing is to reduce waste
size. This step's goal is to reduce waste to particles with a certain average size. Three
different types of crushers are frequently used to do this: impact crushers, jaw crushers
and cone crushers [165]. Table I1. 3 below lists the advantages and disadvantages of the

three different crusher types
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Table Il. 3 : Advantages and Disadvantages of Different Types of Crushers [165]

Crusher type Advantages Disadvantages

* Produces more clean

* Large reduction factor (relationship .
particles

between incoming and outgoing particle

size)

Impact crusher * Produces a wider particle

* Produces aggregates with good geometry ~ >'2€ Fange

and good strength

* Allows you to process large pieces of

- .
reinforced concrete Produces aggregates with

Jaw crusher poor geometry and strength

* Produces aggregates in a narrower size
range

* Produces fewer clean particles

* Produces aggregates with

* Produces aggregates in a narrower size
poor geometry and strength

Cone crusher range

* Good compromise between the factor
reduction and production of fine particles

I1. 5.8. Classification of Demolition Aggregates

Demolition aggregates can be classified into different types based on their constituents:
o Rc: concrete, concrete products, mortar, concrete masonry units

o Ru: unbound aggregates, natural stone, aggregates treated with hydraulic binders
o Rg: glass

o Ra: bituminous materials

o Rb: baked clay elements, non-floating aerated concrete

o X: clays, soils, metals, wood, plastics, plaster

This classification system helps in identifying the composition of the recycled
aggregates and ensures their proper utilization in construction projects. Figure I1. 13
shows the usual distribution of demolition waste according to the nature of the materials
[166].
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Figure 1. 13 : Typical Composition of Demolition Waste

11. 5.9. Properties of Demolition Aggregates

11.5.9.1. Mechanical Properties

e Resistance to Shock and Attrition

In general, recycled aggregates have slightly weaker mechanical characteristics than
natural aggregates. The Los Angeles (LA) and Micro-Deval (MDE) coefficients are
higher, which suggests lower resistance to shock and attrition. Impact resistance is
decreased when mortar is present [167] (Figure 11. 14).
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Figure Il. 14 : Natural and Recycled Gravel’ Los Angeles Coefficient [104]

Nevertheless, their mechanical characteristics remain acceptable for numerous uses in
the field of building and public works [168].
11. 5.9.2. Physical Properties
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e Density

The density of recycled aggregates is generally lower than that of natural aggregates,

due to the presence of adhesive mortar. Numerous parameters, including as mortar type,

grain size, water-cement ratio, and admixture addition, affect the connection between
mortar content and density in a demolition aggregate:

o Type of Mortar: The type of mortar used affects the density and composition of the
mortar. For instance, compared to a high-density mortar, a light mortar will have a
higher density and a lower mortar content.

o Granulometry: The density and composition of mortar are influenced by the
granulometry of recycled aggregates. Compared to coarser aggregates, finer
aggregates are less dense and contain more mortar [168].

o Water-to-Cement Ratio: This factor influences the density and composition of
mortar. Higher mortar content and reduced density are the results of increasing the
water-to-cement ratio.

o Admixtures: Adding admixtures can change the density and composition of mortar.
For instance, adding organic or mineral plasticizers can lower density and raise
mortar content.

Figure Il. 15 shows the relationship between attached mortar content and bulk

specific density.
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Figure I1. 15 : Relationship Between Mortar Content and Density [153]

e Water Absorption
The water absorption of demolition aggregate is typically between 3 and 12%,

compared to 0.5 to 3% for natural aggregates. Their granularity depends on the crushing



CHAPITRE Il BIBLIOGRAPHIC SYNTHESIS

process used [169]. Research [153] has shown that the increase in water absorption is
directly linked to the increase in the fraction of mortar attached to these aggregates. The
more porous the mortar, the greater the ability of the aggregate to absorb water (Figure
1. 16).
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Figure I1. 16 : Relationship Between Mortar Content and Demolition Aggregate Water Absorption
[153]

Il.6. DEMOLITION AGGREGATE IMPROVEMENT TECHNIQUES

To enable demolition aggregates to be used without risk in the formulation of structural
concretes, as a replacement for conventional aggregates, several methods and
combinations of methods are used acting on one of the following three axes:

%+ Separation of Adherent Mortar from Natural Aggregate

R/

¢+ Reducing the Porosity of the Adherent Mortar

% Modification of the Hydric Status of the Demolition Aggregate

These different approaches are based on the differences in properties between
conventional aggregates and the old adherent mortar, as well as on the highly porous
interfacial transition zone between these two elements [170]. The following are some

of the techniques used:
Il. 6.1. Methods Separating the Adherent Mortar from the Natural Aggregate

Methods for separating mortar and natural aggregates are based on the differences in
physical and chemical properties between these two components. They include
mechanical, chemical and thermal treatments aimed at selectively weakening the

mortar to facilitate its separation from the aggregates.
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I1.6.1.1. Mechanical Treatment

Based on standardised Los Angeles and Micro-Deval tests [171, 172], the mechanical
treatments of aggregates enable mortar-aggregate separation by shocks (impact
separation method) or by abrasion (Micro-Deval test method). By removing the
attached cement paste from the recycled aggregates' surface, these procedures hope to
enhance the aggregates' physical characteristics and make them more compatible with
the new cement paste when used to formulate concrete.

a) Impact Separation Method

It is based on the Los Angeles test, which aims to assess the strength of aggregates by
fragmenting them inside a cylinder containing steel balls. The effectiveness of this
method is influenced by a number of factors, including the quantity of aggregate treated,
the number of balls used, the rotation speed of the cylinder and the duration of the
treatment. To improve separation, it is recommended that the treatment time be
increased. However, it is important to note that this method is considered to be very
energy-intensive [173].

b) Abrasion Separation Method

The abrasion separation method is based on the micro-Deval test. This test involves
measuring the abrasion of aggregates by placing them in a container filled with water
and steel balls. The container is then rotated, which has the effect of abrading the
material being tested. This method depends on the treatment time, but is less effective
than impact separation. However, it does have the advantage of keeping the natural
aggregates unfragmented. Separation by abrasion is an interesting technique because it
preserves the integrity of the aggregates while measuring their resistance to abrasion.
Although less effective than impact separation, it remains an option to be considered in

certain contexts [15].
Il. 6.1.2. Chemical Treatment

The chemical method for treating recycled aggregates is based on the difference in acid
resistance between cement paste and natural aggregates. The process involves
immersing the crushed concrete aggregates in an acid solution to dissolve the cement
paste through an acid-base reaction, while preserving the aggregates. After rinsing to
remove the residual acid, the aggregates treated in this way have a slightly rough
surface, improving their adhesion to binders. However, the choice of acid must take
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into account the nature of the natural aggregates, as limestone risks being attacked by
an acid that is too strong [174]. The use of salicylic acid is therefore recommended for
this type of aggregate. This chemical surface treatment cleans and prepares demolition
aggregates, eliminating oxides and impurities while creating a controlled roughness that

is beneficial for reuse in the production of new building materials.
Il. 6.1.3. Thermal Treatment

a) High Temperature Method

The high-temperature processing method entails heating the grains to cause three

phenomena that allow the separation of the natural aggregates and the spice paste [175].

These three phenomena are as follows:

v" Equilibrium by Thermal Gradient: The surface temperature of the recycled concrete
aggregates is high, while their core is lower, resulting in temperature differences
within the recycled aggregates. These constraints lead to the cracking of the
recycled concrete granules.

v Chipping by Internal Pressure: As a result of the temperature increase, the water in
the recycled granules' pores takes on a gaseous shape. A portion of this water
vapour, unable to escape, builds up pressure and causes internal pressures that break
the cement paste.

v Loss of the Cement Paste's Mechanical Properties: At high temperatures, cement
paste degrades and loses its mechanical properties, releasing natural aggregates.

b) Low Temperature Method

Low-temperature treatment of recycled aggregates is based on freeze-thaw cycles

[175], which involve two main phenomena:

v Thermal Gradient Spalling:

During freezing, the aggregate surface cools faster than the core, creating internal

stresses that crack the aggregate.

v" Increase in Water VVolume:

When the aggregate becomes solid, the water in its pores freezes and increases in

volume. This volumetric expansion, confined within the pore space, generates internal

stresses that degrade the cement paste. Recycled aggregates, previously saturated with
water, are exposed to numerous freeze-thaw cycles. The thermal and hydric stresses

induced cause the cement paste to crack and shatter, freeing the natural aggregates. This
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low-temperature treatment, which is more economical and environmentally friendly
than chemical or thermal methods, means that concrete aggregates can be recycled and

reused in the production of new building materials.
Il. 6.1.4. Microwave Treatment

Microwave treatment is considered a pre-treatment before traditional crushing. It is
based on the difference in sensitivity to microwaves between cement paste and natural
aggregates. Microwaves create temperature gradients in the recycled aggregates,
generating stresses and micro-cracks in the cement paste. If water is present in the
pores, its vaporisation under the effect of heat also generates additional stresses.

Compared with conventional heat treatment, the advantage of this method is that it
degrades the natural aggregates less, thanks to the lower treatment time and
temperature. However, this microwave pre-treatment is more effective on coarse
recycled aggregates than on fine aggregates, making it easier to separate them from the

cement paste during subsequent crushing. [175, 176].
Il. 6.1.5. Ultrasonic Vibration Treatment

The ultrasonic vibration treatment relies on high-frequency sound waves propagating
and interferences formed at the natural stone particles' surface and the cement paste
[175]. At this transitional zone's level, the reflective surfaces create interferences that
lead to constraints, fracturing the cement paste and enabling its removal (Figure I1. 17).
It is advised to regularly distribute the waves around the grains in order to maximise
the effectiveness of this method and minimise the degradation of the natural grains.
Although this approach is more efficient than traditional crushing, it still requires a
significant amount of energy, and its effectiveness is heavily dependent on the
granulometry of the treated grains [177].
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Figure I1. 17 : Principle of Ultrasonic Vibration Treatment [177]
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11. 6.1.6. Hydrodesmolition

The hydrodesmolition method, which uses a pressurised water jet to separate the

concrete from the steel reinforcements of the reinforced concrete, is the foundation of

the hydroaulic treatment (Figure Il. 18). Normal range for the water jet's pressure is
between 200 and 3000 bars [175]. This technique is based on two principles:

a) Effect when water under extreme pressure comes into touch with materials, a
significant amount of energy is released into a small area. Significant constraints
are imposed on disintegrating materials by this energy.

b) Pressure in pores :

When the treated material is porous, water under pressure seeps into the pores and

causes restrictions inside it. These restrictions will cause the material to be destroyed.

This treatment is dependent upon the applied pressure and the distance between the

treated material and the buse. If there is too much energy to disperse, these parameters

must be carefully adjusted to avoid damaging the natural aggregates.
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Figure Il. 18 : Interaction Between Pressurised Water and the Treated Material [178]
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11. 6.1.7. Electro-Fragmentation

The process of electro-fragmentation involves introducing an electrical current into a
multiphasic material. As the electrical current flows through the material, it polarises
the various components. Polarisation is based on the characteristics of the constituents.
At the contact between natural aggregate and cement paste, an imbalance between
positive and negative charges results, creating local plasma formation. This plasma
creation is accompanied by a thermal dilatation that releases the natural cement paste
aggregate and creates a radial wave of choc [178].
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I1. 6.1.8. Chemo-Mechanical Treatment

The goal of the chimio-mechanical treatment of recycled cement aggregates (RA) is to
improve their properties by removing the adhesive cement paste. It combines chemical
treatments with mechanical methods including fracturing and skewing.

The mechanical methods enable the granule surface cation paste to be mechanically
broken down and separated. Chemical treatments, such as the use of acids, breakdown
and remove this adhesive paste. This combined approach reduces the water absorption
of RA by decreasing their porosity. This enhances their compatibility with the new
cement paste when GR is recycled for concrete production. Although this chimio-
mechanical technology is more efficient than solely mechanical methods, it is still
energy-intensive and can produce pollutants, necessitating the optimisation of treatment
parameters.

Abbas et al. (2008) [179] have chosen to use chemical degradation in conjunction with
the exposure of recycled grains to a sodium sulphate solution and the creation of
constraints that lead to a gel and decomposition action in the grains to separate the
mortar from the natural aggregates. However, the main goals of this study were to
quantify the mortar in order to use it in the classification of recycled aggregates. The
method is not suitable for large-scale recycled aggregate manufacturing.

According to Heriberto Martinez Hernandez (2022) [180], although mechanical,
chemical and thermal techniques make it possible to remove a significant amount of
residual mortar from recycled aggregates, they consume a lot of energy, increasing
costs and making them uneconomic on a large scale. In addition, these treatments can
generate contaminants and further damage the properties of the aggregates, for example
by causing them to crack. Table Il. 4 shows Advantages and disadvantages of some

recycled aggregates treatment methods.

Table I1. 4 : Advantages and Disadvantages of Some Recycled Aggregates Treatment Methods [175]

Treatment Ease of use Energy consumption Max efficiency (% mass loss)  Difficulties

Mechanical Easy LA: 2 kWhiton 60 Shocks LA: agoregate damage
Ultra sound Specific equipment for industrialuse 12 kWhiton 70 Health

High temperature ~ Easy, similar to cement fabrication 250 kWhton 20 Aggregates damage

Low temperature Specific equipment for industrialuse - - Obtatning a very low temperature
Microwave Specific equipment for industrial use - il Health

Chemical Not possible at industrial scale No 100 Health, waste 1zsued from treatment
Thermal-mechanical ~ Easy (hot) Close to thermal 45 Aggregates damage
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11. 6.2. Methods Reducing the Adherent Mortar Porosity
Studies are also being conducted on additional options, such as biocarbonation, rapid
carbonation, and natural carbonation, to identify more affordable and environmentally

responsible ways to raise the quality of recycled concrete aggregates.
11.6.2.1. Carbonation

Carbonation is a complex physico-chemical reaction between carbon dioxide (CO>),
water and alkaline compounds present in a specific environment. This phenomenon
occurs when humidity exceeds 70% and the environment is highly alkaline. According
to the CO_ dissolution and speciation equations, CO- dissolved in water is transformed
into carbonate ions (CO3?) under these conditions. These carbonate ions then interact
with other ions present in the environment, such as calcium ions (Ca?*) from the
dissolution of alkaline compounds such as portlandite (Ca (OH)) or hydrated calcium
silicates (C-S-H). Stable minerals are formed by the precipitation of carbonate and
calcium ions, mainly calcium carbonate (Ca COg) in various crystalline forms (calcite,
aragonite, vaterite) (Figure Il. 19). Natural carbonation has a significant effect on the
longevity of cementitious materials, by altering their mechanical characteristics and

microstructural structure.

Figure I1. 19 : Mainly Calcium Carbonate Crystalline Forms [180]

I1. 6.2.2. Accelerated Carbonation

Concrete naturally undergoes a carbonation process during its use in construction.
Accelerated carbonation treatment is possible for concrete crushed from recycled
aggregates (RA) after deconstruction. This process is based on an in-depth analysis of
the factors that influence the carbonation process, making it possible to calculate and
assess the level of CO> that could be stored by these RAs. In addition to storing carbon,
accelerating carbonation also reduces the porosity of aggregates. Indeed, when

carbonation reactions occur, calcium carbonates (CaCOs3) fill the pores of the RA,
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which improves their physical characteristics and makes them more suitable for reuse
in new concrete. This accelerated carbonation treatment of RAs therefore has a dual
benefit: on the one hand, it enables the captured CO> to be recovered, and on the other,
it improves the characteristics of the recycled aggregates, making them easier to
incorporate into the production of sustainable concrete. RAs are treated by accelerated
carbonation by placing them in a hermetic enclosure to promote homogeneous diffusion
of CO». Accelerated carbonation of RA is caused by the transfer of CO2 across their
surface, over a period ranging from 1 hour to 7 days for exposure to 100% CO. (Figure
I1. 20). The efficacy of this method has been demonstrated in the literature [181-184].
However, most tests are carried out in laboratory conditions, and further studies are
essential to improve the carbonation parameters and assess the long-term effect on the
performance of recycled concrete.
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Figure 11. 20 : Accelerated Carbonation Device in the Laboratory — Treatment of Recycled Aggregates
by Accelerated Carbonation [29]

11. 6.2.3. Bacterial Precipitation (Biocarbonation)

The precipitation of calcium carbonates is a mechanism frequently encountered in the
living world, used by many organisms to form their skeleton. This phenomenon is not
specific to multicellular organisms, as unicellular organisms such as
Coccolithophoridae can also precipitate carbonates to form a protective layer around
their cells. The most remarkable formations are stromatolites, dating back 3.5 billion
years and responsible for trapping CO: in the primitive atmosphere. This natural
process of carbonate precipitation under the action of prokaryotic microorganisms is
still present today and is the subject of studies for innovative applications, such as the
surface treatment of recycled concrete aggregates [180]. The surface treatment of
recycled concrete aggregates by bio-precipitation, studied by Heriberto Martinez
Hernandez in 2022 [180], involves forming a layer of CaCO3z around the aggregates
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over a period of a few days, thereby limiting their water absorption. Non-pathogenic
bacteria capable of producing CaCOs have been identified, selected and adapted to the
alkaline environment of the aggregates. The optimum conditions for homogeneous
bacterial growth and uniform production of CaCOs on the surface were determined.
The processes developed, applied to mortar discs, confirmed a significant reduction in
water absorption after just one month, thanks to the essential homogeneity of this
surface treatment. Figure Il. 21 shows the precipitation of CaCOgs in the pores and

microcracks of recycled gravel, before and after to be treated by bioprecipitation [180].
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Figure 11. 21 : Precipitation of CaCO3 in the Pores and Microcracks of Recycled Gravel, Before and
After to be Treated by Bioprecipitation [180]

11. 6.2.4. Changing the Surface Condition (Coating of Recycled Aggregates)

Compared to natural aggregates, recycled aggregates (RA) have a lower quality due to
increased porosity and a rougher surface. This can affect their ability to bind cement
and provide the concrete with a robust structure [185].

Several surface treatment techniques have been developed to improve the quality of
RA. Coating is one of the effective methods. It consists of covering the RA grains with
a thin layer of material (such as cement, mineral powders or polymers) leading to the
improvement of their surface condition and mitigating the negative effects of the RA
characteristics [34, 185-188].

Figure Il. 22 shows the device intended for the encapsulation of the recycled aggregate

with cement. It is a 45 cm diameter laboratory granulator with a rotating drum.
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Figure Il. 22 : Rotary Drum Laboratory Granulator for Cement Encapsulation of Recycled Aggregates
[189]

11. 6.3. Methods Modifying the Demolition Aggregate Hydric Status

Changing the hydric status of the demolition aggregate can help to better control its

interaction with the cement paste. This change is achieved by:
11. 6.3.1. Pre-Wetting

Pre-wetting recycled aggregates with water is a process which consists of humidifying
recycled aggregates before their use in the manufacture of concrete. This helps reduce
excessive water absorption by recycled aggregates, which can affect the rheological
behaviour of fresh concrete and its long-term durability [190, 191].

I1. 6.3.2. Pre-Saturation

Pre-saturation of recycled aggregates consists of pre-wetting them for a minimum
period of 24 hours, which makes it possible to reach a point of water saturation beyond

which water absorption is so low that it can be considered negligible [28, 192].
I1.7. CONCRETE

I1. 7.1. Definition

Concrete is a common building material that has transformed civil engineering and
modern architecture. It is made up of coarse and fine aggregates (gravel and sand),
cement, water, and occasionally additives. After it dries, concrete may take on intricate
shapes because it is so easy to work with when it is raw. Although it has a good
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compressive strength, steel, cables, or fibres must be used for reinforcing because it is
weak in tension. The high volumetric mass of the material can be decreased by utilising

light aggregates, which account for around 80% of the total volume.
I1. 7.2. Concrete Importance

Construction materials such as concrete are essential; they are used to build three-
quarters of single-family homes and more than 90% of multi-family homes. Based on
the most recent data from the French Union of the cement industry (FUCI), concrete
continues to dominate the building industry. More and more French people are
concerned about their home's thermal comfort, isolation, and fire resistance. Concrete
construction provides an excellent solution to these concerns. In fact, concrete is a
strong and durable material that may be used to create long-lasting structures [193].
Many people choose concrete for building projects due to its sturdy and resilient
properties, enabling the completion of long-lasting structures. Concrete's resistance
makes it suitable for large-scale works, and cementitious concrete walls are stronger
yet lighter. For even greater resistance, armored concrete walls with a metal armature
can be used, providing both strength and stability.

In addition to its structural benefits, concrete also has good thermal capacities, allowing
for proper insulation and humidity control, resulting in improved comfort within the
building [194].

I1. 7.3. Ordinary Concrete Constituents

Concrete is a composite material composed of various key ingredients (constituents)
that combine to form a strong and adaptable building material [195]. The principal

constituents consist of:
I1. 7.3.1. Cement

The binding agent, typically Portland cement, which undergoes a chemical reaction
with water to harden and set, providing the concrete with its cohesive properties [196].
Il. 7.3.2. Fine Aggregate (Sand)

Fine aggregate, also known as sand, is a type of aggregate material that is typically
composed of small particles ranging in size from 0 mm to 6.3 mm [138]. It is used in

concrete mixtures to provide a smooth surface and improve workability.
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I1. 7.3.3. Coarse Aggregate (Gravel)

Coarse aggregate, also known as gravel, is a type of aggregate material that is typically
composed of larger particles ranging in size from 1 to 125 mm or larger [138]. It is used

in concrete mixtures to provide strength and stability.
I1. 7.3.4. Mixing Water

Mixing water is the water used to mix with the cement and aggregate to form a concrete
mixture. It is essential for the chemical reaction between the cement and water, which

hardens the concrete over time [197].
Il. 7.3.5. Plasticizer

A plasticizer is an additive used in concrete mixtures to improve workability and reduce
the amount of water needed. It helps to create a more fluid mixture that is easier to pour
and shape [198].

Il. 7.4. Ordinary Concrete Formulation Methods

The different techniques used to figure out how much cement, water, aggregates, and
other admixtures to put in a concrete mixture to get the right qualities are referred to as
concrete formulation methods. The methods for calculating concrete composition are
numerous, and no single method is universally recognized as the best [195].
Historically, the principles governing concrete formulation began to be rationalized in
the late 19" century. The composition of concrete typically results from a compromise
among various often conflicting requirements. A concrete formulation can be deemed
satisfactory if it meets several key criteria: it must exhibit adequate compressive
strength after curing, allow for easy workability during application with standard
construction methods, demonstrate minimal shrinkage and low creep, and maintain
cost-effectiveness. Several typical techniques for formulating concrete have emerged
over time, each addressing these criteria in different ways. These methods reflect the
evolving understanding of material properties and the practical needs of construction,
ensuring that concrete can perform effectively in a variety of applications while

balancing performance and economic considerations.
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1. 7.4.1. Féret Method

In 1892, Féret [199] conducted pioneering research on concrete formulation, focusing
on the principle of optimal compactness. Initially, he determined the compactness of a
ternary sand mix before incorporating a cement matrix. However, this method produced
mortar with a discontinuous grain size distribution and did not yield the most compact
material in its hardened state. Through equation (l1. 1), Féret established a relationship
between compressive strength and volumetric proportions, particularly using the

volumetric ratio of cement to aggregate (E/C).

1
fe =Krsree + (—(H(m) /c) 1. 1
Il. 7.4.2. Fuller and Thompson Method

In 1907, Fuller and Thompson proposed a method based on achieving maximum
compactness through a continuous grading of aggregates. Their innovative approach
incorporated not only the cement but also the extreme dimensions of the grains,
specifically the smallest (d) and largest (D) sizes, as outlined in formula (1l. 2).
However, it is important to note that the shape of the grains was not considered in their
method. This foundational work laid the groundwork for subsequent developments in
concrete formulation techniques, emphasizing the importance of grain size distribution

and material properties in achieving optimal concrete performance.

5,
PFullerTbompson = 100x d/D 1.2

1I. 7.4.3. Abrams’ Method

In 1918, Abrams [199] empirically defined a method where the cement dosage and the
maximum aggregate size are the primary parameters influencing concrete composition
(formula I1. 3). He introduced the Abrams coefficient (an improved version of the Féret

coefficient) to account for the nature and shape of the aggregates.

1
fe = Kaprams X (W) .3
11. 7.4.4. Bolomey Method

In 1925, Bolomey [195] proposed a continuous grading curve that includes cement and

is described by the following formula (11. 4).
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PBolomey = ABolomey + (100 - ABolomey) X / d/D . 4

The distinction from the Fuller and Thompson equation lies in the term A Bolomey,
which depends on both the shape of the aggregates and the consistency of the concrete.
Bolomey’s equation for compressive strength, expressed in equation (II. 5), serves as a

variant of Féret's law.

c
fczKBolomey-"(m_O.S) 1.5
Il. 7.4.5. Caquot Method

In 1937, Caquot [195] expanded the search for maximum compactness to an infinite
number of granular classes, based on the void index curve of a mixture of two
aggregates of different sizes. He experimentally defined a relationship predicated on
the principle that the volume of voids primarily depends on the diameters d (smallest
dimension) and D (largest dimension) (formula Il. 6). This led to the concept of infinite
optimal grading. However, in practice, grain dimensions are limited, necessitating
adjustments to the proportions of the smallest and largest aggregates. Additionally, he
introduced the wall effect caused by larger aggregates, further influencing the overall

concrete composition.

v=v,x % 1.6

Il. 7.4.6. Faury Method

In 1944, J. Faury [195] proposed a new continuous grading law for concrete formulation
following a comprehensive study of concrete properties. He drew inspiration from
Caquot's theory regarding the compactness of uniformly sized aggregates
corresponding to an average packing density. Faury utilized a horizontal axis scaled in
5\D to achieve a linear curvature and established a breakpoint to differentiate between
fine and coarse aggregates. This breakpoint is defined at D/2, with the corresponding

ordinate value Y calculated using the following formula (1. 7):

Y=A+17YD + — 1.7
——0.75

D

where B represents a constant reflecting the significance of concrete packing, varying
between 1 and 1.5; R is the mean radius of the mold calculated as R=Surface/Perimeter;
and A is a constant indicating the workability of the concrete. The ratio R/D accounts

for the wall effect caused by larger aggregates.
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I1.7.4.7. Joisel Method

In 1952, Joisel [195] expanded upon the work of Caquot and Bolomey, introducing a
more generalized method. He posited that the grading law leading to maximum
compactness is a function of ™VD, where m varies according to the packing density of
uniformly sized aggregates, ranging from 3 to 10. Joisel employed a linear reference
curve, ™D, for the horizontal axis and established a reference line that considers

cement, water, voids, grain size, and the compactness of granular classes.
I1. 7.4.8. Dreux — Gorisse Method

By 1970, Dreux and Gorisse [195] implemented a method based on granular
optimization that remains widely used for ordinary concrete. This empirical approach
utilizes a reference grading curve comprising two straight segments in a semi-
logarithmic diagram. Unlike Faury's method, cement is excluded from the reference
curve; its mass C is determined separately. This comprehensive method accounts for
numerous parameters (equation I1. 8), including the geometry of the cast piece, the type
and dosage of cement, the fineness, shape, quality, and dimensions of aggregates, as

well as the consistency and strength of the concrete.

c
fom = Gprewr X 0c (5= 0.5) 1.8
I1.7.4.9. Baron et Lesage Method

In 1976, Baron and Lesage [200] introduced a technique for optimizing the granular
skeleton of concrete using a workability meter. This method involves determining the
proportions of inert solid constituents that yield the fastest flow in the workability meter
through successive approximations. After establishing these proportions, the water

dosage is adjusted until the desired flow is achieved.
I1. 7.4.10. Scramtaiev Method

The Scramtaiev [201] method is a concrete mix design approach that emphasizes
finding the optimal cement content and water-cement ratio to meet a specified
compressive strength. This method takes into account the characteristics of both the
cement and aggregates used, as well as the desired workability of the concrete [202,
203]. It is based on the principle that heavily compacted concrete, when in its fresh
state, approaches absolute density. This means that the total absolute volume of the

constituent materials in one cubic meter equals the volume of the compacted concrete
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mix [201, 204]. Initially, the composition of the concrete is determined through
approximate calculations, which is then refined using experimental mixing trials to
optimize the concrete formulation. The following formulas (Il. 9-12) are utilised to
determine the proportions of the constituent materials in the concrete mix:

w(%):%xc 1.9

kg _ _(c , w | cs6n)
S (mg) [1000 (Pc + Pw + PCS(Gr))] XPs Il 10
1000

cs(6r) (35) = — 1. 11

Yvol(Gr) PCS(Gr)

a

Veav cser) X (

Veav cs(Gr) = 1 _% 1. 12

Where:

. S is the sand content (kg/m?3)

. W is the water content (kg/m?3)

. C is the cement content (kg/m3)

. CS (Gr) is the crushed stone or gravel content (kg/m3)

. Veav cs (an IS the porosity of the crushed stone or gravel in loose state
(substituted in the formula as a relative value)

. a is the coefficient of spacing of crushed stone particles (or excess mortar)

(assumed to be 1.05 to 1.10 for dry mixes and 1.2 to 1.4 or more for fluid mixes)

(Table 11. 5)
. Yvol cs(an) IS the bulk density of the crushed stone or gravel (kg/L)
. ps, pc, pw and pcs(er are the specific gravities (kg/m3) of sand, cement, water

and crushed stone or gravel respectively (kg/L)

. WI/C is the water-cement ratio
Table Il. 5 : a Values as a Function of W/C

o values as a function of W/C Quantity of
cement (kg/mq)

08 07 06 05 0.4 0.3
1.3 132 1.26 - - - 250

- 142 138 1.30 - - 300

- - 144 138 132 - 350

- - - 146 1.40 1.31 400

- - - 156 1.52 1.44 500
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1.56 1.52 600

Il. 8. CONCRETE BASED ON DEMOLITION AGGREGATES

We can identify concrete in two phases, the first in the fresh state and the second
hardened, and therefore distinguish the types of properties according to the two states

of the concrete.
Il. 8.1. Fresh State Properties

When the concrete has not yet completed its curing and hardening processes, it is
considered fresh. During the mixing process, water is the element that will allow the
compact skeleton formed by the insertion of solid grains to flow freely. This means that
water will eventually disperse the compact skeleton to allow the grains to move

sufficiently to enable the desired implementation.
1. 8.1.1. Workability

Suitability for employment is also known as mixture consistency or workability. The
simplicity with which the concrete may be applied to ensure proper formwork filling
and reinforcing coating is known as workability, according to Dreux and Festa (1998)

[205]. It describes the concrete's fluidity prior to the material hardening.

Several studies have shown that, for the same water content, the workability of concrete
made with recycled aggregates is lower than that of standard concrete. This inferiority
is particularly noticeable when the percentage of substitution exceeds 50% [206]. The
difference between the workability of concrete made from recycled aggregates and
natural aggregates is attributed to the greater porosity of the former. To improve this
situation, studies were carried out to vary the conditions under which the aggregates
were prepared. The results showed that adding water corresponding to the water
absorption of the aggregates tested significantly improves the workability of fresh
concrete [207].

Numerous factors affect workability, including the type and amount of cement used,
the aggregates' shape, the amount of water used, and the usage of adjuvants. Slump test
with Abrams’s cone makes it simple to measure. The slump of concrete containing
recycled aggregates should be lower than that of conventional concrete due to the higher
water absorption capacity of recycled aggregates compared to natural aggregates. The
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surface texture and angularity of recycled aggregates significantly influence the

workability of the concrete [208].

Numerous studies have reported reduced workability in concrete with recycled
aggregates, necessitating the addition of extra water to achieve desired consistency
[209-211].

To address the increased water absorption of recycled aggregates, various methods have
been tested to improve workability. For instance, Poon et al. [212] explored several pre-
wetting techniques for recycled aggregates before mixing them into the concrete. Their
findings indicated that the loss of slump is closely related to the moisture condition of
the recycled aggregates. Figure Il. 23 illustrates the variations in slump for concrete
mixtures containing different types of aggregates, highlighting the importance of

managing the moisture content to optimise workability.
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Figure I1. 23 : Variation of Slump of Concretes Containing Different Types of Aggregates: a)- 100%
Crushed Granite, b)- 80% Crushed Granite + 20% Recycled Aggregates, ¢)- 50% Recycled Granite +
50% Recycled Aggregates, d)- 100% Recycled Aggregates [212]

11. 8.1.2. Density

The density of fresh concrete containing recycled aggregates is slightly lower than that

of a mixture containing natural aggregates, as the density of recycled aggregates is
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lower than that of natural aggregates. The presence of residual cement mortar attached
to the aggregate is the main factor contributing to the decrease in density. Katz [213]
observed no significant difference in the density of concretes containing RCA prepared
from old concrete of three different ages (1, 7, and 28 days), suggesting that the amount
of adhered mortar in the different concrete aggregates was similar regardless of their
crushing age. Soutsos et al. [214] observed a slightly lower fresh density in concrete
containing RCA compared to concrete containing limestone aggregate due to
volumetric substitution rather than on a weight basis of the aggregate. They reported
that variations in RCA properties have little effect on the resulting concrete density.
They observed a reduction of approximately 5% in the density of the concrete mix when
all-natural aggregate was replaced by RCA. The reported values are generally between
2000 and 2200 kg/m?* [28].

I1. 8.1.3. Occluded Air
The entrained air content does not seem to differ significantly compared to conventional

concrete. The shape and roughness of recycled aggregates can make it more difficult to
extract air bubbles from the concrete during vibration. Some authors have observed
slightly higher levels of entrapped air, on average, in concrete made with recycled
aggregates, with a difference of around 0.6% compared with conventional concrete
[215, 216]. Figure 11. 24 shows Influence of recycled gravel rates and cement types on
the air content of concrete.

A LI} C XD E

Teneur en air [%]
~

0 20 40 60 80 100
GR (%)

A:CEMI525RCECP2;B:CEMI525RCE;C:CEMI525NCECP2;D:CEMI525N SR
3CEPMCP2;E:CEMI1525N CE ES CP2.

Figure I1. 24 : Influence of Recycled Gravel Rates and Cement Types on the Air Content of Concrete
[28]
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The greater porosity of recycled aggregates compared to natural aggregates is
responsible for the slight increase in the percentage of air trapped in recycled concrete.
Indeed, with a substitution rate of 100%, the percentage of occluded air is slightly
higher, varying from 4 to 5% [167]. Figure Il. 25 shows the percentage of air occluded

as a function of the substitution rate.
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Figure 1I. 25 : Percentage of Air Occluded as a Function of the Substitution Rate [167]

I1. 8.2. Hardened State Properties

Concrete is considered hardened when it has developed sufficient strength and stability
to support loads and resist deformation. This typically occurs after a curing period,
which can vary based on factors such as cement type, environmental conditions, and
additives. While concrete reaches its initial set within hours, it is commonly regarded
as "hardened" after 28 days of curing, achieving about 70-90% of its ultimate
compressive strength. For practical purposes, concrete can be deemed hardened when
it can withstand handling without significant deformation, usually a few hours after
placement, though full structural capabilities are confirmed through longer-term

testing.
11. 8.2.1. Density

When analysing the results of compression tests, knowing the specimens' mass is a
useful indicator. In fact, we can infer a variable density of the concrete tested if the
weighing results are widely scattered, which will cause the results of the compression
tests to be scattered. Following demolding, it appears that the effects of temperature
changes during specimen storage are more closely related to humidity levels.
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According to Thomas J. etal. [217], Pedro and de Brito [218] highlighted the challenges
associated with the loss of workability and the decrease in density of concrete when
natural aggregates are substituted with recycled concrete aggregates (RCA). McNeil
and Kang [219] noted that the density of RCA is lower than that of natural aggregates
due to the presence of adhered mortar on the recycled aggregates, leading to a
corresponding reduction in the density of RCA concrete compared to the control mix.
Furthermore, Rao et al. [220] established a linear relationship between the compressive
strength and density of RCA concrete, indicating that as density decreases, compressive

strength may also be affected.
I1. 8.2.2. Mechanical Properties

The mechanical properties of recycled concrete aggregate (RCA) concrete, including
compressive strength, splitting tensile strength, flexural strength, and modulus of
elasticity, tend to decrease as the replacement level of natural aggregates increases
[221-227]. However, these properties can be enhanced by carefully selecting the
recycled aggregates prior to concrete production [222-225, 227, 228]. Verma and
Ashish [229] found that while compressive and flexural strengths improved slightly at
lower replacement levels, significant deterioration occurred when more than 50% of
natural aggregates were replaced. Hamad and Dawi [230] reported an average reduction
of 10% in mechanical properties for concrete made with RCA derived from both normal
and high-strength concrete. Saha and Rajasekaran [231] observed substantial decreases
in compressive, splitting tensile, and flexural strengths with the addition of RCA.
Conversely, Tabsh and Abdelfatah [232] indicated that high-grade RCA concrete
(around 50 MPa) maintained strength despite aggregate replacement, while ordinary
concrete exhibited significant strength loss. Exteberria et al. [233] noted that concrete
with 100% RCA had a 20-25% lower 28-day strength compared to conventional mixes,
although medium-strength concrete with 25% RCA showed no adverse effects on
mechanical properties when maintaining consistent cement content and effective water-
cement ratios. Rahal [234] found only a 3% reduction in the modulus of elasticity for
RCA-containing concrete, while Limbachiya et al. [235] reported that the flexural
strength and modulus of elasticity of RCA concrete were comparable to those of natural

aggregate concrete. Figure Il. 26 illustrates the compressive strength of recycled
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concrete in comparison to conventional concrete, as presented in the study by Gonzélez-

Fonteboa et al. [236].
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Figure 1. 26 : Compressive Strength of Recycled Concrete Compared to Conventional Concrete [236]

Several studies have reported that the splitting tensile strength of recycled aggregate

concrete is significantly enhanced when curing durations are extended. In some cases,

the tensile strength of concrete with recycled aggregates even exceeds that of

conventional concrete. Kou et al. (2008) [237] noted that the improvement in the

microstructure of the interfacial transition zone (ITZ) and the resulting increase in the

bond strength between the new cement paste and the old aggregates could be a

contributing factor to the observed enhancement in splitting tensile strength. Notably,

improvements have been observed in recycled aggregate concrete after five years of

curing, with tensile strengths sometimes surpassing those of natural aggregate concrete

[237] (See Figure II. 27).
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Figure I1. 27 : Evolution of Tensile Strength by Splitting, Over Time, as a Function of the Replacement

Rates of Recycled Aggregates [237]
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I1. 8.2.3. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) method has been successfully employed for over
60 years to assess concrete quality. This technique determines the homogeneity of
concrete, identifies the presence of cracks or voids, monitors changes in properties over
time, and evaluates physical and dynamic characteristics. Additionally, it allows for
estimating concrete strength both in the laboratory and on-site. This method is truly
non-destructive, as it relies on ultrasonic waves that do not damage the concrete element
being examined. A specimen can be tested multiple times at the same location, making
it useful for monitoring structural changes within the concrete over an extended period
[238]. Generally, a high pulse propagation velocity indicates good quality concrete
[239, 240] (See table 11. 6).

Table I1. 6 : General Relationship Between Concrete Quality and Impulse Velocity [239]

Impulse propagation speed (m/s) Concrete quality
Greater than 4500 Excellent
3500-4500 Good
3000-3500 Average

Less than 3000 Doubtful

Evangelista et al. (2007) [187] assessed how much attached mortar affected the RAC's
ultrasonic pulse velocity (UPV). They discovered that the UPV dropped linearly as the
ratio of recycled aggregates to natural aggregates climbed 1.

Khatib (2005) [241] investigated how high temperatures affected RAC's UPV. The
findings demonstrated that the UPV dropped as the curing temperature rose. At all
temperatures, RAC showed lower UPV values than standard concrete 2.

Kou et al. (2012) [242] looked into the quality assessment of fly ash-containing RAC
using UPV. According to their findings, the UPV dropped as the recycled aggregate
replacement ratio increased. Nonetheless, the UPV of RAC was enhanced by the
addition of fly ash.

The ultrasonic pulse velocity method can provide a means to estimate the in-situ and
precast concrete strength, although there is no physical relationship between strength
and velocity. Strength can be estimated from the pulse velocity using a pre-established

graphical correlation between the two parameters (Figure I1. 28).
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Figure I1. 28 : Correlation Between Resistance and Ultrasonic Velocity [238].

The relationship between strength and pulse velocity is not unique and is affected by
several factors, such as the size, type, and quantity of aggregates, the type and dosage
of cement, the water/cement ratio, and the moisture content. The effect of each factor
has been studied by various researchers. They have clearly stated that no attempt should
be made to estimate the compressive strength of concrete from the pulse velocity unless
similar correlations have been previously established for the type of concrete under
study [238].

Many researchers have found that pulse velocity is significantly influenced by the type
and quantity of aggregates used. Generally, the pulse velocity in the cement paste is
lower than that in the aggregates. Jones [243] reported that for the same concrete mix
and compressive strength, concrete with rolled gravel exhibited the lowest pulse
velocity, while concrete with crushed limestone produced the highest velocity. In
contrast, an intermediate pulse velocity was observed in concrete made with crushed
granite. The effect of aggregate type on the relationship between pulse velocity and

compressive strength is illustrated in Figure 11. 29.
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Figure 1. 29 : Effect of Aggregate Type (Similar Concretes Except Aggregate Type) on the
Relationship (Pulse Velocity - Compressive Strength) [243]
Several correlation models have been proposed by different authors between
compressive strength R (MPa) and ultrasonic velocity V (km/s or m/s) as shown in
Table I1. 7.

Table I1. 7 : Some Proposed Correlation Models Between Compressive Strength R (MPa) and

Ultrasonic Velocity V (km/s, *: m/s) [244]
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11. 8.2.4. Water-Accessible Porosity

According to Sereng et al. [29], the porosity of recycled concrete aggregates (RCA) is
influenced by the porosity of the natural aggregates (NA), which is, in turn, affected by
the amount of attached mortar. Additionally, during the production and crushing of
natural aggregates, they may develop cracks that damage their surfaces. The high
porosity and the presence of micro-cracks in RCA facilitate the penetration of water
between the aggregates and the cement paste. Consequently, incorporating RCA leads
to an increase in the porosity of the recycled concrete aggregates (RCA)[245].

Figure 1. 30 from the National RecyBéton Project illustrates the results of water-
accessible porosity for three classes of concrete at varying substitution rates. The figure
shows a consistent increase in the porosity of RCA across all classes, with RCA
containing the maximum substitution rate of G100 exhibiting the highest porosity
values. Specifically, a 30% substitution of natural aggregates with RCA increases
porosity by 16% to 22%, while a complete substitution (100% RCA) results in an

increase in porosity ranging from 38% to 44%.
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Figure I1. 30 : Water-Accessible Porosity for Concretes at Different Substitution Rates After 90 Days
of Curing in Water (BR: Reference Concrete, S30G30: 30% Substitution, G100: 100% Substitution -
Given in Green: E/L) [245]

11. 8.2.5. Water Absorption

Concretes based on recycled aggregates have significantly higher water absorptions, by
immersion or capillarity, than conventional concretes. This difference is particularly

marked for absorption by capillarity, due to the greater quantity of capillary pores in
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recycled concrete, due to the presence of the old mortar adhering to the aggregates
[246-248].

11. 8.2.6. Permeability

According to Rasheeduzafar, Khan (1984) [249], when the water/cement (W/C) ratio
exceeds 0.55, the inclusion of recycled aggregates does not significantly affect the
permeability of the concrete. Conversely, at lower W/C ratios, the permeability of
recycled concrete is higher than that of conventional concrete.

According to Sereng et al. [29], the permeability of recycled concrete aggregates
increases with the incorporation rate of recycled aggregates due to greater pore
connectivity (Figure 1l. 31). This effect is most pronounced at higher substitution rates
(G100) and in lower strength concrete classes (C25/30). The E/L ratio also influences
permeability, with lower ratios minimizing the impact of RA on more dense, higher
strength mixes (C35/45 and C45/55). Reducing the E/L ratio and RA content can
improve permeability and density of RAC.
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Figure I1. 31 : Permeability as a Function of the Substitution Rate of Recycled Aggregates (BR:
Reference Concrete, S30G30: 30% Substitution, G100: 100% Substitution- Given in Green: E/L) [245]

I1. 8.2.7. Mass Evolution

The mass of concrete changes over time in response to environmental circumstances.
Normal conditions cause the cement to hydrate, which causes the concrete to increase
in mass during the taking and drying phases. However, under extremely dry or gel
circumstances, the concrete may lose bulk due to water evaporation or surface

escalation caused by freezing and thawing. The mass evolution measurement allows
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one to monitor the saturation state of the concrete and identify potential disorders such
as carbonation or sulphate attacks, which manifest as changes in the characteristics of
the mass [203].

Il.9. DEFORMABILITY

Under load, concrete can bend in both elastic and plastic ways. The modulus of
elasticity, also known as the instantaneous modulus of elasticity, is the primary quantity
that characterises the deformability of concrete. According to the study, concrete
deforms differently under compression than it does under tensile bending.

Concrete has notable plastic deformations under compression, which start to appear at
20% of the breaking stress. As the plastic deformations rise, the total modulus of
deformation decreases. Concrete has very little plastic deformations under tensile
bending, and these deformations do not appear until the concrete fails.

Porous aggregate concrete exhibits significantly less plastic deformation than
heavyweight concrete. For a given concrete, the compressive modulus of elasticity is
often greater than the tensile modulus. The deflection and cracking behavior of
reinforced concrete structures can be greatly impacted by this variation in elastic
characteristics. Rather of depending solely on compression testing, the elastic
characteristics of concrete can also be estimated using the relationship between the
tensile and compressive moduli of elasticity using simpler tensile bending experiments
[250-253].

I1. 9.1. Factors Influencing Deformability

Several factors influence the deformability of concrete, including:

Composition: The type and proportions of aggregates, cement, and water significantly
affect the mechanical properties and, consequently, the deformability of concrete.
Age: Concrete gains strength and stiffness over time as it cures, which impacts its
deformability under load.

Moisture Content: The presence of moisture can affect the microstructure of concrete,
influencing its compressive strength and deformability.

Loading Rate: The rate at which the load is applied can also affect the deformability,

with faster loading rates typically leading to lower deformability.
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Understanding the deformability of concrete is essential for engineers and architects
when designing structures, ensuring they can withstand applied loads and

environmental conditions while maintaining safety and functionality.

I1. 9.2. Principle of Deformability Under Compressive Load

The principle of deformability in concrete is primarily governed by its elastic and
plastic behaviour. Under low levels of stress, concrete behaves elastically, meaning that
it will return to its original shape once the load is removed. The relationship between
stress and strain in this elastic region is linear and is described by well-known Hooke's
Law (II. 13) where stress is proportional to strain. It’s expressed as:

c=EX¢ 1. 13

In this equation, ¢ represents the applied stress, E is the modulus of elasticity, and ¢
denotes the strain. The modulus of elasticity (E) quantifies this relationship, providing
a measure of the stiffness of the concrete. As the compressive load increases and
approaches the material's ultimate strength, concrete begins to exhibit plastic behaviour.
In this phase, the material undergoes permanent deformation, and micro-cracking may
occur. The ability of concrete to deform plastically before failure is essential for energy
absorption and redistribution of stresses within a structure.

I1. 9.3. Instantaneous Deformations Under Compressive Load

When subjected to relatively low loads, concrete experiences nearly instantaneous
elastic and reversible deformation, adhering to the Hooke's Law. In this
equation, o represents the applied stress, E is the modulus of elasticity, and € denotes
the strain. Understanding these properties is essential for ensuring the long-term
performance of concrete in various applications. Beyond a certain load, a plastic zone
develops; resulting in permanent deformation after the load is removed. When the load
is applied over time, the high viscosity of concrete leads to creep behaviour, causing it
to act as an elasto-visco-plastic material [254]. The following figure shows the stress-
strain curve obtained by recording Fuc - enc during a compression test on a (16x32) cm?
specimen (Figure Il. 42), providing valuable insights into the instantaneous

deformations of concrete under compressive loading.
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Figure I1. 42 : The Experimental Stress-Strain Curve During a Compression Test on a Cylindrical
Specimen (16x32) cm?® [254]

The stress in the concrete at ‘j” days is given by the following relationships:

[ = m feos for: fs <60 Mpa  atage of j<28days.
| fej =1.1 feas for: fs <60 Mpa  atageof j> 60 days.
[ = m feos for : fc2s > 60 Mpa atage of j <28 days.
_fc,- = feog for : fcog > 60 Mpa atage of > 60 days.

For a short-term stress (t < 24 h), a concrete age (j > 60 days) and a compressive strength
(fe2s < 60 MPa), the secant instantaneous strain modulus E;j is defined as follows (lI.
14,15) [255]:

and
fcj=1-1f¢:28 ”15

11. 9.4. Deformability of Recycled Concrete Under Compressive Load

The deformability of concrete under compressive load refers to its ability to undergo
deformation when subjected to external forces. This property is critical in assessing the
performance and safety of concrete structures, as it influences how the material behaves
under load and how it can absorb energy during events such as earthquakes. According
to Minh-Duc Nguyen et al. [256], for the same class of compressive strength, the
introduction of recycled aggregates leads to a decrease in tensile strength and the
modulus of elasticity. The peak deformation and ultimate deformation increase with a
higher substitution rate of recycled aggregates. In recycled concrete, the presence of

recycled aggregates contributes to a more dissipative behaviour, likely due to more
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progressive and diffuse damage resulting from the nature of the gravels and the
presence of increased porosity. Furthermore, the modulus of elasticity decreases with
the substitution rate of aggregates. Minh-Duc Nguyen et al.'s study found that a 100%
substitution rate of gravel results in a 23.85% reduction in the modulus of elasticity for
concrete classified as C25/30 [256].

Two essential characteristics of materials that characterise their elastic behaviour under

different kinds of stress are Young's modulus (E) and Poisson's ratio (v).
I1. 9.5. Static Young's Modulus (E)

The modulus of elasticity or Young's modulus, so named in honour of Thomas Young,
quantifies a material's stiffness. It is the primary measure of elasticity, defined as the
ratio of stress to corresponding strain below the proportional limit, according to ASTM
Designation E 6-66. Stated otherwise, it is the elastic region's slope of the stress-strain

curve. Young's modulus is commonly expressed in gigapascals (GPa) or Pascal (Pa).
I1. 9.6. Types of Static Young's Modulus

For materials like concrete with a curvilinear stress-strain relationship, four terms can
describe the modulus of elasticity (see Figure 1. 43):

Initial Tangent Modulus: Slope at the origin of the stress-strain curve.

Tangent Modulus: Slope at any specified stress or strain.

Secant Modulus: Slope of the secant line from the origin to a specified point on the
curve.

Chord Modulus: Slope between any two specified points on the curve.

These definitions refer to the static modulus of elasticity, which can be measured in
compression, tension, or shear. Young's modulus (E) refers to tension or compression,
while the shear modulus (G) relates to rigidity. The ASTM standard for determining
static elastic constants of concrete is ASTM C 469-65, which defines the chord modulus
between two points on the stress-strain curve. The lower point corresponds to a strain
of 50 microinches/inch (0.05 umm/mm), and the upper point corresponds to 40% of the
concrete's strength at loading, ensuring an average modulus throughout the working
stress range. Specimens should be loaded at least twice, with calculations based on the

average of subsequent loadings.
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Figure I1. 32 : Types of Static Young's Modulus of Elasticity of Concrete [253]

11. 9.7. Dynamic Young's Modulus

The modulus of elasticity of concrete is influenced by several key factors, with the type
of coarse aggregate being the most significant. Other important factors include the
compressive strength, water-cement ratio, and the method of concrete curing. These
elements collectively determine the overall stiffness and performance of concrete in
structural applications [257].

The modulus of elasticity of concrete containing recycled construction and demolition
waste as aggregates is generally lower than that of concrete with natural aggregates.
This decline in modulus of elasticity increases with a higher replacement rate of natural
aggregates by recycled aggregates. In some cases, the reduction in modulus of elasticity
for recycled aggregate concrete can reach up to 50% compared to conventional concrete
made with natural aggregates. This significant decrease highlights the impact of
aggregate type on the mechanical properties of concrete [258]

In the study conducted by PAVLU T. et al. (2014) [259], concrete mixtures were
formulated using recycled aggregates of types A, B, and C, with coarse natural
aggregate replacement levels of 31%, 50%, and 62%. Specifically, mixtures containing
type C aggregates included 62% and 70% total replacement, with 100% of the coarse
fraction substituted and 30% of the natural sand replaced. All mixtures were designed
to achieve a C30/37 strength class, maintaining consistent cement content and water-
cement ratios. The findings revealed that recycled aggregate concrete exhibited a lower
modulus of elasticity compared to conventional concrete. Furthermore, both dynamic
and static modulus values were adversely affected by the quantity and quality of the
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recycled aggregates, which also influenced the correlation between these two modulus
types.

I1. 9.8. Poisson's Ratio (v)

Siméon Poisson, a French mathematician, is credited for naming Poisson's ratio, which
quantifies the lateral strain a material experiences under compressive or longitudinal
tensile stress. The definition of it is the lateral strain divided by the longitudinal strain.
Poisson's ratio has an arbitrary unit that usually falls between 0 and 0.5. The Poisson's
ratio for regular concrete is usually between 0.15 and 0.20, meaning that when
longitudinal force is applied, the material will flex somewhat. The Poisson's ratio can

already be expressed as follows (11. 16):

v==2_1 .16
2G
where:

v is the Poisson's ratio,
E is the Young's modulus of elasticity,

G is the shear modulus (modulus of rigidity or torsional modulus).

I1. 10. TRANSITION ZONE AT THE AGGREGATE/PASTE INTERFACE
(1TZ2)

11.10.1. ITZ's Impact on the Concrete Performance

The coarse aggregate, the mortar matrix holding the fine aggregate and cement paste,
and the transition zone at the aggregate-paste contact make up the three phases of the
concrete system. This zone is found surrounding all of the coarse particles despite being
quite fine (Figure 1. 36).

Sand grain
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Figure Il. 33 : Aggregate, Paste and Transition Zone in an Ordinary Concrete
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Ultimately, it makes up to 45% of the concrete's volume [170]. Serving as a connection
between the two main components of concrete, the mortar matrix and the coarse
aggregate, this transition zone has a significant impact on the mechanical characteristics
of the material. Defects in the transition zone might cause the strength of the concrete
to be low even in cases where the strength of these two components is high. When the
WI/C ratio is high, there are more of these. In this instance, the growth of portlandite
(Ca (OH)>) in the transition zone is aided by the preferred presence of large capillary
holes that are somewhat saturated with water beneath or close to the big aggregates.
There are gaps in the transition zone caused by these crystals' easy leaching out and
lackluster strength addition to the concrete. Subsequently, the transition zone becomes
weaker and loses its ability to transmit the pressures applied to the concrete [260].
Therefore, while evaluating the mechanical strength and longevity of concrete, it is vital
to take the aggregate-paste interface into account. It is now understood that high-
performance concrete will be weakened by its big aggregates, while ordinary concrete
will fracture along the transition zone. The transition zone is what limits the strength of
the concrete because most concretes have conventional strengths, which are less than
35 MPa at 28 days [260].

1. 10.2. ITZ Formation

The formation of the interfacial transition zone (ITZ) in concrete is primarily due to the
presence of a water layer surrounding the aggregates in fresh concrete. The distribution
of water in the cement paste around the aggregates is heterogeneous, with a higher
water-to-cement ratio (w/c) near the aggregates. This effect can be attributed to two
main phenomena during the contact between fresh cement paste and aggregates: the
wall effect and micro-bleeding. The wall effect corresponds to a less dense packing of
cement grains around the aggregate compared to the cement paste in the bulk. Micro-
bleeding is caused by a local accumulation of water under the aggregates during
concrete placement. In addition to these two mechanisms, the “lateral growth™ effect
and the transport of hydrates during hydration also contribute to the formation of the
ITZ. During hydration, near the aggregates, the hydrates develop in a single direction
towards the cement matrix, leading to an increase in porosity in the zone closest to the
aggregates (lateral growth effect). This heterogeneous distribution of hydration
products and the higher w/c ratio in the ITZ result in a weaker and more porous zone
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compared to the bulk cement paste, which can affect the overall mechanical properties

of concrete [27].
I1. 10.3. ITZ in Concrete Based on Demolition Aggregates

Recycled concrete aggregates consist of a close mixture of natural aggregates and
hardened cement paste. Consequently, in concrete made with recycled concrete
aggregates, three types of interfacial transition zones (ITZ) can be identified: an old
ITZ between the original cement paste and natural aggregates, a new ITZ between the
new paste and the old paste, and an ITZ between the natural aggregate and the new

cement paste (see Figure 1. 37).

Nouvelle ITZ

Ancienne ITZ

ITZ entre GN et
Nouvelle pate

GN: granulat naturel
AP: Ancienne pate de ciment
NP: nouvelle pate de ciment

Figure Il. 34 : ATZs in Concretes or Mortars Containing Concrete Demolition Aggregates [27]

According to the authors, the weakest part in recycled aggregate concrete (RAC) can
be located in different areas. This weak zone may correspond to the new interfacial
transition zone (ITZ) between the recycled concrete aggregate and the new cement
paste. Du et al. [261] showed through indentation tests that the strength of the old
cement paste in the recycled concrete aggregate is higher than that of the old 1TZ, but
the weakest point in RAC is the new ITZ. Rasheeduzzafar and Khan and Xiao et al.
[262, 263] concluded that the weakest point in RAC depends on the relative strength
between the old and new mortar or the relative quality between the old and new ITZs.
If the strength of the new ITZ is lower than that of the old paste, the first cracks appear
in the new ITZ. Conversely, if the strength of the new ITZ is higher than that of the old
paste, cracks mainly appear in the old ITZ. Understanding the location and

characteristics of the weakest zones in RAC is crucial for optimizing the use of recycled
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materials and improving the overall performance of concrete made with recycled
aggregates.

According to studies, the weakest point in concrete or mortar containing recycled
concrete aggregates (RCAs) is often the adhered mortar, which tends to be highly
porous and filled with microcracks. However, Nagataki et al. [264] demonstrated that
the quality of the adhered mortar is not the primary factor in determining the quality of
the RCAs. The crushing process also significantly influences the quality of the RCAs,
with properties at level 1 being superior to those at level 3 in the production process.
By using aggregates in different saturation states, the new interfacial transition zone
(ITZ) can be modified. According to Tam et al. [265], the quality of the new ITZ
improves when using aggregates in a wet state, achieved by pre-wetting the aggregates
with half the total water amount for 60 seconds before adding the cement (Figures 1.
38 and Il. 39).
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Figure I1. 35 : Traditional Mixing Procedure (NMA?) [265]
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Figure I1. 36 : New Mixing Technique (TSMA?S) [265]

Figure I1. 40 illustrates a comparison between two new ITZs produced using different
methods, showing that the new ITZ formed with wet aggregates exhibits lower porosity

than that formed with dry aggregates.
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Figure I1. 37 : New ITZs seen at the SEM [265]

Recently, a comparison of the ITZs in two mortars with sands used in two moisture
states (dry and saturated-surface-dry) with the same effective water-to-cement ratio
(Eef/C) was conducted by Zhao. The new ITZ in the case of saturated-surface-dry
aggregate mortar is visible, unlike in the case of dry aggregate mortar. The properties
of the ITZ are improved by the absorption water of the aggregates. Thus, the
compressive strength of mortars based on dry recycled sand is higher than that of
mortars based on saturated-surface-dry recycled sand due to a lower quality transition
zone in the case of saturated-surface-dry recycled sand mortar.

In a specific case, Poon et al. [266] compared the influence of different types of recycled
concrete aggregates (RCASs) on the microstructure of the ITZ. They used an ordinary
recycled concrete aggregate (NC) and a high-performance recycled concrete aggregate
manufactured with silica fume (HPC). The water absorption coefficients are
WA24,(NC)=8.8% and 7.9% and WA24n(HPC)=6.8% and 6.5% for particle sizes of 10
mm and 20 mm, respectively. By comparing the two ITZs (Figure 1l. 41), a highly
porous zone can be observed in the case of ordinary recycled concrete aggregate
compared to that of high-performance recycled concrete aggregate. The old cement
paste in the case of ordinary concrete is more porous and absorbent than that of high-
performance concrete, leading to a higher initial Ee/C ratio in the case of concrete
containing ordinary recycled concrete aggregates. The ITZ in this case is therefore more

porous.
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Figure I1. 38 : Comparison of New ITZs Using Different RCAs Types [265]

Overall, the influence of interfacial transition zone (ITZ) properties on the
characteristics of concrete or mortar is well-documented in the literature. While the
microstructure of concrete and mortars containing recycled concrete aggregates
(RCAs) has been studied, most research remains largely qualitative. Furthermore,
previous studies have not clearly specified the saturation state of the RCAs, which
appears to play a significant role in the microstructure of the ITZ. Addressing this gap
could enhance our understanding of how RCA saturation affects the performance and

durability of concrete and mortar.
Il.11. CONCRETE BEHAVIOUR IN SEVERE CONDITIONS
11.11.1. Abrasion

According to Jorge de Brito (2010) [267], the abrasion resistance of concrete containing
recycled aggregates (RAS) is at least comparable to that of conventional concrete
without RAs. The variation in abrasion resistance of concrete made with RAs, as the
incorporation rate of these aggregates increases, is influenced not only by the origin of
the RAs but also by other factors, such as curing conditions. According to Dhir et al.
(1991) [268], the abrasion resistance of concrete is influenced by several factors,
including the water/cement ratio (W/C), curing conditions, workability, maximum
aggregate size, and the materials used in the mix. Laplante et al. (1991) [269] concluded
that while silica fume can provide a slight improvement in the abrasion resistance of
concrete, the type of coarse aggregate plays a more crucial role. They observed that
when the water/cement (W/C) ratio is maintained at around 0.30, the abrasion resistance
of the concrete closely aligns with that of the coarse aggregate source rock.
Furthermore, in high-strength concretes with very low W/C ratios, the abrasion
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resistance is predominantly influenced by the properties of the coarse aggregate.
Olorunsogo (1999) [270], who utilized coarse recycled aggregates (RAs) from crushed
concrete, noted that no definitive relationship could be established between the abrasion
resistance of recycled aggregate concrete (RAC) and the proportion of RA incorporated
into the mixes. Similarly, Limbachiya et al. (2000) [235], also using coarse RAs from
crushed concrete, found that the differences in abrasion depth between concrete made
with only natural aggregates (NAs) and that with 100% coarse recycled aggregates at
design strengths of 50 and 60 N/mm? were just 0.03 mm and 0.04 mm, respectively.
This indicates that, at a given design strength, RAC mixes exhibit abrasion resistance
comparable to that of concrete made with natural aggregates, regardless of the RA
proportion used. Sagoe-Crentsil et al. (2001) [271] observed that the abrasion loss of
recycled concrete aggregates (RCA) produced with ordinary Portland cement increased
by approximately 12% compared to conventional concrete without coarse RA. They
also concluded that the properties of fresh and hardened RCA could be improved by
using industrially produced aggregates instead of those derived from laboratory-
crushed concrete, due to the enhanced grading and quality achievable through plant

crushing operations.

Il. 11.2. Freeze and Thaw Cycles

Most studies report that the freeze-thaw resistance of recycled concrete is lower than
that of conventional concrete, and this resistance depends particularly on the degree of
water saturation of the material [272-275]. According to J. Lavado et al. (2020) [276],
as quoted by J. Bao et al. (2015) [277], recycled aggregate concrete (RAC) exhibits a
high water absorption rate due to the presence of numerous micro-pores and micro-
cracks in recycled coarse aggregate. This characteristic makes RAC susceptible to
reaching the critical water saturation level that can lead to freeze-thaw damage,
resulting in poor frost resistance. However, with appropriate technical measures, RAC
can still meet specified performance requirements.

To enhance the durability of recycled aggregate concrete (RAC), several strategies are
recommended, including reducing the water-cement ratio, incorporating mineral
admixtures such as fly ash and slag, carefully selecting the particle size of recycled
aggregates, and improving the quality of recycled coarse aggregate. Implementing these
measures can significantly boost the performance of RAC in various construction

applications [277]. Additionally, researchers have discovered that incorporating an air-
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entraining agent can make concrete produced from recycled aggregates as durable
against freeze-thaw cycles as that made from natural aggregates [278]. Air-entraining
agents improve the freeze-thaw resistance of recycled concrete by creating microscopic
air bubbles within the mix, which serve as pressure-relief chambers during freeze-thaw
cycles. This helps to mitigate the internal stresses caused by water expansion when it
freezes, thereby reducing the risk of cracking and damage. As a result, the use of air-
entraining agents can enhance the long-term durability and reliability of RAC in

environments subject to harsh weather conditions.

I1. 11.3. Chemical Attacks

According to Holcim [277], sulfate-rich waters (or selenite waters) and sulfate-rich
soils pose a significant threat to hardened concrete. When sulfate ions from these
environments interact with tricalcium aluminate (either hydrated or anhydrous) in the
hardened cement paste, they can form expansive compounds such as ettringite (or
Candlot salt). Concrete is generally considered to be in a potentially aggressive
environment if it comes into contact with groundwater containing more than 600 mg/L
of sulfates or soil layers with over 3,000 mg/kg of sulfates, classified as environments
EA2 or EA3.

According to Hermann Kurt (1992, 1995) [279, 280], a well-composed, well installed,
and properly treated concrete can withstand a wide range of chemical combinations. Its
resistance to some others, however, is limited. A survey conducted by the OECD
(Organization for Economic Co-operation and Development) revealed that the main
causes of degradation observed on 800.000 bridges worldwide are chloride
contamination and sulfate attack [281]. Numerous acids also attack concrete, however
many inoffensive combinations of neutral inorganic or organic substances as well as
certain mildly basic solutions are not. It's important to remember that many
combinations only turn toxic when water or aqueous solutions are present. The severity
of the damage depends on a number of other factors, such as temperature, the duration
of the noxious compounds' effect, and their concentration. The composition of the
concrete, its water-to-cement ratio, its permeability, etc., all play a significant role.

Figure Il. 32 represents the substances exerting a chemical action on concrete.
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Figure 11. 39 : Chemical Reactions Causing Concrete Damage (According to Lauer, K. and Lachaud, ft.
and Salomon, M.) [280]

According to Hongru Zhang et al. [277], the failure mechanism of RAC under external
sulfate attack is more complex compared to normal aggregate concrete (NAC) due to
the presence of more diverse material phases on the micro/meso scales . The porous
ITZ and the quality of recycled aggregates play a crucial role in the sulfate resistance
of RAC. To mitigate sulfate attack, concrete mixes should be designed with low
permeability, using sulfate-resistant cements, supplementary cementitious materials,
and admixtures. Proper curing and protection of concrete from sulfate-bearing
environments is also essential for ensuring long-term durability.

According to the study by Qianyun Wu et al. (2021)[282], the mass loss of concrete
subjected to sulfate attack initially increases with time before eventually decreasing
(Figure I1. 33). This phenomenon occurs as sulfate ions interact with the hydration
products in the concrete, leading to changes in the internal microstructure. The reaction
produces expansive crystals, such as ettringite and gypsum, which can initially cause
mass loss. Notably, concrete containing 10% fly ash demonstrated an increase in mass

by 2.17% compared to uncorroded concrete.
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Figure 1. 40 : Variation of Mass of Concrete Subjected to Sulfate Attack [282]

Santillan et al. explained the controversy, proposing that although the high porosity of
ITZ and old residual mortar in RAC leads to faster sulfate penetration compared to
NAC, these pores can also provide sufficient space for the precipitation and growth of
expansive products, thereby retarding expansion failure. Some researchers also suggest
that the high water absorption of RA (3-10 times higher than NA [44,45]) can make the
new paste denser, helping RAC resist sulfate erosion better.

Bulatovic et al. proved that the sulfate resistance of RAC is significantly influenced by
the water-to-cement (w/c) ratio; a lower w/c tends to reduce concrete expansion under

external sulfate attacks, consistent with findings reported by Gao et al.
Il. 11.4. High Temperature

Concrete's mechanical qualities are greatly impacted by high temperature exposure.
Numerous investigations have been carried out to comprehend this phenomenon. High-
strength concrete (HSC) specimens heated to 600°C have had their compressive
strength, modulus of elasticity, and internal pore pressure accumulation evaluated as
part of the NIST experimental program. Compared to normal-strength concrete, HSC
shows a more pronounced drop in compressive strength, up to 40% of its room-
temperature strength, in the 100°C to 400°C temperature range [283, 284]. Due to
HSC's limited permeability, which prevents the discharge of internal pressure building
from vaporised water, high temperatures can cause explosive spalling. Concrete
behaves differently at high temperatures depending on the kind and characteristics of

the aggregates used in it, which might cause different responses in terms of compressive
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strength [284, 285]. When HSC is subjected to high temperatures, the risk of explosive
spalling can be reduced with the addition of polypropylene fibers. Researchers have
also looked into concrete's repeated impact reaction after exposure to high
temperatures, which is crucial for determining the structural integrity of the material
following a fire incident.

According to Hachemi (2014) [286], the porosity of cement paste is significantly altered
by temperature. Alarcon-Ruiz et al. (2002) reported that porosity increases from 22%
in an unheated sample to 40% in a sample heated to 600°C. A synthesis of results from
various studies indicates that total porosity of concrete rises with temperature.
According to Hachemi (2014) [286], experimental results from Kanema et al. (2005)
[287], as well as other researchers, indicate that the permeability of concrete
significantly increases when temperatures exceed 100°C. Figure 1I. 34 illustrates the
variation in residual intrinsic permeability of concrete with temperature, as reported by
Kanema et al. (2005). They found that permeability decreases at 150°C due to the
presence of liquid water in the pores, but then increases exponentially at higher
temperatures. The rise in permeability between 150°C and 300°C is attributed to the
widening of capillary pores, while the increase from 300°C to 450°C results from
deterioration of the cement matrix.
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Figure I1. 41 : Evolution of the Residual Induced Permeability of Concrete as a Function of
Temperature [287]
According to Meftah et al. [208], the thermal expansion coefficient of concrete
primarily depends on the thermal expansion of the aggregates used [288, 289]. It is
generally accepted that concretes made with high-silica aggregates exhibit greater

thermal expansion compared to those made with aggregates low in silica, such as
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limestone. Figure 11. 35 illustrates the dimensional changes of concrete specimens as a

function of heating temperature.
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Figure 11. 42 : Dimensional Variation of Recycled Concrete as a Function of Temperature [208]

I1. 12. ANALYSIS OF VARIANCE “ANOVA”

ANOVA (Analysis of Variance) is a statistical method used to analyse the behaviour
of a quantitative variable based on one or more qualitative variables. By comparing
means, it is important to specify which groups exhibit differences. ANOVA partitions
the total variation in an experiment into components attributable to controlled factors
and the errors generated. The statistical significance of quadratic prediction models is
evaluated using the P-value and F-value from ANOVA. In the ANOVA table, the P-
value indicates the probability (ranging from 0 to 1) that the observed results (or more
extreme outcomes) occurred by chance:

e If P >0.05, the parameter is considered insignificant.

e If P <0.05, the parameter is significant.
The first step in ANOVA involves measuring the total dispersion of data using the Total

Sum of Squares (SS), calculated as follows:

N Npf, - _
where y is the overall mean response. ANOVA compares variance between groups to
variance within groups by calculating the F-statistic, which is the ratio of mean squares
between groups (MST) to mean squares within groups (MSE). These values are derived

by dividing their respective sums of squares by their degrees of freedom, typically

presented in an ANOVA table. The mean square (MS) is estimated as:
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To assess model adequacy, the Fisher F-value is used, where calculated F-values should

MC; = 1. 18

exceed those from the F-table:

_ MC;
T Mc,

F, 1. 19

The last column in the ANOVA table (Contribution %) shows each factor's contribution

to total variation, indicating its influence on the outcome:
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I1. 13. CONCLUSION

Chapter Il provides a comprehensive bibliographic synthesis on aggregates and their
critical role in concrete production. It begins with an overview of aggregates, detailing
their definitions, historical usage, and significance in construction. The section on
conventional aggregates explores global production and manufacturing processes,
highlighting classification methods based on various criteria. The discussion then shifts
to specific types of aggregates, including Sahara dune sand and demolition aggregates,
examining their availability, properties, and production techniques. Improvement
methods for demolition aggregates are also outlined, showcasing innovative techniques
for enhancing their quality. Finally, the chapter addresses the various concrete types,
including self-compacting and fiber-reinforced concrete, emphasizing their constituents
and formulation methods. This synthesis underscores the importance of selecting
appropriate aggregates to optimize concrete performance while promoting sustainable
construction practices. Overall, the insights presented in this chapter lay a solid
foundation for understanding the complexities of aggregate use in modern concrete

applications.
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CHAPTER IIl _ MATERIALS AND EXPERIMENTAL METHODOLOGY

1. 1. INTRODUCTION

The materials and experimental techniques used in this study are the main topics of
Chapter I11. This chapter, which describes the precise elements used in the composition
of concrete and the methodical procedures used to assess their qualities, is crucial for
laying the groundwork for the investigation.

The essential components are listed in the first part and include cement, admixtures,
mixing water, fine aggregates (sand), and coarse aggregates (gravel). A thorough grasp
of each material's functions in reaching intended performance results is provided by
discussing its properties and importance in the concrete mix.

The chapter dives into the experimental approach after the materials section. The
creation and selection of demolition coarse aggregates, as well as their application in
conjunction with Saharan dune sand in the formulation of concrete, are the two primary
aspects of this section. To guarantee openness and reproducibility, thorough
explanations of the production procedures, physical characterisation techniques, and
mechanical testing procedures are given.

Furthermore, a number of tests are described to evaluate the workability, compressive
strength, durability indicators, and resilience to extreme circumstances of both fresh
and hardened concrete. In order to examine the materials and tangible objects at various
scales, the chapter also discusses a variety of investigation methods, including
macroscopic, mesoscopic, and microscopic methods.

Chapter Il attempts to give readers the background information they need to
comprehend the experimental framework of this thesis by providing a comprehensive
summary of the materials and procedures. Subsequent discussions of the findings and
their significance for the advancement of construction materials science knowledge will

be supported by this foundation.
1. 2. MATERIALS

I11.2.1. Cement

A CEM II/A-M (S-L) 42.5 N grade Portland cement sourced from the Hadjar-Soud
cement plant in Annaba- Algeria, served as the binding agent within the study concrete

formulations including that of the parent concretes (PCs) of the first part of this work.
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This hydraulic binder (Figure 111. 1) comprises around 12% limestone and 74% clinker
[290]. Its chemical and mineralogical compositions are represented in the tables I1l. 1

and Il1. 2 respectively.

Figure 111. 1 : Cement Packed in a Bag of 50 kg

Table 111. 1 : Chemical Composition of Cement

Element SiOz Cao MgO Fe,O3 A|203 SOs3 PF K,0

Rate (%) 22-28  55-65 1-2 3-3.6 5-6 18-25 1-2 0.3-0.6

Table 111. 2 : Mineralogical Composition of Cement

Mineral CsS C.S CsA C.AF

Rate (%)  55-65 10-25 812  9-13

The appendix (1) contains a technical data sheet that contains more information about

the product.
I11. 2.2. Mixing Water

For cement hydration purposes, tap water distributed in the municipality of Sidi Amar,
Annaba- Algeria is used according the standard NF EN 1008 (2003) [197].

I11. 2.3. Admixture

The admixture used was Sika® ViscoCrete®-3045. It is a brown liquid that is ready to
use and is a non-chlorinated water-reducing plasticizer based on modified
polycarboxylates (NF EN 934-2 [198], Tables Il. 3). It is ideal for usage on-site and in
the ready-mixed concrete industry due to its long rheology holding duration (>1H30).
Concretes that are plastic to fluid, low W/C concretes with or without silica fume, and
concretes that are pumped over long distances can all be produced with Sika®

ViscoCrete®-3045. It increases stability, lowers the chance of segregation, and lessens

~ 100~
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the formula's sensitivity to changes in water and ingredient levels in fluid concretes.
Table 111. 3 shows its physical characteristics.

Table I11. 3 : Physical Characteristics of the Admixture

Characteristic Designation
Form Liquid
Colour Green Brown
PH 5+1

Rate of cl-ions <0.1%

Rate of eq Na,O <2.5%

Dry Extract 36.4+18%

Recommended Dosage 0.25a25%
Usual Dosage 0.320.6%

The appendix (2) contains a technical data sheet that contains more information about

the product.
I11. 2.4. Fine Aggregates (Sand)

Near this study, two types of sand were used as fine aggregates: siliceous alluvial sand
(STB) from EI Houidjbette near Tebessa, in the northeast, and dune sand (SD) from
Biskra, in eastern Algeria. While both STB and SD sands were utilised in the second

half of the investigation, only STB sand was used in the first. These sands' extraction

locations are shown in Figures I11. 2 and 111. 3.

Figure I11. 2 : Dune Sand Extraction Site (Biskra, Algeria)

Figure I11. 3 : Extraction Site of Siliceous Alluvial Sand (Tebessa, Algeria)
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Tables I11. 4 and I11. 5 show the physical characteristics and chemical compositions of
the two sands [291-295].

Table 1. 4 : Physical Characteristics of Sands

Mf Compacity Porosity VSE PSE
3 3
Sand Vapp (/M?) Yabs (/M) _ (%) (%) (%) (%)
SD 1.477 2.55 1.34 57.92 42.08 85 80
STB 1.346 2.47 1.96 54.49 45.51 85 80

Table I11. 5 : Chemical Compositions of Sands

Chemical components (%)

Sand

Iron Cao SiO; Al,O3 MnOq PF
SD 0.55 15.90 57.48 1.27 traces 12.75
STB 0.57 0.85 77.80 0.61 traces 1.24

The proportion by grain size of both sand types is shown in Table Il1. 6. The gradation
curves are displayed in Figure I11. 4 [296, 297].

Table I11. 6 : Grain Rate by Size

Rate of grains (%)

Sand
<100 pm 0.250 to 0.500 pm > 2000 um

SD 0.45 19.44 0.00

STB 5.70 26.87 2.25

--------- Sand with a majority of fine grains Standard sand

Rather coarse sand STB
—#—SD
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Figure I11. 4 : Gradation Curves of Both Sand Types (STB and SD)
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Figure I11. 5 : Electron Microscope and Sand Microscopic Observations

I11. 2.5. Coarse Aggregates (Gravel)

In this investigation, two different kinds of coarse aggregates were used: demolition
coarse aggregates (DAs) and natural coarse aggregates (NAs). The limestone rocks
from the Ain Abid quarry in Guelma, northern Algeria, were the source of the Natural
Coarse Aggregates. Three different size fractions were identified from these
aggregates: 3/8 mm, 8/16 mm, and 16/25 mm. Their gradation curves, which display

the distribution of particle sizes within each fraction, are shown in Figure IlI. 6..
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Figure I11. 6 : Gradation Curves of Natural Aggregates (NASs)
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Table III. 7 shows the particular refusal in percent obtained from the NA gradation

analysis.

Table I11. 7 : Particular Refusal of NA Sub-Fractions

Refusal particular a; (%)

(d/D)

(3/8)  (8/16)  (16/25)
(2/315) 939 544 6585
(3.15/4)  10.93
(4/5) 20.40
(5/6.3) 18.46
(6.3/8) 3741 0.8
(8/10) 341 411
(10/12.5) 44.42
(12.5/16) 4159  8.23
(16/20) 830  47.79
(20/25) 140  43.98

For this investigation, two types of regular parent concretes (PCs) were used to obtain

demolition coarse aggregates (DAs). DAs were obtained from a 28-day ordinary

concrete manufactured in a laboratory for part 1, and from a 2-year ordinary concrete

created in a laboratory for part 2. Following a comprehensive examination, the physical

characteristics of the coarse aggregates employed in sections 1 and 2 of the study are

shown in Tables I11. 8 and 111. 9, respectively. These tables offer thorough information

on the DAS' attributes [139, 140, 201, 298].

Table I11. 8 : Physical Characteristics of the Coarse Aggregates Used in Part 1 of the Study

Characteristic Unit NAs DAs
Absolute density (t/md) [2.60 - 2.65] [2.28 - 2.40]
Apparent density (t/md) [1.60 - 1.70] [1.14 - 1.40]
Water Absorption Coefficient (%) [1.12 - 1.40] [1.30 - 8.70]
LA Coefficient - [22.5- 23] [28 - 36]

Table I11. 9 : Physical Characteristics of the Coarse Aggregates Used in Part 2 of the Study

Characteristic Unity NA 8/16 NA 16/25 DA 8/16 DA 16/25
Absolute density (t/md) 2.6 2.6 2.4 2.3
Apparent density (t/md) 1.7 1.6 1.4 1.35
Water Rate (%) 1.0 1.0 1.0 1.0
Water Absorption Coefficient (%) 4.20 1.12 6.22 4.16
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LA Coefficient - 23.0 225 30.0 320
MDE Coefficient - 15.0 14.0 18.0 19.0
MDS Coefficient - 20.0 21.0 23.0 24.0
Volumetric Coefficient - 0.15 0.64 0.17 0.31

Figure I11. 7 shows natural and demolition coarse aggregates used in part 2 of the study.

Figure I11. 7 : Natural and Demolition Coarse Aggregates Used in Part 2 of the Study

I11. 3. EXPERIMENTAL METHODOLOGY

The experimental investigation is divided into two primary sections, as stated in this
chapter's introduction:

First Part: Production and Selection of Demolition Coarse Aggregates

Based on the size ratio of the demolition aggregates to the natural aggregates from the
original concrete, this section focusses on choosing the best-quality demolition
aggregates. Starting with the manufacture of parent concretes and then breaking them
up into sub-fractions of different sizes, the experimental program mainly evaluates the
demolition aggregates' ability to absorb water. To replicate the particle size distribution
of the natural aggregates utilised in the original concrete formulation, fractions of 3/8
mm, 8/16 mm, and 16/25 mm were then rebuilt. It was possible to identify the
demolition aggregate fractions with lower absorption rates, suggesting superior quality,
thanks to the final evaluation of their water absorption ability.

Second Part: Use of Demolition Coarse Aggregates and Saharan Dune Sand in Concrete

Formulation
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The results from the first section are partially expanded upon in this section, especially
with relation to the calibre of the demolition aggregates chosen for additional study.
This section's experimental program examines how concrete mixtures containing
replacement materials—specifically, demolition gravel and Saharan dune sand from
Biskra—Dbehave. The performance of these concrete mixtures is assessed in the study
under extreme circumstances, such as high temperatures, chemical exposure, freeze-
thaw cycles, and abrasion. This section attempts to improve knowledge of the durability
and mechanical qualities of concrete made from recycled resources by investigating the

interactions between the chosen aggregates and the environmental stresses.

I11. 3.1. Part 1: Production and Selection of Demolition Coarse Aggregates with

Low-Water Absorption

The maximum size of the natural aggregates that comprised the original concrete and
the maximum size of the demolition aggregates that were produced after crushing the
original concrete are the two parameters that are monitored in this section as it examines
the absorption of demolition aggregates. The goal is to create demolition aggregates
that can absorb less water without the need for special treatments. This will enable the

selection of appropriate demolition aggregates for concrete formulation.
I11. 3.1.1. Parent Concretes Manufacturing

Seven types of regular concrete are prepared in a lab to act as parent concretes once
they cure, which is the first step in the creation of Demolition Coarse Aggregates (DAS).
These parent concretes are necessary to produce DAs of superior grade. These concrete
mixes are made as part of the experimental procedure, and after they have had time to
solidify, they are crushed and broken apart. The different sizes of DAs that are produced
by this fragmentation are then evaluated for their physical characteristics, with an
emphasis on their ability to absorb water. The objective is to choose the DAs with the
least amount of water absorption because this property is essential to guaranteeing the
functionality and longevity of the finished concrete. Researchers can determine which
aggregates are best suited for usage in novel concrete formulations by examining the
DAs' size distribution and water absorption. By lowering dependency on natural
aggregates, this strategy not only encourages the recycling of building materials but
also supports sustainable building practices. In order to maximise the quality of the

recycled aggregates and, eventually, improve the performance of the concrete made
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from these materials, it is essential to carefully choose parent concrete compositions
that are suited to the desired DAs fractions.

I11.3.1.1.1. Formulation Method

The DREUX-GORISSE mixing method was used in the lab to create regular concrete
specimens (PCs) [195]. The ideal combination of aggregates, cement, and water content
must be carefully chosen in order to produce concrete with the required workability and
strength. The analysis was predicated on certain data, such as the sand's fineness
modulus, cement class, workability, maximum aggregate size, density of different
aggregates, compactness, clamping intensity, and average compressive strength after
28 days. A schematic granular reference curve was created in order to define the
proportions of aggregates in absolute volume. Weight doses may be computed if the
aggregates' density was determined. The concrete was then put through tests, and the
recipe was altered as needed for the experiments. One, two, or three fractions of natural
aggregates (NAs) with sizes of 3/8 mm, 8/16 mm, and 16/25 mm were used to create a
total of seven different types of concrete. These were one quaternary mixture (PC7),
three ternary mixtures (PC4, PC5, and PC6), and three binary mixtures (PC1, PC2, and
PC3). The final concrete's quality was on par with that of the majority of Algerian-made
concretes and historic structures that were in danger of being demolished [299, 300].
Interestingly, the granular skeleton of PC1, PC4, and PC7 was continuous, but the
granular skeleton of the other mixes was discontinuous. This wide variety of concrete
formulas made it possible to thoroughly assess each one's mechanical characteristics
and performance in a range of scenarios. Table Il1l. 10 provides a summary of the

composition, density, and water-to-cement ratio (W/C) of the parent concretes (PCs).

Table 111. 10 : Parent Concretes Composition

Proportioning of components in parent concrete

Designation Unit
PC1 PC2 PC3 PC4 PC5 PC6 PC7

Cement kg/m®  400.000  398.310  360.290 398.310  360.290  360.290  360.290
Water liter/m®  200.000 207.120 194.560 207.120 194.560 194.560 194.560
Silicious Sand  kg/m®  503.250 605.071 650.072  466.770  527.085  579.790  456.807
NA 3/8 kg/m3  1221.220 - - 269.690 383.720 - 219.270
NA 8/16 kg/m?® - 1168.652 - 1042.800 - 383.720  292.360
NA 16/25 kg/m?3 - 1151.150 - 895.342 840.520 840.520
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wiC - 0.50 0.52 0.54 0.52 0.54 0.54 0.54

Density kg/m?3 2324470 2379.153  2356.072 2384.690 2360.997 2358.880 2363.807

I11. 3.1.1.2. Mixing Plan

The dry aggregates and cement were put one after the other to a 35-liter concrete mixer
after the proportions of the various components of the concrete had been determined
and weighed. After that, the components were dry mixed for two minutes to guarantee
even distribution. After that, all of the mixing water was added without stopping the
mixer, and wet mixing went on for two more minutes, for a total of four minutes of
mixing time. Then, right away, the new concrete was poured into cubic moulds that
were 10 cm across. To remove air pockets and guarantee adequate compaction, the
moulds were filled in two layers, each of which was vibrated for 30 seconds. controlled
laboratory setting at 22 C° and 75% relative humidity. The samples were demolded,
labelled, and then stored in water tanks for 27 days following a 24-hour exposure to the
open air, as per standard NF P 18-405 [301]. In order to accurately analyse the concrete
specimens' mechanical qualities later in the study, this meticulous process guarantees
that they reach their ideal strength and durability. The hydration process and the overall

quality of the concrete are greatly influenced by the controlled curing environment.
I11. 3.1.1.3. Preparation of Specimens

According to the European standard NF EN 12390-1 and the French standard NF P18-
404, 105 parent concrete (PC) samples, each 10 x 10 x 10 centimetres, were produced
and allowed to cure under regulated conditions [302, 303]. Specimens are created and
dried in a manner that ensures dependability in terms of both performance and quality.
The samples underwent a standard curing process to guarantee optimal moisture and
strength increase. Comparing different formulas and aggregate types used in later stages
of the research is made easier by this methodical approach, which enables reliable
testing and evaluation of the concrete's mechanical properties. By adhering to these
predetermined criteria, the research aims to produce concrete that either matches or
exceeds the performance characteristics typical of regular concrete used in

construction.
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I11. 3.1.2. Physical Characterisation of Fresh Parent Concrete
111.3.1.2.1. Workability

According to EN 12350-2 standard, the slump test is used to assess the workability of
fresh concrete [304]. Three equal levels of concrete are added to a typical Abrams cone
as part of the test. Each layer is condensed by striking it 25 times with a metal tamping
rod. The top surface of the concrete is then levelled by passing the tamping rod across
the top of the cone. The cone is then elevated vertically to allow the concrete to settle
on its own. The concrete's workability and flexibility are directly correlated with the
amount of settling, or slump. A higher slump indicates a more workable, more pliable
concrete composition. To measure the slump, an inverted cone is placed near the
slumped concrete. A ruler is used to measure the vertical distance between the top of
the cone and the highest point on the surface of the drooping concrete. In centimetres,
this is the reported slump value. Figure I11. 8 illustrates the key steps in the slump test
procedure. The slump test is a simple and reliable way to assess the workability of fresh
concrete. It enables the concrete to be compacted and set securely inside the formwork.
The test is widely used in the construction industry to evaluate the consistency and

calibre of concrete.

Figure I11. 8 : Steps in the Abrams Cone Procedure for Measuring Slump
The NF EN 206-5 standard classifies concrete slump into five groups (Table I11. 11).

Table I11. 11 : Concrete Slump Groups

Class  Slump (mm) Property of fresh concrete

S1 10-40 Firm, very dry and poorly workable
S2 50 -90 Plastic, medium moisture and medium workability

S3 100 - 150 Very plastic, very wet and high workability
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S4 160 - 210 Fluid, very wet and high workability
S5 >220 Very fluid, very wet and high workability

All PC types were kept at a 7£2 cm slump, in accordance with industry standards [304].
I11. 3.1.3. Mechanical Characterisation of Hardened Parent Concretes

The concrete specimens were put through a mechanical test to determine their
compressive strength. This test revealed information on the parent concrete mixtures'

ability to support loads.
I11. 3.1.3.1. Compressive Strength

The EN 12390-3 standard [305] was followed for conducting the compressive strength
measurements. Specimens were tested when they were 28 days old to make sure they
had uniform surface features and good flatness.

Test Principle: The specimen is put through a series of increasing loads until it fails.
The ratio of the specimen's failure load (F) to cross-sectional area (S), given in

megapascals (MPa), is used to compute the compressive stress (cc):

0. =71 n. 1

Where:

S is the specimen’s cross-sectional area (in mmz2), F is the failure load (in N), and oc
is the compressive stress (in MPa).

The average of the findings from six specimens is used to calculate the compressive
strength. After a 28-day curing period, 10x10x10 cm? cubic specimens of the parent
concrete were evaluated to assess their quality. Studies show that the performance of
concrete created using aggregates taken from parent concrete is highly dependent on
the quality of the parent concrete [15, 264, 306]. In particular, a bigger influence from
the parent material's quality is correlated with higher performance requirements for the
final concrete. Results of tests on 42 specimens showed compressive strengths ranging
from 25.41 to 42.38 MPa. These results highlight how crucial it is to formulate recycled

concrete mixtures with high-quality parent concrete.
I11. 3.1.4. Demolition Aggregates Manufacturing

The parent concrete samples that had cured for 28 days were taken out of the water and
left to air dry in order to prepare the Demolition Coarse Aggregates (DAs). A metal

mass was used to break up the concrete into smaller bits once the surface moisture had
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evaporated. As illustrated in Figure 111. 9, the resulting pieces were sized to pass through
a jaw crusher's input opening, with the distance between the crusher jaws being

modified in accordance with the maximum aggregate size intended for production.

Figure 111. 9 : Concrete Broken into Pieces and Jaw Crusher

Crushed materials were sent through a succession of designated sieves by hand shaking.
Using the standardised screening method demonstrated in our experiment, these
materials were passed through sieves arranged from largest to smallest in descending
order of mesh size (detailed in Figure I11. 10). DAs larger than 25 mm in diameter were
crushed and then sieved once more. DAs that were less than two mm in diameter were
discarded. The remaining particle matter was collected separately after going through
each sieve and dried in an oven until a uniform bulk was achieved. This process was
done to collect adequate dry DA sub-fractions (2/3.15), (3.15/4), (4/5), (5/6.3), (6.3/8),
(8/10), (10/12.5), (12.5/16), (16/20), and (20/25) mm for the subsequent water
absorption test. Figure I11. 11 provides examples of the types and sizes of crushed DAs
that were collected. This careful fractionation allowed for a comprehensive analysis of
the water absorption characteristics across a range of particle sizes, providing valuable
data for many commercial and scientific applications. To be compatible with the
original NA samples, three new fractions (3/8), (8/16), and (16/25) mm were rebuilt
with the same particle size distribution.
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Figure 111. 10 : Procedure for the Preparation of DAs and Quantification of Water Absorption
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I11. 3.1.5. Physical Characterisation of Demolition Aggregates

The most important aspect affected is concrete's workability, which is greatly
influenced by DAs' high water absorption [307]. According to Y. L. Kun Liang et al.
[308], the water absorption of DAs increases rapidly in the early stages. The first 10
minutes are when the DAs reach about 90% of their water-absorbing capability. After
then, but more slowly, DAs continue to absorb water until they reach saturation.
Zhenhua Duan A. et al. [309] found a connection between water absorption during the
first 24 hours and water absorption for the entire 24-hour period. It is possible to
forecast water absorption throughout a 24-hour period from the early phase and vice
versa. Due to the large number of samples, this experiment was limited to water

absorption after 20 minutes only in order to save time.
I11. 3.1.5.1. Water Absorption of Demolition Aggregate Subfractions

After being weighed, the DA subfractions were dried in an oven at 110 £ 5 °C until
they reached a constant mass, and then they were immersed in tap water at 20 + 2 °C.
After 20 minutes, they were taken out of the water, patted dry with a cloth, and weighed

once more. These stages are illustrated in Figure 1. 12.

aa

Dewatering Surface drying Wet weighing

Figure I11. 12 : Water Absorption Test Steps
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According to NF EN 1097-6, three specimens from each of the 70 DA sub-fractions
underwent the water absorption test [310]. Equation (I11. 2) was used to calculate the
water absorption:

Mmp—Mmgq

abs; = 100 x 1. 2

mq
where "mp" is the sample's mass following immersion, "abs;" is the percentage of water
absorbed, and "mg" is the sample's original mass before drying. The mean values of the

results were shown.
I11. 3.1.5.2. Reconstitution of Demolition Aggregate Fractions

Three fractions, (3/8), (8/16), and (16/25) mm, having the same particle size distribution
as the NA fractions, were created by combining the DA sub-fractions. The intended
mass (m) of the DA fraction may be multiplied by the factor (ai) divided by 100 to find
the mass (m;) of each DA sub-fraction. The specific rejection expressed as a percentage
of the comparable NA sub-fraction is the "a;" factor. It is possible to compute the mass

(m;) of each DA sub-fraction using equation (I11. 3).
mxa;
100

m; = .3
where "m;" stands for the mass of the DA sub-fraction, "m" for the required mass of the
DA fraction, and "a" for the specific rejection expressed as a percentage of the

corresponding NA sub-fraction.
I11. 3.1.5.3. Water Absorption of Demolition Aggregate Fractions

Equation (I11. 4) was used to directly compute the DA fraction's water absorption.
1
abszme(absix a;) . 4
where "abs" stands for the DA fraction's water absorption, "abs;" for the DA sub-

fraction's water absorption, and "a;" for the specific rejection expressed in percentage

of the comparable NA sub-fraction previously shown in Table III. 7 below.
I11. 3.1.6. Algorithm

The following is the search algorithm for the part 1 of the study:
* Parent concrete preparation

* Holding for up to 28 days in water

* Reduction of size using a mass of metal

* Crushing.
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* (2/3.15), (3.15/4), (4/5), (5/6.3), (6.3/8), (8/10), (10/12.5), (12.5/16), (16/20) and
(20/25) mm are the sieving and sub-fractionation dimensions

* Rejecting agglomerates that are less than 2 mm

* Repeating the earlier procedures (beginning with crushing) for particles bigger than

25 mm

* Drying in the oven at a steady mass

* After 20 minutes, the subfractions' water absorption is measured

* The gravel fractions' reconstitution is as follows: (3/8), (8/16), and (16/25) mm

* The reconstituted gravel fractions' water absorption after 20 minutes is calculated

I11. 3.1.7. Time and Location Conditions

Table III. 12 summarises the conditions at the time and place.

Table I11. 12 : Time and Place Conditions for the Tests

Operation Time Temperature Location Device/Tool Standards

PC manufacturing 14 hours 20£2 °C Laboratory setting  35-liter concrete mixer ~ NF P18-405

Curing 28 days 20+2 °C Laboratory setting Water tank NF P18-404

Size reduction 4 hours 20£2 °C Laboratory setting Metal mass -

Crushing 3 hours 20£2 °C Laboratory setting Jaw crusher -

Fractionation 7 days 20+2 °C Laboratory setting  Sieves -

Oven drying 48 hours 10545 °C Laboratory setting Oven -

Dry weighing 10 seconds 20+2 °C Laboratory setting Precision Scale 0.1 gr NF EN 1097-6

Water immersion 20 minutes 20+2 °C Laboratory setting water container NF EN 1097-6

Dewatering 10 seconds 20+2 °C Laboratory setting Sieve NF EN 1097-6

Surface drying 20 seconds 202 °C Laboratory setting Dry cloth NF EN 1097-6

Wet weighing 10 seconds 20+2 °C Laboratory setting Precision Scale 0.1 gr NF EN 1097-6
Through the ratio between the maximum diameters of the two aggregates

(DADmax/NADmax), where DADmax represents the maximum diameter of demolition
aggregates (DAs) and NADmax that of natural aggregates (NAS), the results of the water
absorption tests were analysed to look for a potential relationship between the size of
the natural aggregates (NAs) composing the parent concrete (PC) and that of the
demolition aggregates (DAs) recovered. The analysis's goal is to identify the threshold
ratio that, when met, permits the production of demolition aggregate sub-fractions

(DAs) with a minimum adherent mortar (OM) content, or a minimum capacity to absorb
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water. This, in turn, yields DA fractions with a minimum capacity to absorb water. The
latter is similar to that of natural aggregates in this sense.

I11. 3.2. Part 2: Use of Demolition Coarse Aggregates and Saharan Dune Sand in

Concrete Formulation

This section investigates whether coarse demolition aggregates and dune sand from the
Sahara (Biskra) can be combined to make regular concrete. The objective is to evaluate
the possible advantages of this combination and ascertain whether it is feasible to use

these materials together to create concrete of a suitable quality.
I11. 3.2.1. Parent Concrete Manufacturing

Unlike Part 1 of this investigation, Part 2 used regular concrete that was two years old
and had been made by another PhD student as the parent material. Regretfully, there
are no details available about the concrete formulation and material characterisation of
this parent concrete. A visual inspection was carried out to determine the maximum
diameter of the natural aggregates employed, and the results showed that the maximum
aggregate size was 25 mm. This strategy emphasises the need for observational
approaches in the absence of comprehensive material data, allowing the study to

proceed while recognising the limitations of the information at hand.
I11. 3.2.2. Demolition Aggregates Manufacturing

The second part of this study was manufactured using the same procedures that were
set up in the first component. The two-year-old regular concrete was transformed into
unreinforced beams that measured 15x20x120 cm? and cubic specimens that were 10
cm on each side. Using a metal sledgehammer, this reduction was first done by hand.
A jaw crusher was then used to crush the material (Figure I11. 13). The jaws were spaced
apart to create the maximum aggregate size that was required, and the concrete pieces
were sized to fit through the jaw crusher's input hole. (8/16) mm and (16/25) mm were
among the retained granular fractions, guaranteeing that the aggregates fulfilled the
requirements for later concrete compositions. Because of the methodology's uniformity,

the results from the two parts of the study may be reliably compared.
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Figure 111. 13 : Size Reduction of an Unreinforced Beam and Crushing Result

The largest aggregate size that could be produced dictated the jaws' spacing, and the
jaw crusher's entry mouth was made to fit the size of the concrete particles. Both the

(8/16) and (16/25) granular fractions are retained.
111. 3.2.3. Son Concretes Manufacturing

Combinations of sand and gravel (Figure Il. 14) have allowed us to create four different
kinds of common concrete, which are as follows:

* Tebessa (NASTBC) alluvial sand and natural gravel in concrete acting as a control

* Concrete made using Biskra dune sand and natural gravel (NASDC)

* Biskra dune sand and concrete with demolition gravel (DASDC)

* Concrete with alluvial sand from Tebessa and demolition gravel (DASTBC)

2 L
A

A
.,

= Py

sDC STBC

Figure I11. 14 : Sand and Coarse Aggregates Combinations

I11. 3.2.4. Formulation Method

The formulation approach that B. Scramtaiev suggested was used. This method's basic
idea is explained in section 11.7.5. Concrete formulation approaches. Calculations are
used to initially estimate the composition of concrete, which includes the amounts of
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cement, water, sand, and gravel. Experimental mix design techniques are then used to

refine the composition.
I11. 3.2.5. Aggregate Water Demand and Effective W/C Ratio

The water absorption rates by aggregate type are shown in Figure Il1. 15, and the total
water consumption for different concrete formulations is shown in Figure Ill. 16.
Furthermore, the aggregates' water absorption levels, matching water demands, and
effective water-to-cement (W/C) ratios are compiled in Table Ill. 13. This thorough
analysis provides important insights for improving concrete formulations by
highlighting the connection between the type of aggregate used and its effect on the

total water requirements of the concrete mixtures.
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Figure I11. 15 : Water Absorption by Aggregate Type
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Figure I11. 16 : Total Water Demand in Concrete Formulations
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Table I11. 13 : Aggregates Water Absorption, Water Demand and Wes /C

Concrete

Designation

Unit NASTBC DASTBC NASDC DASDC
Aggregates water absorption I/m3 7.83 46.74 8.27 49.31
Total water I/m3 210 210 175 210
Effective water I/m3 202.17 163.26 166.73  160.69
Cement dosage Kg/m? 350 350 350 350
West /C - 0.58 0.47 0.48 0.46
Wi/C - 0.6 0.6 0.5 0.6

111. 3.2.6. Workability

The Abrams cone test was used to evaluate the concrete's workability in accordance
with standard EN 12350-2 [304], as explained in section II. 8.1.1. Workability. The
target slump for all types of concrete was kept at 7£2 cm. The results of the slump test
performed on one of the concrete mixtures under study are shown in Figure I11. 17. This
measurement is essential for making sure the concrete can be compacted and put readily
during construction, which will eventually impact the finished structure's durability and

overall performance.

Figure I11. 17 : Result of the Slump Test Conducted on One of the Concrete Mixtures Studied

I11. 3.2.7. Density

A standardised 8-liter hydrometer base and a balance that could measure the mass of
fresh concrete to the closest 0.1 g were used to precisely and consistently measure the
density of fresh concrete. A representative quantity of concrete can be held in the
hydrometer base, which is a suitable container. In order to remove trapped air bubbles
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and guarantee adequate compaction, the concrete is placed in two layers and vibrated
for 30 seconds on a vibrating table during the filling process. To guarantee that the
volume of concrete precisely fits the interior of the container, the upper sides are
levelled with a metal ruler after filling [311]. Weighing a known volume of fresh

concrete is shown in Figure I11. 18 using equation (111. 5).

m-—-my

Pre=—— .5
Where:

pic is the fresh concrete density (kg/mq)

Mo is the empty container mass (kg)

m is the mass of container filled with fresh concrete (kg)

V : Container internal volume (m®)

Figure I11. 18 : Weighing of a Known Volume of Fresh Concrete

I11. 3.2.8. Occluded Air

Air is the only compressible component in fresh concrete, under the specifications of
standard NF EN 12350-7 [312]. This test's objective is to measure the amount of
entrained air to confirm that, in the event of frost, the standard's minimal amount is
actually reached. The air content of plastic concrete can be determined using a variety
of techniques, such as the gravimetric, volumetric, and pressure methods. Using a
pressure air meter for concrete and the pressure method, the entrained air content (Oa)
was measured (Figure I11. 19). Entrained air concentrations range from 0.8% to 1.25

percent, according to the measurement results.
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Figure 111. 19 : Aerometer with Manometer

I11. 3.2.9. Concrete Composition and Physical Properties

The compositions of the different concrete types and their physical properties in the

fresh state are gathered in Tables I1l. 14 and I11. 15 consecutively.

Table I11. 14 : Concretes Composition

Dosage NASTBC DASTBC NASDC DASDC
C (kg/md) 350 350 350 350
W (liter) 210 210 175 210
STB (kg/m?) 619.961 626.866 - -
SD (kg/md) - - 488.735 571.742
NA 8/16 (kg/m?) 300.837 - 258.057 -
NA 16/25 (kg/m?) 811.327 - 1024.333 -
DA 8/16 (kg/m?) - 351.193 - 382.653
DA 16/25 (kg/m®) - 756.066 - 783.730
Plasticizer (%) - 0.25 - -

Table I11. 15 : Concretes Physical Properties in the Fresh State

Property NASTBC DASTBC NASDC DASDC
GIS (-) 1.79 1.77 2.62 2.04
WIC (-) 0.6 0.6 05 0.6
S (cm) 7.0 8.0 6.5 7.0
Oa (%) 1.0 1.25 0.8 1.2
yeal (kg/m?3) 2292.125 2294.125 2296.125 2298.125
yr (kg/m?) 2291.125 2290.00 2400.125 2373.938

~121~



CHAPTER 111

111. 3.2.10. Preparation of Specimens

Until the day of testing, specimens that were cubic (10x10x10) cm?® prismatic
(10x10x40) cm?®, and cylindrical (11x22) cm?® were created and kept in water [204, 301,

303]. Hardened concrete specimens are displayed in Figure I11. 20.

Figure 111. 20 : Hardened Concrete Specimens

I11. 3.2.11. Hardened Concrete Density

Weighing a hardened concrete specimen (Figure Ill. 21) and dividing its mass by its
volume - which is computed based on the specimen’s dimensions (see equation IllI. 6) -
will yield the density of hardened concrete, which is commonly expressed in
kilogrammes per cubic meter (kg/m3) in accordance with standard 1SO 1920-5 [313].
This approach offers a simple and trustworthy way to evaluate hardened concrete's
density, a crucial determinant of its quality and possible performance traits.

p,w=§ 1.6

Where:

Phcis the hardened concrete density (kg/m®)

m is the mass of hardened concrete specimen (kg)

V is the volume of hardened concrete specimen (m?)
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Figure 111. 21 : Weighing of Hardened Concrete Specimen
I11. 3.2.12. Mechanical Tests

Two indirect tensile tests (splitting and three-point flexural tests) and a compression
test were performed. Two generations of regular concrete—a two-year-old parent
concrete and four varieties of second-generation concrete, or son concretes—were
subjected to the compression test. The son concretes were the specific focus of the two
indirect tensile tests. For these testing, hydraulic presses with the required add-ons were
used (Figure I11. 22).

e~

Figure 111. 22 : Hydraulic Presses for the Mechanical Tests
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111.3.2.12.1. Compressive Test

Two generations of regular concrete were subjected to the compression test in
accordance with the previously established testing methodology (I11. 3.1.3.1.
Compressive strength).

% Compressive Test of Parent Concretes

Compression testing was used to evaluate the quality of 10x10x10 cm3 cubic specimens
of the parent concrete [305]. To guarantee consistent geometric shape and dimensions
across all specimens, half (6) of the twelve specimens that were evaluated were
removed from unreinforced beams using a concrete saw (Figure I1l. 23). This method
eliminates the requirement for correction coefficients and ensures a fair comparison of

performance across the various types of concrete [314-316].

[+ B

Figure 111. 23 : Cubic Samples (10x10x10) cm3 Extracted from an Unreinforced Beam for a
Compression Test

%+ Compressive Test of Son Concretes

To make comparisons between the control concrete and those that included substitute
materials easier, cubic specimens of the same size (10x10x10 cm?3) were tested in
compression for each type of son concrete. Accurate and dependable testing of these
specimens was made possible by the employment of hydraulic presses outfitted with
the required attachments, which yielded important information on the mechanical
characteristics of the parent and son concretes. This thorough testing approach is

necessary to assess how well various materials work in concrete mixtures.
111. 3.2.12.2. Three Points Flexural Test

In accordance with NF P 18-407 guidelines [317], this destructive test is carried out on
prismatic specimens that are 10x10x40 cm3. Finding the specimen's three-point flexural
strength under a centred force applied with a hydraulic press is the goal. The average
of the findings from three specimens is used to determine the tensile strength in
megapascals (MPa). The test's mechanical diagram is displayed in Figure Ill. 24. The

following relationship (I11. 7) represents the flexural tensile stress:
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3FL
O-fl:ﬁ .7

Where:

e o1 IS the flexural tensile stress,

o Fisthe applied load,

e L isthe span length between the supports,

e b is the width or the depth of the specimen (the width = the depth).
For assessing the structural integrity of concrete in a variety of applications, this method
offers a trustworthy evaluation of the material's performance under bending stresses.

o

/2 [

Figure 111. 24 : Mechanical Diagram of the Three-Points Flexion Test
I11. 3.2.12.3. Splitting Test

The NF EN 12390-6 standard [318] states that cubic specimens with dimensions of
10x10x10 cm? are used to calculate the mechanical tensile strength by splitting (Figure
I11. 25). After 28 days of cure, the splitting test is carried out with a loading rate of 0.05

MPa/s. The formula I11. 8 is used to determine the splitting tensile strength:

2F
Ogpr = —— 1.8

mlD

Where:

ospiiS the splitting resistance (MPa),

F is the maximum rupture load (N),

I is the length of the specimen (mm),

D is the lateral dimension of the specimen (mm).

For the purpose of evaluating the concrete's performance and longevity in structural
applications, this test offers a trustworthy measurement of the material's tensile

strength.
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B 2

Figure I11. 25 : Cubic Concrete Specimen Tested by Splitting
I11. 3.2.13. Ultrasonic Pulse Velocity

Non-destructive ultrasonic pulse velocity testing can be used to assess the quality of
concrete without inflicting any harm to the material. The measurement of the ultrasonic
wave's propagation time through the concrete test specimen forms the basis of this
method. It gives an estimate of the dynamic elastic module, mechanical resistance, and
porosity of the material. Testing was done on cubic test specimens that measured
10x10x10 cm? and cylindrical test specimens that measured 11x22 cm? in accordance
with standard NF P 18-418 [319]. The ultrasonic pulse velocity tester utilised is
depicted in Figure I11. 26.

Figure I11. 26 : Ultrasonic Pulse Velocity Tester
111. 3.2.13.1. Device Description
The capacity to modify the ultrasonic pulse amplitude from 250 to 1000 V and a

measurement range of 0 to 3000 ps with a resolution of +0.1 ps are important features.
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Up to 30,000 samples of test data can be collected, processed, and stored by the device,
which can also measure the amount of time needed for the ultrasonic pulse to pass
through the substance being examined. To guarantee the best possible sound wave
transmission, it comes with two 55 kHz probes, connecting cables, a calibrating

cylinder with a time constant of 42.5 ps, and contact paste.
I11. 3.2.13.2. Results' Reading and Interpretation

The travel time (t) of an ultrasonic pulse through concrete is computed and displayed
digitally. The faster the concrete spreads, the denser and more resistant it gets.
Conversely, a lower speed indicates a larger porosity and a smaller mechanical
performance. Consequently, this non-destructive method allows for quick and precise
information on concrete quality without compromising the material's properties. The
obtained data allows for continuous monitoring of the evolution of concrete
characteristics and successfully completes the conventional destructive tests. The
equation (I11. 9) provides the ultrasonic wave's propagation speed.
V=t 1.9
Where:

o L isthe separation between the two sides of the concrete test specimen in contact

with the two transducers

e Vs the wave propagation speed (km/s)

« T isthe ultrasonic wave propagation duration in seconds
I11. 3.2.13.3. Dynamic Modulus of Elasticity

Using the following connection (111. 10), the dynamic modulus of elasticity (Ed) may

be determined from the speed at which ultrasonic waves propagate:

_ ((+v)(1-2v) 2
Ed—(—(l_v) ) p-Vin 1. 10

Where:
o Eg stands for dynamic elastic module (MPa)
e v for non-damaged concrete's Poisson's coefficient (v = 0.20)
 p for concrete density (kg/m?)

e Vn is the mean wave propagation speed (km/s)
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111. 3.2.14. Deformability
111.3.2.14.1. Testing Program

Four varieties of concrete that were 28 days old (NASDC, DASTBC, DASDC, and
NASTBC) were tested in order to determine how aggregate type affected the
deformability of hardened concrete. Twelve examples of regular concrete, each
measuring 11 by 22 cms3, were assessed for deformability using the methodology
described by Mezghiche, B. (1996) [320]. As stated in section 111.3.1.3.1 (Compressive
Strength), Formula I11.1 was used to determine the specimens' cylindrical strength. The
behaviour of the material under stress was then evaluated by measuring both
longitudinal and transverse deformations. A strain gauge frame is used to test

deformability, as shown in Figure I11. 27.

Figure 111. 27 : Deformability Measurement by Strain Gauge Frame

111. 3.2.14.2. Longitudinal Deformation

Dial indicators that show microns were used to measure the longitudinal deformation.
They were mounted in the centre of the concrete specimen using two suitable flat iron
hoops. By tightening eight threaded pins (four per hoop) positioned such that each pair
of adjacent pins is 90° apart and each pair of opposing pins is 110 mm apart, these
hoops are brought into contact with the specimen’s exterior face. The distance between
the four higher pins and the bottom pins, measured longitudinally, is 140 mm. Through
properly drilled and threaded holes in the hoops, the pins can move inward for
tightening and outward for loosening (Figure I1. 27). The stress-strain curves were used
to calculate the modulus of elasticity values. Equation I1l. 11 states that the pair (c1;

elel) determines the modulus of elasticity.
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E, = 0y.€10 1. 11
where €1€l is the strain brought on by the destructive stress, and o1 IS the stress equal to
30% of the destructive stress. Equations III. 12 and III. 13 are used to derive 1 and
e1el, respectively.

o, = P..S 1. 12

where S is the specimen’s cross-sectional area and P is the load equal to 30% of the
destructive load.

Equation I11. 13 calculates the arithmetic average of the indicators on either side of the
cylinder to estimate the increase in deformations.

where:

The specimens' absolute increase in longitudinal deformation in response to an increase

in stresses is denoted by Al;.

Al
£10 = T2 1. 13
1

The fixed base for calculating the specimens' longitudinal deformation is l;. Formula

I11.14 provides the initial modulus of elasticity in compression.
_ 2o
T ZAe

where the total increase in stress at each degree from 0.05 to 0.3 Pc is represented by

1. 14

YAc. For every degree in the same range, XAe is the total of the increases in
instantaneous elastic longitudinal relative deformation.

This thorough testing method, which makes use of dial indicators and stress-strain
curves, offers important insights into the deformability properties of concrete that
contains different alternative components. One of the most important factors in
determining the stiffness and load-bearing capability of the concrete sample is the

modulus of elasticity.
I11. 3.2.14.3. Transversal Deformation

Two extra dial indicators that were calibrated in microns and firmly mounted on
opposing sides of the hydraulic press frame were used to assess the transverse
deformation. These indicators were made to detect any movement on the order of
micrometres, and they do so by placing their pistons in touch with the centre of the
concrete specimen. The total of the data from both indicators is used to determine the

concrete specimen's increase in transverse distortion. The elastic modulus and Poisson's
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ratio are then determined using the specimens' average longitudinal and transverse

deformations.
111. 3.2.15. Durability Indicators Tests

Durability is associated with the capacity to withstand the mechanical stresses of the
structure as well as the physical and chemical stressors of the surrounding environment,
such as moisture, the sea environment, frost, air pollution, etc. Concrete durability may
be estimated by measuring the concrete's porosity, permeability, and compressive
strength both before and after it is exposed to harsh circumstances [321, 322]. In
cementitious materials, inverse connections between permeability and durability,
porosity and compressive strength, and a direct link between compressive strength and
durability have been identified. Tests for total absorption, water permeability,
capillarity, and resistance to freezing and thawing were thus conducted. Test bodies
(half-cylinders (11x15) cm®) made by cutting cylindrical samples (11x22) cm®) and
cubic specimens (10x10x10) cm? were employed.

I11. 3.2.15.1. Total Absorption Test

Equation I11. 15 was used to calculate the total absorption on cylindrical test specimens
(11x22) cm? in accordance with the guidelines provided by AFPC-AFREM [323].

(Msat—Mgry)

abs,prq = o Mdry) 1. 15
m
dry

where:
The total absorption (%) is abStotal
Msat IS the specimen's mass (kg) following a 24-hour saturation period

The mass of the dry specimen is denoted by mary (kg)
111. 3.2.15.2. Absorption by Capillarity Test

Concrete's porosity is a crucial characteristic that affects all other attributes, such as
durability markers and compressive strength. Concrete's pore network is evaluated by
measuring capillary water absorption, which is fuelled by surface tension in the pores.
The test, which observes the saturation and capillary rise of a dry sample's bottom face
in contact with water, complies with AFPCAFREM guidelines [323]. The samples are
discs that are 50 mm thick and were cut from 11x22 c¢cm? concrete pieces. Prior to
testing, the discs are kept in airtight bags following the curing time and any further
treatments. After that, they are dried at 80+2°C in a ventilated oven until their mass
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remains constant. To stop evaporation, sticky aluminium foil is then placed across the
lateral surface. The samples are immersed in water up to 31 mm, and the container is
closed to reduce evaporation and let the upper surface "breathe.” The samples are taken
out, cleaned, weighed, and put back in the container at certain intervals (0.25, 0.5, 1, 2,
4,8, and 24 hours). The test ends after 24 hours. The experimental setup for the capillary

absorption test is shown in Figure 111.28.
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Figure 111. 28 : Experimental Setup for Capillary Absorption Test

Equation I1l. 16 was used to get the capillary absorption coefficient (Ca), which is
quantifiable in kg/m?,

Ca, = o) 1. 16

where my is the specimen's mass at a certain moment (kg), and Cat is the capillary
absorption coefficient (kg/m?).
The specimen'’s starting mass (mo) is expressed in kilogrammes, and its section (a) is

expressed in meters squared.
I11. 3.2.15.3. Porosity Accessible to Water (Hydrostatic Weighing) Test

The water saturation under vacuum technique is one way to measure the porosity of
concrete. Tests were carried out in compliance with NF EN 18-459. Before testing, the
samples are actually kept in sealed bags and baked at 105 + 5°C until the dry weight
remains constant. The samples go through vacuum saturation once they are totally dry,
and then they are submerged in water until they attain full saturation.

Following saturation, the sample is weighed in its saturated condition and then
hydrostatically weighed with an accuracy of 0.01% of its mass. The following formula

is used to determine the porosity P, which is given as a volumetric percentage (I11. 17).

= (mair=mary) 140 1. 17

P
ater
w (Mmgir—Mwater)

Where:
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Mair is the mass of the soaked sample, mary is the mass of the sample following baking
at 105°C, and Pwater is the porosity accessible to water (%).
The mass of the sample submerged in water is denoted by Mwaer. The hydrostatic

concrete weighing apparatus is shown in Figure I11. 29.

Figure 111. 29 : Hydrostatic Concrete Weighing Device

I11. 3.2.15.4. Water Permeability Test

Under pressures of 1, 2, 3, 4, 5, 6, and 7 bar, the test measures the change in volume of
water that only penetrates the top of test bodies (11 x 15 cm?3). According to 1SO, each
pressure lasts for one hour [324]. Using equation I11. 18, the permeability coefficient

was determined.

__ @
Kp [F.(P1—P,).T].n.k 1. 18

where Q is the amount of water that has penetrated (m?)

Kp is the infiltration coefficient (m/s)

H represents the specimen’s thickness (m)

F its surface (m?), P2 - P1 the pressure differential between the specimen's inlet and
outlet (Pa)

T the experiment time (s)

n the change in water viscosity as a function of temperature (unitless)

D the specimen's diameter (m)

K is the specimen diameter (unitless) effect

[H=15 cm; P1 — P2 =7 bar; 7 = 8 hours; F = 95.033 cm?; k=1.064; #=0.89; Q = (0.0375,
0.025, 0.030 and 0.0375 litre) for NASTBC, DASTBC, NASDC and DASDC

consecutively].
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The employed water permeability meter is seen in Figure 111. 30.

l |
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Figure 111. 30 : Water Permeability Meter
I11. 3.2.16. Scanning Electron Microscope (SEM) Analyses
111. 3.2.16.1. Working Principle

The FEI Quanta 250 FEG-SEM with Schottky field emission gun and Everhart-
Thornley secondary electron detector (Figure Ill. 32) offers ultrahigh resolution
imaging at 30 kV for 1.2 nm. It is made up of a broad field secondary electron detector
for low vacuum operation and a backscattered electron detector for high vacuum mode.
At 30 kV, it achieves a resolution of 3.0 nm. This microscope is perfect for applications
in nanotechnology, materials science, biology, and compositional and microstructural
imaging and analysis because of its smooth interaction with EDAX detectors. The
Quanta 250 is a flexible instrument that provides in-depth understanding of the

molecular makeup and shape of several materials at the nanoscale.
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Figure 111. 31 : Scanning Electron Microscope, EDAX and Sample Holder

111. 3.2.16.2. FEI Quanta 250 FEG-SEM Description

The Quanta FEG Scanning Electron Microscope (SEM), which enables high-quality
digital imaging and magnifications of over 100,000x, produces bigger images of a
variety of items. This important and widely used analytical tool may be utilised with
X-ray microanalysis, has a superb field of view, and requires minimum specimen
preparation. There are four fundamental components to the microscope:

* Electron source: The electron beam is emitted within a limited spatial container, with
a specific energy and a small angular spread.

* Lens system: Before hitting the specimen's surface, the beam enters and travels
through a network of several electromagnetic lenses.

*The scan unit: The scan generator signal is sent to the deflection mechanisms, which
move the beam over the specimen region in a raster pattern. The electrical voltage
changes during the scan, giving serial information about the surface of the object. The
onscreen picture is produced by modulating this signal with the detecting system signal.
» The detecting device When electrons hit the specimen's surface, they react with it to

create three primary types of signals: backscattered electrons, secondary electrons, and
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X-rays. The detecting system picks up these signals, amplifies them, and sends the
electrical signal to the control PC so that it may be seen on the monitor.

I11. 3.2.17. Severe Conditions Tests

This study examines how concrete composed of beach sand and demolition coarse
aggregates responds to four extreme scenarios: exposure to high temperatures, chemical
assaults, freeze-thaw cycles, and abrasion. These circumstances were chosen in order
to evaluate the endurance and performance of substitute concrete materials in
demanding settings. The behaviour of the concrete under each circumstance was
evaluated using a battery of exacting tests, with an emphasis on structural integrity and
mechanical qualities. The results show that although concrete with beach sand and
demolition materials shows different levels of durability to these harsh circumstances,
it is a good choice for environmentally friendly building methods. This study offers
important new information on how recycled materials may be used to increase the

resilience of concrete structures in the face of severe environmental pressures.
I11.3.2.17.1. Abrasion Test

The study by Setti et al. (2012) [325] served as the basis for the testing regimen that
follows. To get the best cement hydration, the concrete examples were formed in metal
moulds that measured 10x10x10 cm?, demolded after 24 hours, and then kept in water
tanks for 27 days. In order to prepare the hardened concrete cubes for abrasion testing,
they were cut into half-cubes of almost similar size using a concrete saw after 28 days.
A Micro Deval device was used to abrasively treat the half-cubes. One half-cube of
concrete, three stainless steel spherical balls (D =47 + 1 mm, P = 420 to 445 g), 1.5 kg
of smaller stainless steel spherical beads (D = 10 £ 0.5 mm), and 2.5 litres of water
were all included in each compartment of the apparatus (Figure 1ll. 33). The Micro
Deval was configured to run for 12,000 rotations over two hours at an average speed of
100 £ 5 rpm after the compartments were sealed and repositioned. Using the same
samples, this process was carried out four times. The samples were cleaned, their
exterior surfaces were wiped with a cloth, and their mass was measured after 2, 4, 6,
and 8 hours of abrasion. The compartments were opened after each run. Weight loss

was used to assess abrasion resistance using the following formula (I11. 19).
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mly, = 100x —2ik 1. 19
Moh

Where:

The mass loss at i hour is denoted by mli

The mass at 0 hour by mon

The mass at i hour by min

Figure I11. 32 : Compartment with Concrete Half-Cube, Steel Balls, Steel Beads and Water

I11. 3.2.17.2. Freeze and Thaw Test

Rapid freeze-thaw cycles were used to cubic specimens (10x10x10) cm? of the research
concretes at 90 days of age [326]. A 6+6-hour routine guarantees two freeze-thaw
cycles daily. Thus, 12.5 days were needed to complete 25 cycles, and 25 days were
needed for 50. Every cycle entails thawing in water at ambient temperature up to +16°C
after freezing in the air at -16°C. At 25 and 50 cycles, visual inspections and mass
measurements in the saturated surface-dry state (SSD) were performed. Ultimately,
compression tests were performed. A 6+6-hour routine guarantees two freeze-thaw
cycles daily. Thus, 12.5 days were needed to complete 25 cycles, and 25 days were
needed for 50. Every cycle entails thawing in water at ambient temperature up to +16°C
after freezing in the air at -16°C. At 25 and 50 cycles, visual inspections and mass
measurements in the saturated surface-dry state (SSD) were performed. Ultimately,
compression tests were performed. Using equation Ill. 20, observation specimens
(10x10x10) cm? that had been submerged in tap water at room temperature (20°C) were
also evaluated at the age equal to 50 cycles (102.5 days).:

T = a+0.25n 1. 20
where:

A is the age of the concrete at the beginning of the test (day)
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T is the age equal to 50 cycles (day)

n is the number of freeze-thaw cycles.

Concrete is considered frost resistant if its resistance coefficient to freezing is more than
or equal to 0.75, its mass loss from freeze-thaw cycles does not exceed 5%, and its
compressive strength (if any) decreases by no more than 20%. Equation Ill. 21 was
used to determine the latter.

Ry
K,, =% 1. 21
"9 Rsae

Where:

Krg IS the frost resistance coefficient (unitless),

Rrg is the residual compressive strength (MPa),

Rsat is the water-saturated observation concrete's compressive strength (MPa).
I11. 3.2.17.3. Chemical Attacks Test

After 28 days of curing, the 10x10x10 cm? concrete specimens from the four kinds were
submerged in four different liquid environments: a 5% NaOH solution with a pH of
12.64, demineralised water with a pH of 7.05, and sea water with a pH of 10.30.
Simultaneously, control specimens were maintained in 7.25 pH tap water. The
aggressiveness of these liquid habitats was continually maintained by their monthly
renewal, which made sure that their pH levels stayed different from the concrete's.
Visual examinations, weight measurements, and evaluations of ultrasonic velocity were
performed both before to and after immersion to track any changes in the specimens.
Finally, to assess the specimens' remaining strength following two years of exposure,

unconfined compressive strength testing was performed.
111. 3.2.17.4. High Temperature Test

Three samples of each type of concrete were analysed. These specimens were subjected
to temperatures of 150, 300, 450, 600, 750, and 900 °C following a year of curing.
Figure I1l. 34 shows the concrete specimens used in this experiment within the
Nabertherm muffle furnace. During the tests, the specimens' mass evolution, ultrasonic
velocity, residual strength, and appearance were all evaluated.

This thorough testing process provides crucial information on the material's durability

and structural soundness under challenging conditions, enabling a thorough
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understanding of how exposure to high temperatures affects the concrete's performance
characteristics.

1 g
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Figure I11. 33 : Concrete Specimens in the Nabertherm Muffle Furnace

Because it allows hostile substances to enter, cracking can reduce the durability of
concrete. Cracking can result from any thermal stress, thus it's critical to comprehend
the type and severity of these fractures. A crack gauge with a micrometric lens -which
allows for accurate measurement of crack openings with a precision of one tenth of a
millimetre for convenient reading- was used in this investigation to track cracking. The

crack meter utilised is shown in Figure I11. 35.

Figure I11. 34 : Crackmeter (MAGNIF 24%)

111. 4. CONCLUSION

A thorough analysis of the materials and experimental techniques used in this study is
given in Chapter Ill. Through methodical examination of crucial elements including
cement, aggregates, and admixtures, we have determined their crucial functions in the
creation and functionality of concrete. With an emphasis on their potential as
environmentally friendly building materials, the chapter describes the procedures for
creating and choosing demolition coarse aggregates and adding Saharan dune sand.

Additionally, the methods for mechanical testing and physical characterisation are
explained in detail, guaranteeing a strong foundation for assessing the qualities of

concrete. This chapter establishes the foundation for comprehending the interactions
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between various components in concrete mixes through macroscopic, mesoscopic, and
microscopic examinations. The knowledge acquired will be essential for interpreting
findings in later chapters and expanding our understanding of building materials.

All things considered, Chapter Il provides a strong framework for investigating
creative concrete solutions, emphasising the value of material selection and thorough

testing in reaching good-performance building results.
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CHAPTER IV PRESENTATION OF RESULTS AND DISCUSSION

IV. 1. INTRODUCTION

The findings of the experimental studies carried out throughout this study are presented in Chapter
IV, together with a thorough analysis of their implications. The facts pertaining to the
manufacturing and selection of demolition aggregates, especially those with low water absorption,
and their use in concrete compositions are clearly and methodically analysed in this chapter.

The mechanical strength of parent concretes and the demolition aggregates' capacity to absorb
water are the main topics of the first part.

To verify the findings and evaluate the performance of various aggregate sub-fractions, statistical
studies are used. The goal of this thorough analysis is to demonstrate a robust relationship between
aggregate characteristics and concrete performance.

The chapter's second section is on concrete formulas that include Sahara dune sand and demolition
materials. Important topics are covered in detail, including workability, water demand,
granulometry, microscopy, and other mechanical testing. Tests that measure absorption,
permeability, abrasion resistance, and durability against chemical assaults, high temperatures, and
freeze-thaw cycles are also used to evaluate sustainability indicators.

Chapter 1V seeks to offer important insights into the feasibility of employing recycled resources
in the manufacturing of concrete by presenting and debating these findings. The results will help
us better understand how these materials may improve concrete's sustainability and mechanical

qualities, which will eventually promote improvements in building techniques.

IVV. 2. PRODUCTION AND SELECTION OF DEMOLITION AGGREGATES WITH
LOW-WATER ABSORPTION

IV. 2.1. Parent Concretes Quality

Compression testing was one crucial mechanical indicator that was used in order to assess the

quality of the parent concrete.
IV. 2.1.1. Compressive Strength

The parent concrete samples are classified as normal concretes since their average strengths, as

measured by compression testing, vary from 27.911 MPa to 38.678 MPa.
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The results of the compressive strength tests performed on the parent concrete samples are shown
in Table IV.1.

Table IV. 1 : Findings for the 28-Day Parent Concretes' Compressive Strength in MPa (Part 1)

Parent concretes of part 1/ (Values in MPa)

Sample
PC1 PC2 PC3 PC4 PC5 PC6 PC7
01 42.382 36.166 37.390 28.094 34.431 29.923 29.174
02 38. 212 33.818 33.140 31.248 33.767 30.491 27.466
03 33.852 34.000 36.890 27.321 32.888 28.096 27.453
04 40.562 31.475. 30.517 36.368 34.047 29.335 26.711
05 39.094 33.487. 27.129 32.954 33.964 28.414 27.275
06 37.967 35.774 38.152 32.906 33.005 25.412 29.386

Average 38.678 34.120 33.870 31.482 33.684 28.612 27.911

IV. 2.2. Demolition Aggregates’ Water Absorption

Water absorption rises as the size of the Demolition Aggregates (DAs) falls, which is consistent
with Kim Jeonghyun's findings [327]. Figures 1V. 1 and 1V. 2, which show the water absorption
of the DA's sub-fractions and reconstituted fractions after 20 minutes, respectively, graphically
illustrate this pattern.

m(2/3.15) ®(3.15/4) m(4/5) =(5/6.3) m(6.3/8) m(8/10) m(10/12.5) = (12.5/16) = (16/20)  (20/25)
10

Water absorption (%)

PC1 PC2 PC3 PC4 PC5 PC6 PC7

DA Sub-fraction by PC

Figure IV. 1 : Water Absorption Following DA Sub-Fractions for 20 Minutes (%)
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= (3/8) m(8/16) m(16/25)

8
S
c
2
8 4
2
o
© 2 | | | | | | | | |
&
S
= 0

PC1 PC2 PC3 PC4 PC5 PC6 PC7
DA fraction by PC

Figure IV. 2 : Water Absorption Following DA Reconstituted Fractions (%) for 20 Minutes

As seen in Tables IV. 2 and IV. 3, the water absorption of the DA fraction's constituent DA
subfractions affects the DA fraction's total water absorption. Each DA subfraction has a different
effect based on how dominant it is over all of its component DA subfractions. As previously
mentioned, the latter is based on the specific rejection of the comparable NA sub-fraction.

Table IV. 2 : DA Aggregate Sub-Fractions' Water Absorption After 20 Minutes

Parent concretes
(d/D)

Water absorption after 20 minutes (%)
PC1 PC2 PC3 PC4 PC5 PC6 PC7
(2/13.15) 474 736 716 689 7.10 739 7.39
(3.15/4) 418 623 785 7.08 598 447 6.68

(4/5) 457 575 687 598 510 333 5098
(5/6.3) 330 532 694 560 467 648 6.24
(6.3/8) 3.00 478 650 501 460 649 551
(8/10) 217 369 6.01 449 472 573 4381

(10/125) 349 065 582 3.05 451 3.99 3.99
(12.5/16) 331 311 431 361 345 364 3.40
(16/20) 305 2586 229 268 245 336 3.02
(20/25) 269 363 183 385 222 247 255

Table IV. 3 : DA Reconstituted Fractions' Water Absorption After 20 Minutes

Parent concretes
(d/D)

Water absorption after 20 minutes (%)
PCl PC2 PC3 PC4 PC5 PC6 PC7
(3/8) 364 544 685 57 512 568 6.02
(8/16) 331 202 486 331 388 386 3.69
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(16/25) 291 322 225 327 243 299 284

In terms of size and water absorption, the reconstitution of DA fractions from the DA sub-fractions
has an inverse connection. The DA sub-fractions' maximum water absorption values vary from
[3.36%; 7.85%], mean values range from [2.75%; 6.86%], and lowest values range from [0.65%;
4.74%]. Minimum values are between 12% and 82% below mean values and between 28% and
89% below maximum values. The maximum, average, and lowest water absorption values for DA

sub-fractions that correspond to their parent concretes (PCs) are shown in Figure IV. 3.

10 max Emean ®Emin

~ A~ A~ o~ o~

Water absorption (%)
o N A~ OO o0

(8/10)
(10/12.5)
(12.5/16)
(16/20)
(20/25)

DA sub-fraction
Figure IV. 3 : Water Absorption Maximum, Average, and Minimum Values of DA Sub-Fractions

Maximum water absorption values ranged from [3.27%; 6.85%], average values ranged from
[2.84%; 5.49%], and minimal values ranged from [2.02%; 3.64%] when DA fractions were
reconstituted using their respective DA sub-fractions from the same parent concrete (PC). The
lowest values are between 31% and 58% below the maximum values and between 21% and 43%
below the average values. The maximum, average, and lowest water absorption values for
reconstituted DA fractions that correspond to their parent concretes (PCs) are shown in Figure IV.
4,
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Figure IV. 4 : Water Absorption Maximum, Average, and Minimum Values for DA Reconstituted Fractions
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The minimal water absorption values that were obtained while choosing the least absorbent DA
sub-fractions without taking the parent concrete (PC) into consideration were between [1.89% and
3.39%]. These values were 4% to 7% lower than the minimum values obtained from DA sub-
fractions of the same parent concrete (PC). The difference between the DA reconstituted fractions'
lowest water absorption values when the DA sub-fractions come from the same PC (min) and
when they come from different PCs (min chosen) is shown in Figure 10. Without taking into
account the parent concrete (PC), the DA sub-fractions with the lowest water absorption values
are (2/3.15), (3.15/4), (5/6.3), and (6.3/8) from PC1, (4/5) from PC6, (10/12.5) and (12.5/16) from
PC2, and (16/20) and (20/25) from PC3. The difference between the reconstituted DA fractions'
minimum water absorption values when the DA sub-fractions come from the same parent concrete

(PC) (min) and when they are chosen from different PCs (min selected) is shown in Figure IV. 5.
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Figure IV. 5 : DA Reconstituted Fractions' Minimum Water Absorption Values from the Same PC (Min) and
Selected from All PCs (Min Selected)
Based on the DADmax/NADmax ratio, it was simple to distinguish between the most and least
absorbent DA sub-fractions thanks to the connection between the maximum diameter of the DA
sub-fraction (DADmax) and the maximum diameter of the parent concrete's NA fraction (NADmax).
After 20 minutes, the water absorption of DA sub-fractions and reconstituted DA fractions is
shown as a function of the DADmax/NADmax ratio in Figures 1V. 6 and IV. 7. When the
DADmax/NADmax ratio is higher than 0.8 for DA sub-fractions and larger than 1 for DA
reconstituted fractions, water absorption is less than 4%. Water absorption reduces when the

DADmax/NADmax ratio rises at lower levels of the ratio.
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Figure IV. 7 : DA Reconstituted Fractions' Water Absorption after 20 Minutes as a Function of DAD max/NADmax
Ratio

V. 2.3. Statistical Analysis

To determine how each of the two variables -"DA size" and "DA origin (parent concrete)"- affected
the water absorption of DA during a 20-minute period, they were examined separately. To
determine if each variable significantly affected the water absorption over the course of 20 minutes
and to determine the main contributions of each variable to the overall variance, Analysis of
Variance (ANOVA) statistics [328] were utilised. Importantly, a factor was considered statistically

meaningful if its significance level was less than or equal to 5% (p < 0.05).

~ 146~



CHAPTER IV PRESENTATION OF RESULTS AND DISCUSSION

V. 2.4. Statistical Analysis Related to DA Sub-fractions (d/D)

The findings of the ANOVA single test for 20-minute water absorption with the independent
variable "DA sub-fraction size" are summarised in Tables IV. 4 and IV. 5. In this instance, the test
results are extremely significant (F = 11.38 > Fcrit = 2.04 and P-value = 3.71 E-10 < 0.05).
Therefore, it may be said that the "DA sub-fraction size (d/D)" distinguishes demolition aggregate
sub-fractions in terms of water absorption during a 20-minute period. The population of findings
stays closely grouped around the average, as seen by the very tiny standard deviation values around

each mean.

Table IV. 4 : ANOVA Summary: 20 Minutes-Water Absorption Linked with DA Sub-Fraction Size

Summary Count Sum Average Variance SD
(2/3.15) 7 48.03 6.86 0.91 0.95

(3.15/4) 7 4247 607 179 134
(4/5) 7 3758 537 134 116
(5/63) 7 3855 551 153 124
(6.3)8) 7 3589 513 147 121
(8/10) 7 3162 452 167 129
(10/125) 7 255 364 251 158
(125/16) 7 2483 355 015  0.38
(16/20) 7 1971 282 014 037
(20/25) 7 1924 275 054 073

Table IV. 5 : ANOVA Findings: Water Aborption for 20 Minutes Linked with DA Sub-Fraction Size

Variation Source SS daf  MS F P-value  Fcrit
Between Groups 123,18 9 13,69 11,38 3,71E-10 2,04
Within Groups 72,19 60 1,20

Total 195,37 69

Tables IV. 6 and IV. 7 summarise the findings of the ANOVA single test for water absorption over
a 20-minute period using the independent variable "DA sub-fraction origin.” In this instance, the
test results are not significant (F = 1.55 < Fcrit = 2.25 and P-value = 0.176 > 0.05). Accordingly,
it can be said that the "origin (PC)" does not substantially alter the sub-fractions of demolition

aggregate in terms of water absorption after 20 minutes.
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Table 1V. 6 : ANOVA Summary: 20 Minutes-Water Absorption Linked with Sub-Fraction Origin

Summary Count Sum Average Variance SD
PC1 10 3450 3.45 0.67 0.95
PC2 10 43.38 4.34 3.79 1.34
PC3 10 55,58 5.56 431 1.16
PC4 10 4824 482 2.40 1.24
PC5 10 4480 4.48 221 121
PC6 10 4735 473 2.78 1.29
PC7 10 4957 4.96 2.76 1.58

Table IV. 7 : ANOVA Results: 20 Minutes-Water Absorption Linked with Sub-Fraction Origin

Source of Variation SS df MS F P-value  Fcrit
Between Groups 25,16 6 4,19 1,55 0,18 2,25
Within Groups 170,20 63 2,70

Total 195,37 69

IV. 2.5. Statistical Analysis Related to DA Fraction (d/D)

Tables IV. 8 and 1V. 9 provide a summary of the results of the ANOVA single test for water
absorption during a 20-minute period with the independent variable "DA fraction size". The test
findings in this case are very significant (P-value = 9.64 E-06 < 0.05 and F = 23.48 > Fcrit = 3.55).
Consequently, it can be said that the "DA fraction size" separates the various fractions of
demolition aggregate based on how much water they absorb over a 20-minute period. The
extremely small standard deviation values surrounding each mean show that the population of

findings remains tightly clustered around the average.

Table IV. 8 : ANOVA Summary: 20 Minutes-Water Absorption Linked with DA Fraction Size

Summary Count Sum  Average Variance SD

(3/8) 7 3845 549 0.96 0.98
(8/16) 7 2492 356 0.72 0.85
(16/25) 7 19.06  2.72 0.12 0.35

Table 1V. 9 : ANOVA Results: 20 Minutes-Water Absorption Linked with DA Fraction Size

Source of Variation SS df MS F P-value Fcrit

Between Groups 2825 2 1413 2348 9.64E-06 3.55

Within Groups 10.83 18 0.60
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Total 39.09 20

The findings of the ANOVA single test for 20-minute water absorption with the independent
variable "DA fraction origin (PC)" are summarised in Tables IV. 10 and IV. 11. In this instance,
the test results are not significant (F = 0.25 < Fcrit = 2.85 and P-value = 0.95 > 0.05). Therefore,
it can be said that the "DA fraction parent concrete™ does not considerably alter the 20-minute

water absorption of demolition aggregate fractions.

Table 1V. 10 : ANOVA Summary: 20 Minutes-Water Absorption Related to DA Fraction Origin

Summary Count Sum Average Variance SD
PC1 3 974 325 0.18 0.95
PC2 3 1053 351 3.06 1.34
PC3 3 13.87 4.62 551 1.16

PC4 3 12,13 4.04 2.07 1.24

3
3
3

PC5 1132 3.77 1.95 1.21
PC6 1241 4.14 2.02 1.29
PC7 1243 4.14 2.87 1.58

Table IV. 11 : ANOVA Results: 20 Minutes-Water Absorption Related to DA Fraction Origin

Source of Variation SS df MS F P-value F crit
Between Groups 3.75 6 0.62 0.25 0.95 2.85
Within Groups 35.34 14 252

Total 39.09 20

1V. 2.6. Validation

+ Calibration of Scale

In accordance with the manufacturer's instructions and the ASTM E898-20 standard [329], the
balance was calibrated using high accuracy standard weights while working normally and
spanning its whole measurement range. By contrasting the values of the standard weights with
those that could be read on the balance screen, the tolerance of the device was ascertained. The
balance has been visually inspected on a regular basis. No visible physical damage or other
problems that could impair its functionality have been found.

% Laboratory Testing
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The pace at which old mortar (OM) adheres to the natural aggregate (NA) determines how much
water a demolition aggregate (DA) absorbs. Depending on the DA granular sub-fraction, it may
differ. Under identical settings, repeatability was tested on three chosen DA sub-fractions: one of
small size (2/3.15), one of medium size (8/10), and one of big size (16/20) [330, 331]. Two
methods were used to conduct the tests:

e three consecutive times for the three selected DAs sub-fractions on the same test sample.

e once for each of the three selected DAs sub-fractions on five distinct test samples.

Tables IV. 12 and 1V. 13 display the standard deviation (SD) and the relative standard deviation
(RSD).

Table V. 12 : An overview of the water absorption measurements at 20 minutes obtained for a single test sample

three times in succession using the standard method Succession

DA Sub-fraction ~ Tests number  20-minutes water absorption SD RSD

(2/3.15) 3 8.64% 0.92% 10.68%
(8/10) 3 5.34% 1.41% 26.50%
(16/20) 3 3.67% 0.57% 15.45%

The findings indicate a considerable degree of dispersion around the average water absorption,
with an RSD ranging from 10.68% to 26.50%.

Table V. 13 : An overview of the water absorption measurements at 20 minutes obtained at five different test

samples using the standard method

DA Sub-fraction ~ Tests number  20-minutes water absorption SD RSD
(2/3.15) 5 5.83% 1.79% 30.68%
(8/10) 5 3.86% 1.01% 26.19%
(16/20) 5 3.46% 1.05% 30.32%

Relative standard deviation (RSD) ranges from 26.19% to 30.68%, indicating a considerable
degree of dispersion around the mean water absorption. The relative standard deviation for both
tiny and big DA subfractions increases noticeably when different samples are analysed. The

average subfraction, however, showed no discernible alterations.
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IV. 3. PART 2: USE OF DEMOLITION COARSE AGGREGATES AND
SAHARAN DUNE SAND IN CONCRETE FORMULATION

IV. 3.1. Parent Concrete
IV. 3.1.1. Compressive strength

The parent concrete samples' average strength, according to the findings of the
compressive strength tests (Table IV. 14), is 25.116 MPa. This figure indicates that the
concrete satisfies the requirements for regular concrete, which normally fall between
20 and 40 MPa. The material's quality and capacity to bear applied stresses are reflected
in its average compressive strength, which shows that it is appropriate for a range of

structural uses.

Table 1V. 14 : Findings from the 2-Year Parent Concrete's Compressive Strength Test (Part 2)

Parent concretes

Sample

PC1
01 8.327
02 13.771
03 15.842
04 31.096
05 36.056
06 54.086
07 40.827
08 31.823
Average 25.116

1V. 3.2. Son Concretes

Concrete's performance qualities, such as its fitness for usage, mechanical strength, and
durability under both normal and extreme situations, are largely dictated by the quality

of its component components.
V. 3.2.1. Microscopy and Granulometry of Sand

The size difference between the grains of the two types of sand is evident from
microscopic examinations. It is possible to predict the maximum diameters ratio
(SDDmax/STBDmax) of grains to be a fourth (1/4). SD grains feature smooth surfaces,
somewhat rounded edges, and a distorted oval shape that can occasionally be spherical.

STB grains have rougher surfaces, more elongated grains, and angles that are rather
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sharp. The comments given after the microscopic observations are supported by the
granulometric examination of both types of sand. The SD-specific surface is larger
because the SDDmax/STBDmax ratio is slightly bigger than a quarter (=1/4). Both forms
of sand fall within the fine sand range, among other factors. The overall water demand
of concrete is determined by the properties of the sand, namely the granulometric curve,
the fines content, and the grain shape [332]. SD is devoid of grains over 2 mm, abundant
in medium grains (0.250 to 0.500 mm), and includes fewer than 5% of grains under 100
um. STB has a very low grain content of more over 2 mm, is richer in medium grains
(0.250 to 0.500 mm), and slightly surpasses 5% of grains under 100 um. This makes
both sand types good for concrete [333].

V. 3.2.2. Water Demand and Workability

Without a few changes, it was impossible to unify the fresh state of all the research
concretes. First, we chose pumpable forms of concrete since the lack of mortar required
us to increase the amount of sand in the mixes [195]. Therefore, it was essential to add
a tiny amount of plasticiser for DASTBC and decrease the amount of mixing water for
NASDC in order to maintain a slump of 7 + 2 cm. No changes have been made to the
formulas for NASTBC and DASDC. The demolition aggregates' water absorption can
be limited by selecting a minimum diameter of 8 mm; nevertheless, the lack of the
granular fraction 5/8 results in a discontinuity in the overall granular extent. This has
been noted for DASTBC and can impact the workability of new concrete [195], which
is why a plasticiser is required. The workability of NASDC was much improved by
substituting SD for STB; the absorption capacity of SD is mostly determined by the
morphology and grain size of its constituents, surpassing by about 3% that of STB
[334]. Since NASDC was discovered to be very plastic, 16.76% less mixing water was
required in order to get the desired slump. The plastic aspect of DASDC has been
maintained by the combination of SD and DA. The stiffness caused by the granular
discontinuity dampened the significant flexibility brought about by the shape and
granulometry of SD grains. Thus, DASDC was in a fresh, balanced condition. Both

NASTBC and the desired slump were attained without any changes.
IV. 3.2.3. Compressive strength

In addition to being prepared, cured, and conserved under same conditions, two distinct

concretes must be of the same age in order to be fairly compared. The compressive
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strength at 2 years of age may be estimated from that recorded at 28 days of age, and
vice versa, depending on the kind of cement, temperature, and hardening circumstances
[335]. The compressive strengths over a two-year period were measured in this
investigation. Rather of assessing the parent concrete's compressive strength at 28 days,
it was decided to compare the PC's and its son's compressive strengths at 2 years of age.
Figure 1V. 8 displays the findings. Three measurements are averaged to produce each
value. After two years, the concrete's compressive strength increased by 22.16% for
DASDC and 26.89% for DASTBC due to the use of demolition coarse aggregates
instead of natural coarse aggregates in the formulation. All of the 28-day fresh
concretes' compressive strengths are displayed in Figure 1V. 9. Additionally, each
statistic represents the mean of three measurements. In general, all of the others surpass
NASTBC's. The compressive strength of NASDC is 44.98% greater. This could be
because to the significant effect of the water-to-cement ratio (W/C) [334, 336, 337].
The compressive strength of DASTBC is 27.66% greater. This could be because the
plasticiser has made it better [338]. The compressive strength of DASDC is 7% more
than that of NASTBC when the W/C is the same and no plasticiser is used. This can be
because SD has better compactness because of its grain size. G/S levels are larger and
sand doses are less significant for DATBC and DASDC. The compressive strengths
increase as a result. A G/S ratio of 2.62 was found to be best (see Table 111.15), which
supports the findings acknowledged in Neville, (2011) [203]. The research concretes,
however, are still within the typical concrete range.
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Figure 1V. 8 : Compressive Strength of 2-Years Parent and Sons Concretes
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Figure IV. 9 : Compressive Strength of 28-Day Study Concretes

The son concretes' compressive strengths at various ages are displayed in Table IV. 15.

Three measurements are averaged to produce each value.

Table 1V. 15 : Compressive Strengths of the Concretes

Concrete age (day)
Concrete

7 14 28 730

NASTBC 20.571 20.988 29.863 42.781
DASTBC 37.020 38.305 43.287 49.571
NASDC 25.965 30.605 38.120 41.861
DASDC 26.720 28.580 31.946 40.301

Figure VI. 10 illustrates how the average compressive strengths of the concretes
changed with age. It progresses similarly to every other concrete that was examined.
Up until the seventh day, it is growing considerably at a young age. The same is true
for DASDC and DASTBC. With the exception of DASTBC, where a little slope is
noted, it is nearly consistent between days seven and fourteen. The compressive
strengths restart increasing and the disparities between them diminish between the
fourteenth and the twenty-eighth day. The compressive strengths reappear on the 730"
day (2 years) and reach about 40 MPa, with the exception of NASDC, which reaches
50 MPa. Because of its lower W/C (45-47), this could be the case.
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Figure 1V. 10 : Compressive Strengths Evolution

IV. 3.2.4. Three-Point Flexural Strength

The outcomes of the 28-day new concretes' three-point flexural testing are displayed in
Figure IV. 11. Three values are averaged to create each one. The outcomes follow the
same sequence. DASTBC surpasses NASTBC by 19% and NASDC by 9%. This could
be because the first one had less W/C [334, 336, 337], while the second one had
plasticiser [338]. A little decline of 1.6% is noted for DASDC.
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Figure IV. 11 : Three-Points Flexural Strengths of 28-Day Concretes

IV. 3.2.5. Splitting Tensile Strength

The splitting tensile test results for the 28-day fresh concretes are displayed in Figure
IV. 12. Three values are averaged to create each one. The outcomes follow the same

sequence. The inclusion of plasticiser may be the cause of the DASTBC concrete's
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6.44% increase above the NASTBC control concrete [338]. It is possible that the

smooth surface of the dune sand grains, which influences the adherence of sand-cement
paste, is the cause of the 13.37% drop for the DASDC concrete [191]. Despite the
presence of dune sand, NASDC concrete shows a little decline of around 1%, possibly
because of the lower water-to-cement ratio (W/C), which prevents an even larger
reduction [334, 336, 337].
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Figure 1V. 12 : Splitting Strengths of 28-Day Concretes

V. 3.2.6. Ultrasonic velocity

Using an ultrasonic instrument, the time it takes for the wave to pass through concrete
samples (10x10x10 cm?) is used to determine the ultrasonic wave propagation velocity
(see I11. 3.2.13.2. Results' Reading and Interpretation). The wave propagation velocity

in different kinds of concrete at 28 days of age is shown in Figure IV. 13.
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Figure IV. 13 : Ultrasonic Velocity of the 28-Days Concretes

For the 28-day concrete specimens NASTBC, NASDC, DASTBC, and DASDC, the
corresponding ultrasonic velocity readings were 4.87 km/s, 4.95 km/s, 4.49 km/s, and
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4.59 km/s. At 4.95 km/s, NASDC has the fastest velocity, demonstrating its higher

density and structural soundness. This implies stronger matrix bonding and fewer voids,
which are associated with higher-quality concrete. A high velocity of 4.87 km/s is also
displayed by NASTBC, indicating strong performance traits. DASTBC and DASDC,
on the other hand, had lower velocities of 4.49 and 4.59 km/s, respectively, which may
indicate increased porosity or less successful bonding. Higher ultrasonic velocities in
NASTBC and NASDC often signify improved durability in a range of environmental

circumstances.
1V. 3.2.7. Dynamic Modulus of Elasticity

The dynamic modulus of elasticity, as determined by equation 111.10 (see 111.3.2.13.3
for details), is shown in Figure IV. 14. The following are the figures for the various
concrete mixes: DASTBC at 42.39 GPa, NASDC at 52.06 GPa, DASDC at 42.64 GPa,
and NASTBC at 50.76 GPa. While both DASTBC and DASDC show decreases of
roughly 16.43% and 16.00%, respectively, indicating their reduced stiffness and greater
vulnerability to deformation under load conditions, NASDC shows an increase of
2.54% in dynamic modulus compared to NASTBC, indicating enhanced elastic
properties. These results highlight how aggregate type significantly affects concrete's
mechanical qualities, highlighting the significance of material selection in structural

applications where performance and durability are crucial.
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Figure IV. 14 : The Concretes' Dynamic Elasticity Modulus

The dynamic modulus of elasticity of concrete is one of the most crucial markers of its
stiffness and elastic behaviour under dynamic loading conditions. The results show that
the natural aggregate-using NASTBC and NASDC have significantly higher dynamic
moduli than the demolition aggregate mixes. Specifically, NASDC has the greatest
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modulus at 52.06 GPa, while NASTBC comes in second with 50.76 GPa. The 2.4%
improvement in elasticity for NASDC over NASTBC indicates that it has superior
elastic properties and is more resistant to deformation under dynamic stresses.
TBC, these findings reveal a loss of around 16.5% and 16.0%, respectively, in stiffness
and deformation susceptibility under similar loading conditions. The close findings for
DASTBC and DASDC suggest that compositional modifications have not significantly
impacted their elastic behaviour. All things considered; these findings demonstrate how
crucial aggregate type is in defining the mechanical properties of concrete. Concrete
can be made from recycled materials, but their performance impacts must be carefully
evaluated to ensure structural integrity and lifetime, especially in applications that need
high stiffness and little deformation under load. The data emphasises the need for more
research to enhance the use of recycled aggregate without compromising the
mechanical performance of concrete.
Roughly speaking, the NASTBC mix exhibits the lowest compressive strength among
the tested concretes, even though it is less porous than recycled concretes and performs
better in terms of tensile modulus, elasticity, and ultrasonic wave propagation. Several
factors help explain this apparent contradiction:

o Nature and Quality of Interfacial Bonding
Compressive strength is highly dependent on the quality of the interface between the
cement paste and aggregates. In the NASTBC mix, this interfacial zone may be weaker
or contain microcracks, limiting the concrete’s ability to withstand high compressive
loads—even if the overall porosity is low.

e Effect of Porosity on Mechanical Properties
While porosity is an important factor, it is not the sole determinant of compressive
strength. A concrete with lower porosity may have a more homogeneous
microstructure, but it can still contain microscopic defects (such as microcracks or weak
zones) that significantly impair compressive performance.

e Differences Between Tensile and Compressive Properties
Properties like tensile strength, elastic modulus, and ultrasonic velocity are more
sensitive to internal cohesion and the continuity of the matrix. In contrast, compressive
strength depends on the material’s resistance to crack propagation under high loads.
Therefore, a concrete can demonstrate strong tensile and elastic properties without

necessarily excelling in compression.
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In summary, the NASTBC mix’s superior performance in some mechanical aspects
does not guarantee high compressive strength, as compressive behaviour is influenced

by distinct microstructural and interfacial factors.
V. 3.2.8. Deformability

The instantaneous elastic deflection's overall evolution, including its longitudinal and
transverse components, as well as the concrete's elasticity and deformability modules,
are depicted in Figures 1V.15 and IV.16. These graphs illustrate the behaviour of the
concrete series, NASTBC, NASDC, DASTBC and DASDC, with regard to the relative
stress ().

V. 3.2.8.1. Constraint Longitudinal Deflection
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Figure 1V. 15 : Elasto-Instantaneous Longitudinal Deflection of Concretes

Figure IV. 15 shows the evolution of elasto-instantaneous longitudinal strain (g, in
x10-°) as a function of relative stress () for four types of concrete. For all concretes,
the longitudinal strain increases with relative stress, but the magnitude and progression
differ significantly between the mixes. NASTBC (reference concrete) shows the
highest deformability, with strain values starting at 5.48 x 10> for n = 0.1 and reaching
50.24 x 10~° at = 0.9. This indicates a lower stiffness and an earlier transition into the
plastic zone. NASDC demonstrates the lowest strains for each relative stress level,
starting at 10.95 x 10 (n = 0.1) and reaching 31.9 x 10 (n = 0.9). This reflects
improved rigidity and delayed onset of plastic deformation, likely due to the optimised
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use of dune sand and demolition aggregates. DASTBC exhibits intermediate behaviour,
with strains ranging from 8.33 x 10~ (n = 0.1) to 32.05 x 10~ (n = 0.9), closely
matching NASDC at higher stress levels. DASDC shows higher strains than DASTBC
and NASDC, starting at 10 x 10 (n = 0.1) and reaching 41.19 x 10> (n = 0.9),
approaching the deformability of the reference concrete in the plastic range. The elastic
zone is observed at lower n values (up to about 0.3-0.4), where the strain increases
nearly linearly with stress, and the modulus of elasticity remains relatively constant.
Beyond this, the plastic zone begins, characterised by a faster increase in strain for a
given increase in stress, indicating permanent (irreversible) deformation. NASDC
shows the best mechanical performance, with the lowest strains and the widest elastic
zone. DASTBC follows, with good rigidity and moderate plastic deformation. DASDC
and especially NASTBC exhibit higher strains and earlier transition to plasticity,
indicating lower stiffness and greater susceptibility to permanent deformation. The
results confirm that the use of dune sand and demolition coarse aggregates enhances
concrete rigidity and delays plastic deformation, while the reference concrete
(NASTBC) is the most deformable. DASTBC provides a good compromise, and
DASDC performs moderately well but is less rigid than NASDC and DASTBC.

1V. 3.2.8.2. Constraint Transversal Deflection

—e— DASTBC DASDC NASTBC NASDC
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Figure IV. 16 : Elasto-Instantaneous Transveral Deflection of Concretes

Figure IV. 16 presents the evolution of the transversal (lateral) elastic strain (e2el x 10-%)
for four types of concrete as a function of relative stress (1) under compression.

NASTBC consistently shows the highest transversal deformation. At = 0.1, the strain
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is 5.42 x 103, increasing steadily to 14.46 x 10 at n = 0.9. This indicates that
NASTBC is the most susceptible to lateral expansion under load, reflecting a less
compact microstructure and lower resistance to cracking and dimensional instability.
NASDC exhibits the lowest transversal deformation at every stress level. For example,
at n = 0.1, the strain is 2.71 x 1073, and at n = 0.9, it reaches only 6.90 x 10-%. This
performance, nearly half that of NASTBC at maximum stress, highlights the superior
dimensional stability and resistance to lateral expansion provided by the use of dune
sand and demolition coarse aggregates. DASTBC shows moderate and relatively stable
transversal strain values. At m = 0.1, the strain is 8.25 x 103 and atn = 0.9, it is 8.68 x
10-3. This suggests good resistance to lateral expansion, with values consistently lower
than NASTBC and close to NASDC, especially at higher stresses. DASDC displays a
gradual increase in transversal strain, from 8.91 x 102 atn ~0.1t0 9.64 x 103 atn =
0.9. While its performance is better than NASTBC, it is less favourable than DASTBC
and NASDC, indicating a somewhat higher tendency for lateral deformation. For all
concretes, the relationship between relative stress and transversal strain is nearly linear
up to about n = 0.3-0.4. In this range, deformations are reversible, and the material
behaves elastically. Beyond this point, the strain increases more rapidly for a given
increase in stress, indicating the onset of irreversible (plastic) deformation and the
development of microcracks. NASDC is the best performer, with the lowest transversal
deformation and the widest elastic zone, making it the most stable and durable under
compression. NASTBC is the most deformable laterally, which could lead to higher
risk of cracking and dimensional instability. DASTBC and DASDC offer intermediate

performance, with DASTBC closer to NASDC in terms of lower transversal strain.
IV. 3.2.8.3. Deflection Module and Elasticity Module

Figures 1V.17 and V.18 show the evolution of the deflection module and elasticity
module in accordance with the relative stress (n) for the NASTBC, NASDC, DASTBC,
and DASDC specimens.
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Figure 1V. 17 : Deflection Module of Concretes
According to Figure IV. 17, the deflection modulus decreases as the relative stress

increases for all concretes, reflecting typical nonlinear behaviour. NASDC consistently
shows a higher deflection modulus compared to DASDC, NASTBC, and DASTBC,
indicating superior stiffness. This suggests that NASDC’s optimised composition better
resists elastic deformation. Consequently, NASDC is expected to offer improved

durability and structural performance under load.
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Figure 1V. 18 : Elasticity Module of Concretes

The concrete mix NASDC (containing Saharan dune sand and natural aggregates)
exhibits the highest modulus of elasticity at 37.01 GPa, followed by DASTBC (35.48
GPa), DASDC (33.45 GPa), and NASTBC (32.70 GPa). Compared to the reference
mix NASTBC, the modulus of elasticity increases by 13.18% for NASDC, 8.50% for
DASTBC, and 2.29% for DASDC. These results indicate that NASDC significantly
outperforms the reference mix in stiffness, while DASTBC and DASDC also show
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moderate improvements. The enhanced elasticity of NASDC underscores the beneficial
role of Saharan dune sand in optimising concrete performance. Despite the
improvements in DASTBC and DASDC, their lower values compared to NASDC
suggest that the inclusion of demolition aggregates may slightly reduce stiffness
relative to mixes with natural aggregates. These variations highlight the importance of
material selection in balancing sustainability and structural integrity. For projects
prioritising stiffness, NASDC emerges as the optimal choice, whereas DASTBC and

DASDC offer viable alternatives when recycled materials are prioritised.

V. 3.2.9. Durability Indicators
V. 3.2.9.1. Absorption by Total Immersion

The total immersion absorption test results, averaged from three measurements per
concrete type (Figure 1V.19), show porosity values ranging from 4.45% to 5.28%.
NASDC exhibits the lowest porosity at 4.45%, followed by NASTBC at 4.65%,
DASTBC at 4.86%, and DASDC the highest at 5.28%. The higher porosity in DASDC
is mainly due to the coarse demolition aggregates with porous old mortar, which
increases overall pore volume. Concretes containing dune sand (SD), such as DASDC
and NASDC, tend to have slightly higher absorption than those with traditional sand
(STB), explaining why DASDC is more absorbent than DASTBC. Additionally,
NASTBC’s higher water-to-cement ratio compared to NASDC results in greater
absorption. Despite these differences, the porosity values are relatively close, indicating
comparable durability among the mixes.

mENASTBC mNASDC mDASTBC = DASDC
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DASTBC 4,86
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Figure IV. 19 : Porosity of Concretes
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V. 3.2.9.2. Water Permeability

Regarding water permeability (Figure 1V.20), the permeability coefficients also show
variation: NASDC has the lowest at 0.18 x 10> m/s, NASTBC at 0.20 x 107 m/s,
DASTBC slightly higher at 0.22 x 10~ m/s, and DASDC significantly higher at 2.27 x
10 m/s. Although DASDC’s permeability is notably greater—about ten times that of
NASDC and DASTBC—it still remains within a low range, and all concretes withstand
water pressures above 6 bar. This suggests that while DASDC may be more permeable,
it maintains sufficient resistance to water ingress for durability. The close permeability
values of DASTBC and NASTBC imply similar performance in moist environments,
whereas NASDC’s lower permeability indicates enhanced durability. Overall, the use
of recycled aggregates and dune sand does not substantially compromise the durability
of these concretes, though DASDC’s higher permeability warrants consideration in
highly aggressive conditions. Consequently, the concretes can be considered effective
in terms of durability [204].
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Figure 1V. 20 : Permeability Coefficient of Concretes
V. 3.2.9.3. Absorption by Capillarity

Figure 1V.21 displays the capillary absorption test results. Three values are averaged to
create each value. The concretes' capillary absorption coefficient (Cat) kinetics plot
nearly linear curves as a function of the square root of time (\'t), showing similarities
in the first half-hour, a first regression of the slope for NASDC after half an hour, and
a second regression for all concretes after eight hours. Slope regression is typically
linked to the presence of many pore families, claims Tahar ALI BOUCETTA [339].

Absorption proceeds in the smallest capillary pores as soon as the capillary rise is
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achieved in the larger capillary pores. As a result, these concretes' absorption kinetics
slowdown, which accounts for the slope's decline. All concretes have big pores of the
same size and/or volume, which explains why the curves during the first half-hour were
comparable. Large pores have a low volume and/or size because the absorption
coefficient is small (less than 1) during the first half-hour. The regressions of the slopes
of the curves for concretes based on natural aggregates (NASDC and NASTBC)
produce the offset between the curves, but those for concretes based on demolition
aggregates (DASDC and DASTBC) are less significant. When compared to concretes
made with natural aggregates (NASDC and NASTBC), this may be explained for two
likely reasons: first, the volume of microscopic pores is bigger, and second, the size of
those pores is larger. While the old adhering mortar itself is extremely porous, the
techniques employed to recover and prepare demolition aggregates cause new
microcracks to form [340]. These two elements raise the demolition aggregates'
porosity, which in turn raises the aggregates' total porosity in the concrete. After a day,
demolition aggregate concretes (DASTBC and DASDC) have a higher capillary action
water absorption capacity than NASTBC and particularly NASDC, whose pore volume
has been further decreased by the lower W/C ratio. Compared to natural aggregate
concretes, aggressive chemicals will have an easier time penetrating demolition

aggregate concrete. This aligns with Sasanipour and Aslani's (2020) study [341].
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Figure 1V. 21 : Kinetics of Capillary Absorption Coefficient (Ca;) of the Concretes as a Function of the
Square Root of Time (\/t)
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1V. 3.2.10. SEM Observations

Scanning electron microscopy (SEM) analysis of the concrete samples (Figure VI. 22)
shows that all four types of concrete have a similar microstructure, with portlandite
crystals clearly visible. This structural homogeneity indicates that the basic properties
of the concrete matrix are not substantially changed by the addition of Saharan dune
sand and demolition coarse aggregates. Indicative of the hydration process, the presence
of portlandite crystals enhances the concrete's overall performance and durability. In
order to assess how these components interact and impact the concrete's mechanical
qualities and endurance in different applications, it is essential to comprehend these

microstructural characteristics.

Figure IV. 22 : SEM observation of the concrete samples
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1V. 3.2.11. Behaviour in Severe Conditions
1V. 3.2.11.1. Abrasion

«» Appearance

External examination of the samples after abrasion reveals that they begin to lose their
shape and reduce in size (mass and volume) within the first two hours. The harsh angles
and edges soften further. Additionally, leaching resulted in the samples losing their
outer layer, making the larger aggregates that had previously been obscured by the
cement matrix more visible. These particles degrade similarly to the cement matrix as
the abrasion time increases. An example concrete specimen following 2, 4, 6, and 8

hours of abrasion is shown in Figure V1. 23.

Figure 1V. 23 : Concrete Specimen After 2, 4, 6 and 8 Hours of Abrasion

¢+ Mass Evolution

The mass evolution and mass loss ratio of concrete samples as a function of abrasion
time are displayed in Figure V1. 24. The results for the NASTBC, NASDC, DASTBC,
and DASDC samples show the following mass loss:

The next two hours: 19.37%, 15.09%, 20.59%, and 32.83%

Specifically, 67.43%, 35.86%, 40.00%, and 39.81% four hours later

83.53%, 48.47%, 54.03%, and 58.89% after six hours

93.81%, 57.36%, 67.18%, and 72.97% after eight hours

By demonstrating a steady increase in mass loss over time for every sample, our results
highlight linear abrasion-induced degradation. The control sample has a larger weight
loss, but all of the concrete types under examination exhibit almost the same degree of
degradation. The ratio of paste to aggregate and aggregate quality have a major impact

on abrasion resistance. Compared to alluvial and dune sands, the aggregates in the
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tested concretes had less wear resistance. Concretes with a higher paste-to-aggregate

ratio exhibit improved resistance to abrasion as a result.

The abrasion test findings generally show that concrete made of demolition Coarse
aggregates and dune sand is more abrasion resistant than ordinary concrete. More proof
that dune sand and demolition aggregates are preferable to traditional sands and
aggregates is provided by this discovery.
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Figure 1V. 24 : Mass Evolution (left, in grams) and Mass Loss Ratio (right, %) of Concrete Samples as

a Function of Abrasion Duration

1V. 3.2.11.2. Freeze-Thaw Cycles

%+ Appearance

The concrete cubes' skin and edges have somewhat changed after 50 freeze-thaw cycles,

but there is no surface flaking or cracking visible when the specimens are visually
examined (Figure 1V. 25).

Figure IV. 25 : The External Appearance of the Concretes Exposed to 50 Freeze-Thaw Cycles

RS

% Mass Evolution

The mass development findings of the concrete exposed to freeze-thaw processes for
90 days, along with their observation concretes, are displayed in Figure 1V. 26. After
25 cycles, the mass of all the concretes increased. The cement's anhydrous phases'
ongoing hydration provides an explanation for this. The concrete's fissures make it
easier for water and CO> to enter, which is essential for the hydration processes that
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produce solids from the anhydrous phases. Canals for conveyance are found in capillary

pores and cracks [342, 343]. This fills the pores and voids, promotes material gain, and
repairs fissures. The bulk growth is less intense after 50 rounds. This can be explained
by the gradual narrowing of the transportation canals, which gradually limits the supply
of humidity and CO. required for the reactions to continue. By themselves, the ongoing
obstructing of the cracks and filling of the pores and voids will be gradually reduced
until it stops. The reduction in NASTBC concrete's compressive strength might be the
result of partial healing brought on by blockage of the capillary pores and fissures. In
other words, some of the pores, voids, and fissures are either completely or partially
unhealed. This is consistent with Argouges and Gagné's (2010) findings [342, 344].
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Figure V. 26 : Mass Evolution After Freeze-Thaw Cycles

%+ Compressive Strength

The results of the 90-day concrete exposure to freeze-thaw cycles and their observation
concretes' compressive strength are displayed in Figure IV. 27. For NASTBC, NASDC,
and DASTBC, the compressive strength dropped by 16.66%, 14.40%, and 13.51%,
respectively. DASDC had a 4.92% growth. Khouadjia and Mezghiche (2019) [345]
Claim that concrete with lower porosity and smaller pores performs better. The
presence of fine dune sand particles reduces the diameters of the pores, which lowers
the demand for water. This is achieved by reducing the effective water-cement ratio
(Wesr /C), which ensures that the cement is hydrated. As a result, during freeze-thaw
cycles, the concrete will sustain less damage. Every concrete under study is frost-
resistant based on the Frost Strength Coefficient (FSC) that was computed (Table 1V.
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16). The analysis of the FSC for the concretes NASTBC, NASDC, DASTBC, and
DASDC, with values of 0.83, 1.02, 1.05, and 1.05 respectively, clearly demonstrates

the superior performance of mixes incorporating dune sand and demolition aggregates.
The reference concrete NASTBC experiences a notable strength loss after freeze-thaw
cycling, whereas NASDC shows a modest improvement of about 2%, highlighting the
positive influence of dune sand on the concrete’s compactness and microstructure. The
DASTBC and DASDC mixes exhibit an even greater enhancement, with a 5% increase
in strength, reflecting the excellent durability imparted by combining dune sand with
low-absorption recycled aggregates. This improvement is attributed primarily to the
very fine size of connected pores, which restricts water ingress and limits freeze-thaw
damage, as well as to the self-healing of microcracks that helps restore the concrete’s
microstructure. Additionally, the dune sand’s high silica content promotes chemical
reactions within the cement matrix, fostering the formation of solid hydration products
that further enhance durability. These findings confirm that the use of alternative
materials significantly improves freeze-thaw resistance, making these concretes

particularly well-suited for environments subject to severe thermal cycling.

m Observation Concretes (102.5 day-old) = Concretes after 50 Freeze-Thaw Cycles

45

38,91
10 38,20

34,62 3531
35 | 31,64 32,83 33.80

30 26,37

25
20
15
10

Compressive Strength (MPa)

NASTBC NASDC DASTBC DASDC
Concrete

Figure 1V. 27 : Compressive Strength After Freeze-Thaw Cycles

Table IV. 16 : Frost Strength Coefficient

Concrete  FSC

NASTBC 0.83
NASDC  1.02
DASTBC 1.05
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DASDC 1.05

1V. 3.2.11.3. Chemical Attacks

The type of the chemical and the susceptibility of the concrete determine how
aggressive the chemical is towards hydraulic concrete. Important factors influencing
aggressiveness include concrete permeability, the extent of cracking, material selection,
type and amount of cement utilised, and curing environment. The cement matrix has a
PH of about 13, making the PH disparity especially significant because any
environment with a lower PH is viewed as unfriendly. This interaction causes a
chemical equilibrium through the dissolution of portlandite, which affects the concrete's
density and porosity and ultimately its compressive strength. To evaluate resistance,
100x100x100 mm3 cube samples were cured in tap water for 28 days before being tested
monthly in a variety of challenging circumstances. Mass measurements were made
every month for two years to assess chemical resistance in compliance with ASTM C
267-96 after samples had been washed to remove modified mortar. Mass loss
measurements taken both before and after exposure were used to gauge the extent of
assault on the concrete samples. At 28 days of age, 100x100x100 mm? cubes of each of
the four types of concrete were submerged in demineralised water, a 5% NaOH
solution, and saltwater. Control samples, meanwhile, were maintained immersed in tap
water. The solutions were changed every month to maintain a pH level different from
the concrete's, guaranteeing the liquid habitats' constant aggressiveness. Weight
measurements, ultrasonic velocity evaluations, and visual inspections were carried out
over the course of the investigation. The samples were subjected to basic compression
testing at age two in order to assess their residual strength.

%+ Appearance

Visual inspection of concrete samples subjected to different chemical conditions shows
minor surface and edge changes, but no flaking or cracking is seen. According to this
finding, the concrete's surface integrity is affected by chemical conditions in a
measurable way, which may result in modifications that effect the material's durability
and mechanical qualities. Even if these changes are slight, they show how important it
is to evaluate the concrete's resistance in various settings in order to acquire a better
understanding of how it behaves when confronted with hostile substances. To measure

these changes and assess their consequences for the actual usage of concrete in
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comparable circumstances, more research could be needed. Figure VI. 28 shows the
external appearance of some specimens after two years of immersion in different fluids.

Figure 1V. 28 : External Appearance After 2 Years of Immersion in Chemical Media

¢+ Mass Evolution

Figure V1. 29 displays the mass variation following two years of immersion. Important
details on the durability and environmental resistance of concrete specimens NASTBC,
NASDC, DASTBC, and DASDC are provided by the data on the variation in mass of
these specimens following two years of immersion in different fluids.

Tap Water: For NASTBC, NASDC, DASTBC, and DASDC, the corresponding mass
changes were 0.56%, 0.23%, -0.96%, and -1.21%. Given that concrete may absorb
moisture, the positive mass increases in NASTBC and NASDC suggest a minor degree
of water absorption. On the other hand, the negative mass changes in DASTBC and
DASDC suggest a material loss that might be the consequence of leaching or the
gradual deterioration of the concrete matrix.

The corresponding mass variations for NASTBC, NASDC, DASTBC, and DASDC
were 0.79%, 0.65%, 0.23%, and 0.36%. Positive results indicate that all of the
specimens absorbed water while immersed, with NASTBC showing the highest rate of
absorption. This suggests that the porosity of the concrete allows for the absorption of
moisture, which may enhance its hydration but may also cause problems with long-
term durability if it happens excessively.

For DASTBC, NASDC, NASTBC, and DASDC, the mass fluctuations in sea water
were -0.13%, -0.25%, and 0.60%, respectively. The positive readings for NASTBC and
NASDC indicate a little absorption, but the negative findings for DASTBC and
DASDC suggest material loss. Chemical processes brought on by the salts in seawater

may compromise the integrity of certain concrete mixtures.
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In the 5% NaOH solution, mass changes of 0.67% for NASTBC, 0.64% for NASDC, -
0.56% for DASTBC, and -0.53% for DASDC were noted. Again, the hostile alkaline
environment resulted in positive mass increases in N but negative changes in DASTBC
and DASDC that indicated deterioration.

General Interpretation: The concrete specimens' varied reactions to various immersion
fluids demonstrate their unique durability traits: In comparison to DASTBC and
DASDC, NASTBC and NASDC continuously showed superior resistance to absorption
and degradation in all mediums. Significant mass loss was seen by DASTBC and
DASDC in tap water, sea water, and NaOH solution, suggesting a susceptibility to
chemical assault or leaching.

The results imply that the composition of the concrete mixes greatly determines their
performance in difficult conditions; consequently, improving mix design might boost
durability. These findings demonstrate how important it is to employ the proper
materials and formulae to prolong the life of concrete structures exposed to various
climatic conditions. More research may be done on changes that would make more
vulnerable mixtures—like DASTBC and DASDC—more resilient to chemical attacks

and moisture incursion.
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Figure 1V. 29 : Mass Evolution After 2 Years of Immersion in Chemical Media

R/

s Compressive strength

Comparing the concrete specimens to those kept in an environment with non-renewed
tap water, the residual compressive strength shows notable differences, ranging from
35.96 MPa to 54.28 MPa. This range highlights how various exposure circumstances
affect the concrete's longevity and overall performance, underscoring the crucial role

that environmental elements play in assessing the quality of concrete throughout time.
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Figure VI. 30 shows the variations in compressive strength after two years of
immersion, providing important information on how resilient the concrete types
NASTBC, NASDC, DASTBC, and DASDC are under different circumstances. In tap
water, DASTBC unexpectedly improved by 3.56%, whereas NASTBC had a
significant drop of -15.94%. DASTBC demonstrated a noteworthy rise of 14.88% in
demineralised water, in stark contrast to NASTBC's decline of -13.90%. Exposure to
sea water produced a range of results, with DASTBC once more demonstrating a
positive alteration of 9.88%. Lastly, DASTBC demonstrated a remarkable 18.01%
increase in a 5% NaOH solution, underscoring its improved tolerance to alkaline
conditions. When taken as a whole, these findings show how various media may greatly
affect concrete's durability and compressive strength, guiding future material use and

selection techniques in building operations.
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Figure 1V. 30 : Compressive Strength Evolution After 2 Years of Immersion in Chemical Media

0,

¢+ Ultrasonic velocity Evolution

Figure V1. 31 shows the variations in ultrasonic velocity after two years of immersion.
Tap Water: Increases of 7.2% for NASTBC, 5.29% for NASDC, 0.89% for DASTBC,
and 2.61% for DASDC were among the positive ultrasonic velocity changes seen in tap
water. These findings imply that the concrete specimens kept in tap water improved in
density and structural integrity, most likely as a result of ongoing hydration processes
and moisture absorption.

Demineralised Water: There were very minor changes in demineralised water, with
NASDC, DASTBC, and DASDC all seeing declines of -1.33%, -3.96%, and -1.02%,
respectively, and NASTBC experiencing a little gain of 0.15%. The adverse alterations
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suggest that these combinations may become more porous or lose some of their material
qualities.

Sea Water: For NASTBC, NASDC, DASTBC, and DASDC, the variances in sea water
were -0.06%, -7.08%, and -3.30%, respectively. The notable decrease in NASDC's
ultrasonic velocity raises the possibility that exposure to salty environments may have
compromised its structural integrity through leaching or chloride assault.

Ultrasonic velocity variations in a 5% NaOH solution were 1.63% for NASTBC, -
1.24% for NASDC, -2.69% for DASTBC, and -1.13% for DASDC. The negative
changes in the other specimens suggest that the alkaline environment may have caused
deterioration or decreased bonding within the concrete matrix, even if NASTBC
exhibited a minor improvement. All things considered, our results demonstrate how
various immersion conditions may have a substantial effect on the ultrasonic velocity
of concrete specimens over time, indicating variations in their structural performance
and longevity. While the negative variances in sea water and NaOH solution highlight
the necessity of taking environmental conditions into account when evaluating concrete
lifespan and integrity in real-world applications, the favourable trends in tap water show

positive benefits of moisture retention.
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Figure 1V. 31 : Ultrasonic Velocity Evolution after 2 Years of Immersion in Chemical Media

¢+ Correlation Between Ultrasonic Velocity and Compressive Strength

Polynomial trendlines obtained from experimental data may be used to examine the
relationship between ultrasonic velocity and concrete strength (Figure 1V. 32). With an
R? value of 0.8429, the equation y = —1.8549x%+16.323x+2.679 for NASTBC shows a
significant connection, indicating that concrete strength rises with ultrasonic velocity,

although at higher velocities with decreasing returns. The negative quadratic term
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suggests a maximum strength at a specific speed, after which additional increases could
not produce much of an improvement. The equation y=—0.8228x2+11.962x+5.5237 for
NASDC shows a fair match, however it shows a somewhat weaker association than for
NASTBC (R? = 0.8113). With y=—2.0296x%+17.837x—0.2225 and R?=0.9389,
DASTBC exhibits a greater correlation, indicating a more noticeable strength response
in respect to variations in ultrasonic velocity. With an R? of 0.9226 and the equation
y=—2.8526x%+21.804x—2.5146, DASDC also exhibits significant sensitivity to
variations in ultrasonic velocity.

All things considered, these results highlight how crucial it is to optimise the
composition and processing of concrete in order to get the required mechanical
characteristics, while also using ultrasonic velocity as a trustworthy quality indicator in

structural applications.
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Figure IV. 32 : Correlation Between Ultrasonic Velocity and Compressive Strength after 2 Years of
Immersion in Chemical Media
s Correlation Between Mass and Compressive Strength
After two years of immersion in chemical media, there are notable differences in the
association between mass and compressive strength across the various concrete mixes.
With an R? value of 0.311 for NASTBC, the equation y=—1492.9x?+6992.1x—8138.1
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shows a poor correlation, showing that changes in mass have little effect on
compressive strength. However, NASDC has a substantial connection with
y=2835.2x°—13766x+16760 and an R? value of 0.9281, suggesting that mass has a
considerable impact on this mix's compressive strength. Additionally, with an R? of
0.868 and a substantial correlation with the equation y=—2438.6x%+11295x—13039,
DASTBC indicates that mass is a significant factor in determining strength, albeit a less
significant one than NASDC. However, with y=4343.9x>-20904x+25184 and an R? of
0.3004, DASDC shows a poor association, suggesting that mass is not a reliable
indicator of compressive strength for this combination.

All things considered, our findings demonstrate the variation in the relationship
between mass and compressive strength among various concrete formulations,
highlighting the necessity of customised material design strategies to maximise

performance in chemically harsh situations.
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Figure IV. 33 : Correlation Between Mass and Compressive Strength after 2 Years of Immersion in
Chemical Media

V. 3.2.11.4. High Temperature

s Appearance
When regular concrete is heated between 150°C and 900°C, it changes significantly in

appearance, with cracking and spalling being the main effects (Figure VI. 34).
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Concrete's moisture content may quickly evaporate as the temperature rises, creating
internal pressure that causes top layers to peel off—a process called spalling. This leads
to loss of material integrity and obvious surface degradation. Furthermore, concrete's
uneven thermal expansion causes tensile stresses that may be greater than the material's
strength, which can result in cracking (Figure VI. 35). The concrete's structural
performance may be jeopardised by these cracks, which can range in size from tiny
fissures to major fractures. All things considered, exposure to high temperatures has a
substantial impact on the strength and look of regular concrete, thus applications

requiring fire or intense heat require careful thought.

600 C*°

Figure IV. 35 : Concrete Cracking after High Temperature Exposure Seen with a Crack Meter

++ Mass Evolution

The observed mass changes provide important information about the durability of
concrete specimens NASTBC, NASDC, DASTBC, and DASDC after they were heated
for two hours at temperatures ranging from 150°C to 900°C (Figure 1V.36). While
NASDC, DASTBC, and DASDC showed losses of -1.18%, -3.22%, and -1.98%,
respectively, at 150°C, NASTBC showed a modest mass gain of 0.46%, suggesting that

their capacities for retaining moisture varied. All specimens showed notable mass
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losses as temperatures rose to 300°C and higher, but DASTBC and DASDC showed
the largest drops, dropping to -9.22% and -9.95% at 300°C, respectively, and getting
worse as temperatures rose. NASTBC lost -14.91%, NASDC lost -16.96%, DASTBC
lost -20.43%, and DASDC lost the most at -29.48% by the time the specimens were
subjected to 900°C. These findings suggest that greater temperatures have a substantial
effect on the structural integrity of the concrete by increasing moisture evaporation and
perhaps degrading the material.

Overall, the findings highlight how crucial it is to choose the right material for
applications involving exposure to high temperatures since some types of concrete are

more vulnerable to thermal damage than others.
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Figure 1V. 36 : Mass Evolution after High Temperature Exposure

0,

%+ Compressive strength

The measured strength variations after two hours of heating concrete specimens
NASTBC, NASDC, DASTBC, and DASDC at temperatures between 150°C and 900°C
offer important information on their durability (Figure IV. 37). All specimens showed
significant strength decreases at 150°C, with NASTBC demonstrating a decline of -
24.66%, NASDC -19.48%, DASTBC -25.01%, and DASDC -23.67%. NASTBC
unexpectedly increased in strength by 3.83% when the temperature rose to 300°C,
whereas NASDC and DASTBC continued to decrease, suggesting that different
substances react differently to heat exposure. The strength losses were more noticeable
at higher temperatures, especially 450°C and above; for example, NASDC drastically
decreased by -36.33% at 450°C and -64.16% at 750°C. All samples had considerable
strength reductions by the time they reached 900°C, with DASDC seeing the largest
drop at -96.78%. These findings demonstrate how high temperatures weaken concrete,
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emphasising the significance of material choice and design concerns for applications

involving extremely high temperatures.
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Figure 1V. 37 : Compressive Strength Evolution after High Temperature Exposure

¢ Ultrasonic velocity

The observed variations in ultrasonic velocity after two hours of heating concrete
specimens NASTBC, NASDC, DASTBC, and DASDC at temperatures between 150°C
and 900°C offer crucial information about their durability (Figure 1V. 38). Ultrasonic
velocity decreases at 150°C were very small, with NASTBC and NASDC exhibiting
decreases of -1.38% and -0.93%, respectively, whilst DASTBC and DASDC had more
notable dips of -9.59% and -8.40%. All specimens displayed higher losses at
temperatures over 300°C, whereas NASTBC and NASDC decreased by -30.10% and -
31.82%, respectively. At higher temperatures, the trend persisted; NASTBC and
NASDC showed significant deterioration by losing more than half of their ultrasonic
velocity by 450°C. The losses were severe at 750°C, with both NASTBC and DASDC
surpassing -82%, indicating serious structural integrity deterioration. All mixtures
showed sharp drops in ultrasonic velocity by the time the specimens reached 900°C,
with NASTBC losing -98.20%. These results highlight how high temperatures shorten
the lifespan of concrete, indicating that choosing the right material is essential for

applications subjected to intense heat.
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Figure IV. 38 : Ultrasonic Velocity Evolution after High Temperature Exposure

% Correlation Between Ultrasonic Velocity and Compressive Strength

Quadratic equations are used to illustrate the relationship between ultrasonic velocity
and compressive strength after exposure to high temperatures for the different concrete
mixes. The results show that compressive strength tends to increase with ultrasonic
velocity, albeit at a decreasing rate (Figure 1V. 39). A significant association is
indicated by the equation's R? value of 0.8429 for NASTBC and a little lower
correlation of 0.8113 for NASDC. Conversely, DASTBC and DASDC show even more
robust associations, with corresponding R? values of 0.9389 and 0.9226. This suggests
that these mixtures can accurately forecast compressive strength because they are more
sensitive to variations in ultrasonic velocity. Each mix reacts differently to changes in
ultrasonic velocity, as indicated by the coefficients in the equations; DASTBC exhibits
the strongest rise in strength per unit of velocity. All things considered, these results
highlight the potential of ultrasonic testing as a non-destructive technique for evaluating

the strength and quality of concrete in a range of applications.
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Figure 1V. 39 : Correlation Between Ultrasonic Velocity and Compressive Strength Following High-
Temperature Exposure

%+ Correlation Between Mass and Compressive Strength

Quadratic equations show the intricate connection between mass and compressive
strength after exposure to high temperatures for the various concrete mixtures (Figure
IV. 40). An R? score of 0.6697 for NASTBC indicates a moderate connection, but an
R? value of 0.8249 for NASDC indicates a greater association. Conversely, DASTBC
and DASDC show comparatively good associations as well, with R? values of 0.7301
and 0.7164, respectively. Potential limits in material performance at larger densities are
shown in the negative coefficients in the quadratic terms for NASTBC, DASTBC, and
DASDC, which imply that the rate of increase in compressive strength decreases as
mass rises. On the other hand, a higher positive reaction to increased mass is shown by
NASDC's positive coefficient. All things considered, these results demonstrate how
mass affects concrete's mechanical qualities, stressing that although greater mass may

increase strength, the connection is not linear and differs greatly amongst mixes.
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Figure 1V. 40 : Correlation Between Mass and Compressive Strength Following High-Temperature

Exposure

IV. 4. CONCLUSION

The experimental findings pertaining to the creation of demolition aggregates and their
application with Saharan dune sand in concrete compositions have been thoroughly
examined in Chapter IV. The objective of this experimental investigation was to
minimise production delays and health hazards while effectively and economically
lowering the amount of old mortar (OM) in demolition aggregates (DASs). Furthermore,
the study assessed how well concrete made with these aggregates and Saharan dune
sand performed. In order to improve the mechanical qualities of the final concrete and
support sustainable building methods, we concentrated on optimising the aggregate
composition. The results highlight the possibility of using recycled resources to produce
concrete, which would help Algeria deal with its resource shortage and environmental
issues. This study supports the creation of more resilient infrastructure by highlighting
creative waste management strategies and encouraging the use of local resources.

e The following are the research’'s main conclusions:
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e Significantly lower water absorption capacity is associated with a ratio
threshold of 0.8 for DA sub-fractions, ranging from 12% to 82% below average
values and 28% to 89% below maximum values.

e When DA fractions made from the same Parent Concrete (PC) sub-fractions
have a threshold ratio of 1, they have a noticeably low water absorption
capacity, exhibiting decreases of 21% to 43% from average values and 31% to
58% from maximum values.

e The water absorption capacity is further reduced by 4% to 7% when choosing
DA sub-fractions based on water absorption capacity without taking the PC into
account.

e The DADmax/NADmax ratio threshold should serve as a reference for
determining the minimum size of DA prior to crushing.

e For optimal selection, sub-fractions with a DADmax/NADmax ratio greater than
or equal to 0.8 for the current DA are chosen, and the desired DA fractions are
then reconstituted from these sub-fractions.

e The size of parent concrete's (PC) NA affects water absorption in the same way
as the size of DA does. In conclusion, this study offers a novel strategy to raise
the calibre of DAs meant for usage in structural concrete, hence encouraging
the sustainability of building projects. The data presented provides helpful
recommendations for maximising the production of DAs with lower OM
content, which would lower construction-related health hazards and save
money.

e Even with a discontinuous granular structure, flexible ordinary concrete may be
formed.

e Because of the unique shape and granulometry of its grains, dune sand can alter
the workability of regular concrete from hardness to plasticity.

e Microscopic measurements and particle size curve analysis of both types of sand
shown that having the same workability does not simply mean that they fall into
the same range (fine sand).

e The morphology and form of the grains have a significant impact on how
workable regular concrete is.

e Adding dune sand to regular plastic concrete creates more compact concrete and

necessitates a mixture with less water.

~ 184~



CHAPTER IV PRESENTATION OF RESULTS AND DISCUSSION

e When dune sand and natural coarse aggregates are combined, the water-to-
cement ratio (W/C) must be decreased in order to maximise compressive
strength.

e Wetting is not necessary when combining demolition coarse materials with
dune sand.

e Ordinary concretes based on SD and STB sand have a remarkably comparable
progression in compressive strength.

e Unlike concretes made from natural resources, alternative resource concretes
maintain a respectable level of strength and sustainability despite the fact that
aggressive chemicals will find it easier to penetrate them.

e Concrete with smaller pores and less porosity performs better and resists frost
better.

e Concrete cracks serve as pathways for the movement of CO, and water to
anhydrous phases, promoting healing, density growth, and compressive
strength.

e One possible method is to include beach sand into fresh concrete together with
coarse aggregates from destroyed concrete.
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GENERAL CONCLUSION

This research, structured in four chapters, has thoroughly explored the potential for
sustainable innovation in the Algerian and global construction sector by focusing on
the use of demolition coarse aggregates and Saharan dune sand in ordinary concrete.
The findings provide a solid scientific basis and practical guidance for addressing
current and future challenges in construction materials.

The first chapter established the strategic importance of the construction sector for
economic development and infrastructure improvement, both in Algeria and
worldwide. In Algeria, major investments in housing, transportation, and hydraulic
structures illustrate a clear commitment to upgrading living standards and connectivity.
These trends reflect a global emphasis on infrastructure as a driver of growth and
quality of life, but also highlight the urgent need for new solutions to resource scarcity
and environmental impact.

Chapter 1l offered a comprehensive bibliographic synthesis on aggregates, detailing
their types, properties, and roles in concrete. It emphasised the growing interest in
alternative aggregates—particularly Saharan dune sand and demolition aggregates—
due to their abundance and potential for sustainable use. Methods for improving the
quality of recycled aggregates were reviewed, highlighting the importance of the choice
of aggregates for obtaining high-performance, long-lasting concrete.

Chapter I11 rigorously describes the experimental methodology, from the selection and
preparation of the materials (cement, mixing water, plasticiser, conventional natural
sand and Saharan dune sand, natural coarse aggregates and aggregates from demolition
concrete), the physical and mechanical characterisation of the study concretes, to the
study of their durability and their behaviour under severe conditions.

Chapter 1V presented, firstly, the experimental results of the preparation and selection
of demolition aggregates and, secondly, the experimental results of the incorporation
of demolition aggregates and dune sand into ordinary concrete. The critical threshold
set at a DADmax/NADmax ratio greater than or equal to 0.8 made it possible to reduce
the water absorption of the sub-fractions of the demolition aggregates from 12 to 82%
compared with the average values, and from 28 to 89% compared with the maxima. For
reconstituted fractions, a ratio of 1 resulted in reductions of 21 to 43% (average) and 31
to 58% (maximum). The concrete mixes were designed to achieve a moderate slump of

around 7 cm, typical of plastic ordinary concrete, with careful adjustment of the
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effective water-to-cement ratio to account for the water demand of the demolition
aggregates and dune sand. The DASDC concrete, incorporating demolition aggregates
and dune sand, demonstrates overall durability performance that is superior or
comparable to the reference NASTBC concrete. Its compressive strength is higher
(31.95 MPa compared to 29.86 MPa), confirming better mechanical resistance. Flexural
strength values are similar (4.92 MPa for DASDC versus 5.0 MPa for NASTBC), while
splitting tensile strength is slightly lower (1.75 MPa versus 2.02 MPa), which remains
acceptable. The ultrasonic pulse velocity, an indicator of compactness, is slightly lower
for DASDC (4.59 km/s vs. 4.87 km/s), as is the dynamic modulus of elasticity (42.64
GPa compared to 50.76 GPa), whereas the static modulus is marginally higher (33.45
GPavs. 32.70 GPa). DASDC exhibits a slightly higher porosity (5.28% versus 4.65%),
resulting in a marginally increased permeability (0.27 x 10° (m/s) vs. 0.2 x 10 (m/s))

and a higher capillary absorption coefficient after 24 hours (8.5 kg/m?2-st’2compared to

7 kg/m2-s172), These factors partly explain the greater mass loss during abrasion testing
(72.97% for DASDC versus 93.8% for NASTBC). Regarding freeze-thaw resistance,
DASDC shows better compressive strength retention after 50 cycles (35.31 MPa vs.
26.37 MPa), although mass loss is similar. In aggressive chemical environments,
DASDC displays improved chemical stability, with significantly reduced strength
losses, notably in seawater (-0.76% vs. -8.19%) and 5% NaOH solution (-3.61% vs. -
8.51%). Ultrasonic velocity measurements support this enhanced chemical resistance
with smaller variations.

However, under high-temperature exposure, DASDC experiences more pronounced
degradation, with greater losses in mass and strength at 600 °C and 900 °C, as well as
more significant decreases in ultrasonic velocity, indicating a microstructure more
affected by heat. In summary, DASDC concrete offers improved durability against
common environmental aggressions (freeze-thaw cycles, chemical attacks) while
providing better mechanical strength. Nevertheless, it requires careful consideration for
applications subjected to elevated temperatures.

Overall, this research demonstrates that by carefully selecting demolition aggregate
fractions (with DADmax/NADmax > 1) and incorporating Saharan dune sand, it is
possible to produce ordinary concrete with mechanical and durability properties equal
to or exceeding those of traditional mixes. This approach not only valorises local and
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recycled resources but also supports circular economy principles and environmental
sustainability.

In conclusion, the results provide clear evidence that the combined use of demolition
coarse aggregates and Saharan dune sand is a viable, good-performance, and eco-
friendly solution for the construction industry in Algeria and similar contexts. The
protocols and thresholds established in this study offer practical recommendations for
optimising recycled aggregate production and concrete formulation, promoting safer,
more sustainable, and cost-effective construction practices. This work paves the way
for broader adoption of alternative materials in building codes and infrastructure

projects, supporting resilient and sustainable urban development.
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Based on the suggested study areas, the following viewpoints for further research are
presented:

Impact of Concrete Age: Researching the relationship between concrete age and
demolition aggregate quality may help identify the best recycling techniques. Improved
processing methods might result from an understanding of the connection between
aggregate characteristics and concrete maturity.

Cement Type and Dosage: The best methods for optimising the quality of recycled
materials may be found by examining how various cement kinds and doses affect the
performance of demolition aggregates. This research might also investigate how these
elements affect concrete's overall durability.

Water-Cement Ratio (E/C): Future studies should concentrate on how altering the
water-cement ratio impacts the performance of the final concrete as well as the quality
of the demolition aggregates. Optimised formulations that improve workability and
strength may result from this.

Quality of conventional Aggregates: A more thorough grasp of material interactions
may be obtained by looking at how the characteristics of demolition aggregates are
influenced by the quality of conventional gravel and sand in parent concrete. Better
selection criteria for recycling aggregates might be informed by this.

Saharan Dune Sand with Low-Quality Aggregates: Researching the use of Saharan
dune sand with medium- and low-quality demolition aggregates will help clarify how
it affects hardened state performance and rheology. This study may provide strategies
for enhancing strength and workability in less-than-ideal circumstances.

Combining Techniques: Examining the best ways to blend fine sand, especially when
combined with recycled materials, might improve the way concrete is made. This
investigation ought to take into account variables including equipment kind, speed, and
mixing duration.

Continuous Gradation Aggregates: Research on concrete composed of continuously
graded aggregates will be useful in determining how well it performs in comparison to
conventional mixes. This study may provide fresh perspectives on how to use recycled

materials to achieve desired mechanical gqualities.
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By exploring these perspectives, future research can contribute significantly to
enhancing the quality and sustainability of concrete produced with recycled materials,

ultimately promoting more environmentally friendly construction practices.
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APPENDIX 1
2 gl Culaw) 48 14
FICHE TECHNIQUE CIMENT F03-01/1000
Date : 31/05/ 2009 l Version : 05 l Page 1 sur 1

CIMENT PORTLAND COMPOSE CPJ-CEMII/A 42,5

sept-16
CARACTERISTIQUE CHIMIQUE CARACTERISTIQUE PHYSIQUE CARACTERISTIQUE MECANIQUE
ELEMENTS % EN MASSE || NORME NA NORME NA EN MpA
PAF 975°C 1-2 NA230 [ICONSISTANCE NORMALE 225 NA 442 COMPRESSION
Ca0 55 - 65 NA230 DEBUT DE PRISE > 60 02 jours 2 12.50
5i02 22-28 NA230 FIN DE PRISE 150 - 250 107 jours 25- 35
Al203 5-6 NA232 EXPANSION A CHAUD < 10mm 28 jours 42.5 - 52.5
Fe203 3-3,6 NA231 SSBlaine cm?/g 3300 - 4000 NA 234 FLEXION
MgO 12 NA231 02 jours 3,0-4,0
K20 0,3-0,6 07 jours 5,0-6,5
Na20 0,1-0,16 NA440 RETRAIT SUR MORTIER pm/m < 1000 |Iza jours 6,5-8,5
S03 1.8-2,5 COPOSITION POTENTIELLE EN % % DES CONSTITUANTS
CaOL 0,8-1,8 C38 55 - 65 CLINKER > 74%
L™ 0-0,01 C2S 10-25 GYPSE 4-6%
[NG: @ % calcaire + pouzzolaine est de
fchacun C3A 8-12 CALCAIRE s12%
e s vy e N 9-13 pouzzolaine+ calcaire <18%
" calcaire + TUF <14%

IDOMAINE D'UTILISATION

Utilisation courante de notre ciment :

+ Fondations (béton de propreté et béton de semelle en milieux non agressifs).

+ Ouvrage en béton armé (Murs, Linteaux, Poteaux et dalle de compressions).

+ Dallage en béton , Montage de mure et magonnerie et Scellements de carrelage ( Dalles, pierres et carrelage).
+ Chape (mortier de ciment) .

PRECAUTION D’EMPLOI

Ce type de ciment ne convient pas pour :

+ Ouvrages en milieux agressifs (terrains gypseux, sulfates, eaux industrielles) emploi obligatoire de ciment
ES pour travaux en eaux a haute teneur en sulfates.

* lravaux ata mere ( emploi obligatoire de ciment PM pour travaux a la mer).

+ Bétonnage au dessous de 5° C ( il est conseillé d'utiliser des ciments de résistance initiale élevée R )
STOCKAGE :

Eviter :

- Un stockage prolongé au-dela de trois (03) mois.

- Un stockage dans des endroits humides.

EMBALLAGE :

IATTENTION
+ Un contact prolongé du ciment avec la peau peut étre irritant.

Le ciment est emballé dans des sacs en papier kraft & 02 plis, le systéme de fermeture garantie l'inviolabilité du sac.
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BUILDING TRUST

NOTICE PRODUIT
Sika® ViscoCrete®-3045

Plastifiant/Réducteur d’eau de nouvelle génération pour bétons préts a I'emploi

INFORMATIONS SUR LE PRODUIT CARACTERISTIQUES / AVANTAGES
Sika® ViscoCrete®-3045 est un plastifiant réducteur Sika® ViscoCrete®-3045 est un plastifiant réducteur
d’eau non chloré et prét a I'emploi, a base de polycar- d’eau qui confére au béton les propriétés suivantes :
boxylates modifiés, qui se présente sous la forme d’un = haute réduction d’eau,
liquide marron. = maintien prolongé de la rhéologie,

= robustesse vis-a-vis de la ségrégation,
DOMAINES D’APPLICATION * bel aspect de parement au décoffrage.
Sika® ViscoCrete®-3045 permet d’obtenir un long AGREM ENTS / NORMES
maintien de rhéologie (>1H30). Il est donc parfaite-
ment adapté a I'industrie du BPE et a l'utilisation sur Conforme a la Norme NF EN 934-2 Tab. 1 et 2
chantier.

Sika® ViscoCrete®-3045 permet la fabrication de :

= bétons plastiques a fluides,

= bétons a faibles rapports E/C avec ou sans fumée de
silice,

= bétans pompés sur longues distances.

Dans les bétons fluides, Sika® ViscoCrete®-3045 amé-

liore la stabilité, limite les risques de ségrégation et

rend la formule moins sensible aux variations d’eau et

des constituants.

DESCRIPTION DU PRODUIT

Conditionnement * Flt de 250 kg
» Cubide 11101
= Vrac

Durée de Conservation 6 mois dans son emballage d’origine intact

Conditions de Stockage Dans un local fermé, a I’abri de I'ensoleillement direct et du gel, entre 5 et
30 °C.

Le produit peut geler, mais, une fois dégelé lentement et réhomogénéisé,
il retrouve ses qualités d’origine.
En cas de gel prolongé et intense, vérifier qu’il n’a pas été déstabilisé.

Aspect / Couleur Liquide marron/vert
Densité 1,11+ 0,02

Valeur pH 5+1

Notice prodult

Sika® ViscoCrete®-3045
Juillet 2023, Version 01.03
021301011000000038

1/2
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Equivalent Oxyde de Sodium <25%

RENSEIGNEMENTS SUR L'APPLICATION

Dosage Plage d’utilisation recommandée : 0,25 a 2,5 % du poids de liant selon les
performances recherchées.

Dosage usuel du Sika® ViscoCrete®-3045:0,3 % a 0,8 %.

Distribution Sika® ViscoCrete®-3045 est ajouté, soit, en méme temps que I'eau de ga-
chage, soit en différé dans le béton préalablement mouillé avec une frac-
tion
de I'eau de gachage.

VALEURS DE BASE a nos renseignements. Les droits de propriété détenus

Toutes les valeurs indiquées dans cette Notice Produit
sont basées sur des essais effectués en laboratoire.
Les valeurs effectives mesurées peuvent varier du fait
de circonstances indépendantes de notre contréle.

ECOLOGIE, SANTE ET SECURITE

Pour obtenir des informations et des conseils sur la
manipulation, le stockage et |'élimination en toute sé-
curité des produits chimiques, les utilisateurs doivent
consulter la fiche de données de sécurité (FDS) la plus
récente contenant les données physiques, écolo-
giques, toxicologiques et autres données relatives a la
sécurité.

RESTRICTIONS LOCALES

Veuillez noter que du fait de réglementations locales
spécifiques, les données déclarées pour ce produit
peuvent varier d'un pays a l'autre. Veuillez consulter la
Notice Produit locale pour les données exactes sur le
produit.

INFORMATIONS LEGALES

Les informations, et en particulier les recommanda-
tions concernant les modalités d’application et d’utili-
sation finale des produits Sika sont fournies en toute
bonne foi et se fondent sur la connaissance et I'expé-
rience que Sika a acquises a ce jour de ses produits
lorsqu’ils ont été convenablement stockés, manipulés
et appliqués dans des conditions normales, conformé-
ment aux recommandations de Sika. En pratique, les
différences entre matériaux, substrats et conditions
spécifiques sur site sont telles que ces informations ou
recommandations écrites, ou autre conseil donné,
n’‘impliquent aucune garantie de qualité marchande
autre que la garantie légale contre les vices cachés, ni
aucune garantie de conformité a un usage particulier,
riika Ejargrispsponsabilité découlant de quelque rela-
toarpjtaridigiieaque ce soit. L'utilisateur du produit doit
VérfiérpaEbiniiessai sur site 'adaptation du produit a
|*4BBifcation et 4 I'objectif envisagés. Sika se réserve le
iaxigge:ﬁ?)aﬁﬁ;ér les propriétés de ses produits. Notre
rgg'@ nEADilité he saurait d’aucune maniére atre enga-
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gée c ansml'hyputhése d’une application non conforme
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par des tiers doivent impérativement étre respectés.
Toutes les commandes sont soumises a nos conditions
générales de vente et de livraison en vigueur. Les utili-
sateurs doivent impérativement consulter la version la
plus récente de la Notice Produit correspondant au
produit concerné, accessible sur internet ou quileur
sera remise sur demande.
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