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The Prophet Muhammad (peace be upon him)
said: "Whoever treads a path in search of
knowledge, Allah will make easy for him a path
to Paradise." — Narrated by Muslim
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Abstract

Enhancing the mechanical and thermal performance of concrete structures has become
a fundamental requirement in light of current trends emphasizing energy efficiency
and carbon emission reduction in the construction sector. In this context, the present
study aims to build upon previous research that investigated the mechanical and
thermal properties of cork-modified concrete as a non-structural material, by
developing improved bio-concrete formulations incorporating virgin cork granules,
which are traditionally characterized by limited mechanical strength. The research
focuses on enhancing the resistance and durability of this concrete under aggressive
environments, particularly in chloride-rich marine conditions, which pose a serious

threat to the integrity of steel reinforcement due to accelerated corrosion processes.

To achieve this objective, the cementitious matrix containing 450 kg/m? of cement
was reinforced with 10% finely ground limestone as a supplementary cementitious
material, while the water-to-binder ratio was reduced to 0.38. Based on previous
findings that indicated promising behavior when replacing 25% of the coarse
aggregate with wet virgin cork, two experimental programs were designed to examine
the influence of the wet-preconditioning method applied to cork aggregates. In the
first program, dry cork was mixed with a quantity of water equivalent to its
experimentally determined absorption capacity after two hours of immersion
(OC+HCoan aw). In the second program, cork granules were directly soaked in water
for two hours prior to mixing (OC+HCon 1w), in order to evaluate the differences
between theoretical and actual water absorption and their effects on the final concrete

properties.

The study investigated six concrete mixtures: reference concrete (OC); concrete with
wet cork containing absorbed water (OC+HC 21 aw); concrete with water-immersed
cork (OC+HC 2n1w); concrete with limestone filler (OC+F); concrete with limestone
and wet cork containing absorbed water (OC+F+HC 21 aw); and concrete with

limestone and water-immersed cork (OC+F+HC 2n 1w).

Experimental results indicated that replacing 25% by volume of mineral aggregate
with virgin cork granules, along with the addition of limestone filler, improved
workability and reduced plastic viscosity. Furthermore, the dry density of the concrete

decreased, ranging between 2008 and 2060 kg/m?. Although a reduction in mechanical




strength was expected due to cork incorporation, the addition of fine limestone
resulted in compressive and tensile strengths comparable to those of the reference
concrete, with a notable improvement observed in mixtures containing wet cork with

absorbed water compared to those with immersed cork.

The results also revealed an inverse relationship between capillary absorption and
porosity when limestone filler was used. Regarding chloride diffusion, higher
diffusion coefficients were recorded for mixtures with wet cork containing absorbed
water, whereas those with immersed cork exhibited reduced chloride diffusion rates,
demonstrating superior resistance to chloride ingress and improved durability under
marine exposure. The study concluded that the addition of limestone did not exert a
significant influence on chloride diffusion behavior, as diffusion coefficients
remained relatively close across all mixtures. This finding confirms that enhancing
the durability of bio-concrete containing virgin cork primarily depends on the
preconditioning method applied to the cork aggregates. Finally, these results highlight
its potential for use in reinforced concrete horizontal structures exposed to aggressive

conditions.

Keywords : Bio-based concrete, Virgin cork, Limestone, Mechanical properties,

Diffusion coefficient, Thermo-diffusion, Microstructure, Durability.
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Résumé

L'amélioration des performances mécaniques et thermiques des structures en béton est
devenue une exigence fondamentale a la lumicre des tendances actuelles mettant
l'accent sur l'efficacité énergétique et la réduction des émissions de carbone dans le
secteur de la construction. Dans ce contexte, la présente étude s'appuie sur des
recherches antérieures ayant étudié les propriétés mécaniques et thermiques du béton
a base de liege en tant que matériau non structurel, en développant des formulations
d’éco-béton améliorées incorporant des granulats de liege vierge, traditionnellement
caractérisés par une résistance mécanique limitée. La recherche se concentre sur
I'amélioration de la résistance pour des applications structurel et de la durabilité de ce
béton dans des environnements agressifs, notamment dans des conditions marines
riches en chlorures, qui constituent une menace sérieuse pour 1'intégrité des armatures

en acier en raison de processus de corrosion accélérés.

Pour atteindre cet objectif, la matrice cimentaire contenant 450 kg/m?® de ciment a été
renforcée avec 10 % de calcaire finement broyé en tant que matériau cimentaire
supplémentaire, tandis que le rapport eau/liant a été¢ réduit a 0,38. Sur la base des
résultats antérieurs indiquant un comportement prometteur lors du remplacement de
25 % des granulats minéraux par du liege vierge humide, deux programmes
expérimentaux ont €été congus pour examiner l'influence de la méthode de pré-
conditionnement a l'eau appliquée aux granulats de liecge. Dans le premier programme,
le liege sec a ét¢é mélangé avec une quantité d'eau équivalente a sa capacité
d'absorption déterminée expérimentalement aprés deux heures d'immersion
(OC+HC2n aw). Dans le second programme, les granulats de liege ont été directement
immergés dans l'eau pendant deux heures avant le mélange (OC+HCan 1w), afin
d'évaluer les différences entre 1'absorption théorique et réelle de I'eau et leurs effets

sur les propriétés finales du béton.

L'étude a porté sur six mélanges de béton : béton de référence (OC) ; béton avec liege
humide contenant de I'eau absorbée (OC+HCon aw) ; béton avec liege immergé dans
I'eau (OC+HC2n 1w) ; béton avec calcaire comme filler (OC+F) ; béton avec calcaire
et liége humide contenant de 1'eau absorbée (OC+F+HC 2 aw) ; et béton avec calcaire

et liege immergé dans 1'eau (OC+F+HC 2n 1w).
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Les résultats expérimentaux ont indiqué que le remplacement de 25 % en volume du
granulat minéral par des granulés de liege vierge, associ¢ a l'ajout de calcaire,
améliorait la maniabilité et réduisait la viscosité plastique. De plus, la densité séche
du béton a diminué, se situant entre 2008 et 2060 kg/m?. Bien qu'une réduction de la
résistance mécanique ait été attendue en raison de l'incorporation du liege, I'ajout de
calcaire fin a permis d'obtenir des résistances a la compression et a la traction
comparables a celles du béton de référence, avec une amélioration notable pour les
mélanges contenant du licge humide avec eau absorbée par rapport a ceux contenant

du liege immergé.

Les résultats ont également révélé une relation inverse entre 1'absorption capillaire et
la porosité lorsque du calcaire était utilisé. Concernant la diffusion des chlorures, des
coefficients de diffusion plus élevés ont été enregistrés pour les mélanges contenant
du liege humide avec eau absorbée, tandis que ceux avec licge immergé présentaient
des taux de diffusion réduits, démontrant une résistance supérieure a I’intrusion des
chlorures et une durabilité améliorée en exposition marine. L'étude a conclu que I'ajout
de calcaire n'exercait pas d'influence significative sur le comportement de diffusion
des chlorures, les coefficients de diffusion restant relativement proches pour tous les
mélanges. Cette observation confirme que 1'amélioration de la durabilité d’éco-béton
contenant du liége vierge dépend principalement de la méthode de pré-
conditionnement appliquée aux granulats de liége. Enfin, Les résultats obtenus
ouvrent des perspectives prometteuses pour ’utilisation de ce type de matériau dans
la construction de structures horizontales en béton armé exposées a des milieux

agressifs.

Mots-clés : Béton biosourcé, Liege vierge, Calcaire, Propriétés mécaniques,

Coefficient de diffusion, Thermo diffusion, Microstructure, Durabilité.
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General Introduction

The construction industry constitutes one of the main pillars of the global economy;
however, it simultaneously represents one of the largest sources of greenhouse gas
emissions and a major consumer of energy and natural resources. Studies indicate that
buildings constructed with conventional materials account for 30-50% of total global
energy consumption and are responsible for nearly one-third of total greenhouse gas
emissions during their operational life cycle. The cement industry alone contributes
approximately 6% of anthropogenic greenhouse gas emissions annually, as the
production of one ton of cement releases nearly one ton of carbon dioxide while

consuming about two tons of raw materials such as limestone and shale.

With the continuous increase in urbanization across developing countries and the
consequent rise in cement demand -which is projected to reach 4.83 billion metric
tons by 2030, compared to 3.27 billion tons in 2010- the need for sustainable
alternatives to conventional materials has become increasingly urgent. The 27th
United Nations Climate Change Conference (COP27), held in Sharm El-Sheikh,
emphasized the global commitment to limiting temperature rise to no more than 1.5°C
and integrating green energy into all development sectors. This goal implies a
substantial reduction in carbon emissions and the adoption of sustainable management

practices for natural resources.

In recent years, research in construction materials has increasingly focused on the use
of bio-based composites, recyclable by-products, and industrial wastes as sustainable
alternatives to traditional materials. These biomaterials are locally available, exhibit
excellent thermal and acoustic insulation properties compared to conventional
materials, and significantly reduce heating and cooling energy demands in buildings,

which represent nearly 40% of total energy consumption in the residential sector.

Virgin cork is among the most promising natural materials in this field. It is harvested
from the outer bark of the cork oak tree without cutting it down, making it a renewable
and environmentally friendly resource. The Mediterranean region encompasses
approximately 2.275 million hectares of cork oak forests, with Algeria accounting for
about 18% of this area. Cork possesses exceptional characteristics such as low density,

excellent thermal and acoustic insulation, fire and corrosion resistance, high elasticity,




and stability under elevated temperatures. Nevertheless, its use in the construction

sector remains limited, resulting in low economic value for raw cork.

Limestone, on the other hand, is a traditional and widely available material used in
concrete production. It is abundant in cement plants and quarries, easy to extract, and
resistant to frost and abrasion. Finely ground limestone can be used as a mineral
additive in cement and concrete due to its technical, economic, and environmental
advantages. It acts as a filler that improves certain mechanical properties of concrete,
accelerates hydration, and promotes the formation of stable calcium carboaluminate

hydrates.

This dissertation builds upon previous studies conducted in our laboratory on bio-
concrete incorporating virgin cork aggregates. Preliminary results indicated that
concrete containing 25% virgin cork demonstrated good homogeneity and enhanced
thermal and mechanical performance, particularly when the cork aggregates were pre-
soaked for two hours. Considering Algeria’s extensive Mediterranean coastline of
more than 1600 km and the importance of investigating chloride penetration in
marine-exposed concrete structures, this research was extended to explore the effect

of incorporating limestone as a reinforcement to cork-based concrete.

The main objectives of this study are to address the following questions:

How does the addition of virgin cork, in both its dry and wet states, affect the
mechanical properties and durability of concrete?

Does combining limestone with virgin cork improve the overall performance of the
concrete?

How does the incorporation of limestone influence chloride diffusion in cork-based

concrete under aggressive environmental conditions?

To answer these questions, a comprehensive experimental investigation was carried
out on concrete mixtures containing 25% virgin cork aggregates (dry & wet) of graded
particle sizes (0—4 mm, 4-8 mm, and 8—16 mm), supplemented with 10% limestone
due to its local availability. The laboratory tests covered a range of properties,
including workability, plastic viscosity, water-accessible porosity, capillary

absorption, mechanical strength, and chloride diffusion.




This dissertation ultimately aims to contribute to the development of sustainable
construction materials that combine technical efficiency with environmental
responsibility, aligning with the principles of green construction and sustainable

development.

To address the previously defined objectives of this thesis, the following structure has

been adopted:

» The first chapter examines the environmental impact of concrete, highlighting
technological developments, current challenges, circular economy solutions
(recycling, waste valorization, recycled and bio-based materials), and future
directions for sustainable concrete production.

» The second chapter presents innovative building materials and focuses on cork
as a bio-based material. It examines the key properties of cork-based concrete,
its potential applications, and current research aimed at enhancing its
performance, exploring its use not only as an insulating material but also in
structural elements for light construction projects.

» Chapter 3 provides a detailed description of the materials used (cement,
aggregates, fillers, and cork) and their physicochemical characterization. It
also outlines the experimental methods employed to achieve the thesis
objectives, particularly for mechanical and durability assessment.

» Chapter 4 forms the core of the experimental work, focusing on the physical,
rheological, mechanical, and durability properties of cork-based concrete. It
concludes with a comparison to existing literature, providing a comprehensive

analysis and critical discussion of the results.

The thesis ends with a general conclusion summarizing the main findings and

outlining perspectives for future research.




Chapter 1

The Impact of Concrete Buildings on the Environment.

Introduction

This chapter addresses the environmental dimension of concrete in modern
construction. It reviews technological developments and emerging environmental
challenges, analyzes the environmental impacts of concrete production, and
introduces the circular economy approach through recycling, waste valorization, and
the use of recycled and bio-based materials. The chapter concludes by highlighting

key challenges and future directions for sustainable concrete production.




1.1.  Concrete as a Building Material

1.1.1. Historical Development and Technical Characteristics

The use of concrete as a construction material dates back to ancient civilizations
(Fig.1.1a), where the Egyptians, Greeks, and Romans were pioneers in developing
early mixtures composed of lime, sand, and water. These primitive concretes were
employed to construct durable architectural structures such as the Pyramids of Giza
and the Pantheon. The modern evolution of concrete technology began in the 18th
century with the discovery of Portland cement. In 1824, British craftsman Joseph
Aspdin patented this material, which soon became the industrial standard for
construction. From the late 19th to the early 20th century, a major advancement
occurred with the emergence of reinforced concrete, an innovation attributed to the
French builder Frangois Coignet. By combining the compressive strength of concrete
with the tensile strength of steel, this development revolutionized structural
engineering and enabled the design of more resilient and versatile constructions.
Contemporary concrete consists of cement as a binding agent, aggregates as inert
fillers, water, and various chemical and mineral admixtures designed to enhance
performance. Its composition can be adapted to achieve specific properties such as
compressive strength, durability, workability, density, and thermal or acoustic
efficiency. Concrete strength—particularly compressive strength—is a direct outcome
of the continuous advancement in understanding the interaction mechanisms among
its constituents and the control of its internal microstructure. Since the earliest
applications of concrete, improving mechanical performance has been a central
objective for researchers and engineers. This pursuit has driven the evolution of
concrete formulations through enhancements in binder quality, optimization of

aggregate grading, and precise control of the water-to-cement ratio.

Furthermore, progress in cement chemistry and admixture technology has
significantly improved hydration reactions and densified the microstructure, resulting
in enhanced strength development at both early and long ages. The incorporation of
mineral admixtures and fine fillers has also played a crucial role in improving the
interfacial transition zone between the cement paste and aggregates, which is widely

recognized as one of the most mechanically vulnerable regions in concrete.

This gradual evolution highlights how concrete strength has become a controllable

and design-oriented property rather than a mere by-product of composition, thereby




enabling its use in increasingly complex structural applications with higher

performance requirements.
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Fig. 1.1a. Historical Development and Technical Characteristics of Concrete

(Portland Cement Association, 2021).

The chronological analysis in Fig.1.1b indicates a marked acceleration in the rate of
innovation. Whereas the foundational phase extended over approximately 70 years,
the subsequent decades have been characterized by multiple, concurrent
advancements. This evolution underscores the growing integration of fundamental
scientific knowledge with applied engineering practices, as well as a pronounced
transition from an exclusive focus on mechanical performance toward increased

consideration of sustainability and environmental efficiency in recent decades.




Source: Portland Cement Association - History of Cement

Portland Concrete: 1824 (England)
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First application 1934 (Harcourt Dam, France)
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Fig. 1. 1b. The Innovation Path in Concrete Materials Engineering

Today, concrete is the most widely used construction material worldwide, with global
cement consumption stabilizing at approximately 4.15 billion metric tons in 2025
(Volume Concrete, 2025; CSI, 2018). This prevalence is attributed to concrete’s
versatility, distinctive mechanical and physical properties, and the widespread
availability of its constituent materials. These qualities make it the preferred choice
for a broad spectrum of applications ranging from residential and commercial

buildings to infrastructure, industrial facilities, and specialized engineering works.

1.1.2. Advancements in Concrete Technology

Concrete technology has evolved significantly in response to the growing demand for
sustainable construction solutions. Key developments include the use of
supplementary cementitious materials (SCMs), geopolymers, and recycled aggregates
to reduce the environmental footprint of concrete. As shown in Fig. 1.2, conventional
cement is projected to remain dominant by 2030 (45%), followed by blended cement

(30%), while low-carbon alternatives such as carbon capture—based cement,




geopolymers, and recycled-content cement account for smaller but growing shares.
This distribution reflects a gradual transition toward sustainability, constrained by
challenges related to cost, standardization, supply chains, and long-term performance
validation. At the same time, qualitative innovations have enhanced concrete
performance through improved mechanical properties, smart functionalities, and
durability, alongside environmental benefits such as pollution reduction and self-
cleaning surfaces. These advancements underscore the role of continuous innovation

in shaping the future of sustainable concrete technology.

I Traditional M Blended Cements M Geopolymers
I Recycled Content | Carbon Capture

L

Fig .1.2. Market Share Projections by 2030

(Global Cement and Concrete Association, 2021).

1.1.3. Challenges and Emerging Trends in the Concrete Industry

Despite the significant technological progress achieved over recent decades, the
concrete industry continues to face major challenges and evolving trends that will
shape its future development. One of the most critical challenges is the substantial
carbon footprint associated with cement production, as the cement industry remains
one of the largest global contributors to greenhouse gas emissions. Addressing this
issue requires the development of environmentally friendly concrete formulations

through the incorporation of alternative binders and recycled materials in order to




significantly reduce the environmental impact of construction activities. In parallel,
the intensive consumption of natural aggregates represents another major challenge,
leading to the depletion of non-renewable natural resources. In response, recent
research efforts have increasingly focused on the partial or total substitution of
conventional aggregates with sustainable, bio-based materials. Within this context,
the present research explores the use of cork as a bio-sourced aggregate, aiming to
mitigate resource depletion while enhancing the environmental performance of
concrete. The industry is also striving to enhance energy efficiency and reduce
environmental impact throughout the entire life cycle of concrete structures. This
includes extending the service life of infrastructure through improved durability and
maintenance strategies, as well as increasing resistance to chemical attack, corrosion,

and extreme weather conditions.

As the construction sector continues to evolve, the future of concrete will be defined
by its ability to meet sustainability imperatives, improve long-term performance, and
integrate with emerging technologies. The continued adoption of environmentally
responsible practices, digital solutions, and material innovations will ensure that

concrete remains a fundamental component of modern infrastructure and architecture.

1.2.  Environmental Impact of Concrete Production

1.2.1. Carbon Emissions in Cement Production

The global raw material consumption is expected to change considerably over time,
based on a comparison between 2017 data and projections up to 2060, as illustrated
in Fig. 1.3. The results show that sand and gravel represent the most heavily consumed
materials, with an expected increase of approximately 20%, while metal consumption
is projected to rise sharply by nearly 75%. Coal consumption also exhibits moderate
growth, despite the global transition toward renewable energy sources. Overall, these
trends reveal the intensifying pressure exerted by construction materials on non-
renewable natural resources and emphasize the growing environmental burden
associated with their extraction, processing, and use. This context highlights the
importance of assessing the carbon footprint of construction materials as a whole, in
order to better understand their cumulative contribution to global emissions and

resource depletion.
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Fig. 1.3. Building materials rank first in raw material consumption (MECD, 2025).

Within this broader framework, cement emerges as one of the materials with a
particularly high carbon intensity. Cement production is estimated to account for
approximately 8% of global carbon dioxide (CO:) emissions, positioning it as a
critical contributor to the overall carbon footprint of the construction sector. These
emissions arise from both energy-related processes—mainly the combustion of fossil
fuels to heat raw materials, which accounts for around 40% of total emissions—and
from process-related emissions associated with calcination, during which calcium
carbonate decomposes into calcium oxide and releases CO-, contributing nearly 60%
of the total (Hasanbeigi et al., 2013 & Gartner et al., 2015). Additional indirect
emissions stem from electricity consumption linked to grinding, material handling,
and transportation operations, particularly when fossil-based energy sources are used

(Madlool et al., 2011).

In response to the environmental challenges associated with construction materials,
the industry has implemented several strategies aimed at reducing the overall carbon
footprint while maintaining the required performance levels. These strategies include
the diversification of energy sources through the use of biomass, waste-derived fuels,
and hydrogen, as well as the partial substitution of conventional cement with
supplementary cementitious materials (SCMs) such as fly ash, blast furnace slag, and
natural pozzolan (Akhtar et al., 2018). Furthermore, circular economy approaches

particularly the recycling of construction and demolition waste and the development
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of innovative cement formulations incorporating industrial by-products are
increasingly promoted to enhance resource efficiency and mitigate environmental

impacts (IEA, 2018).

Fig. 1.4 illustrates the main sources of carbon dioxide emissions in the cement
industry, totaling approximately 900 kg CO: per ton of cement. The majority of
emissions (around 86%) stem from the calcination process and fuel combustion,
highlighting the critical areas where mitigation strategies—such as using alternative
low-carbon fuels, optimizing energy efficiency, and exploring alternative raw

materials—can effectively reduce the sector’s carbon footprint.
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Fig. 1.4. Carbon Emissions by Source (IEA, 2020).

1.2.2. Water Usage and Pollution in Concrete Production

Concrete production is inherently water-intensive, as water is essential for cement
hydration, workability, curing, and finishing. Average water consumption is estimated
at approximately 165 liters per cubic meter, though this varies depending on mix
design, cement type, aggregate characteristics, and the presence of chemical
admixtures (Neville, 2011). Beyond mixing, water is also required for operational
activities such as equipment cleaning, dust control, and cooling, generating

wastewater that may contain suspended solids, chemical residues, and exhibit high
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alkalinity. Improper management of this wastewater can lead to contamination of soil,

groundwater, and nearby water bodies (WBCSD, 2018).

Fig.1.5 illustrates water consumption across the main stages of concrete production.
Mixing represents the largest share, followed by washing, curing, dust control, and
cleaning. This distribution highlights the key environmental concerns, including high
alkalinity, suspended solids, chemical additives, and potential heavy metal residues.
Addressing these challenges requires the implementation of sustainable water
management strategies, such as recycling and reuse of treated process water, pH
neutralization, and closed-loop systems to reduce total consumption and mitigate

environmental impacts.
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Fig. 1.5. Water Usage in Concrete Production (Miller et al., 2018).

1.2.3. Air Pollution from Concrete Production

Concrete production significantly contributes to air pollution through emissions of
both particulate and gaseous pollutants, which have diverse environmental and health
impacts. Particulate matter is generated during the handling and transportation of raw
materials, while gaseous emissions include carbon dioxide (CO:) from limestone
calcination and fossil fuel combustion. Volatile organic compounds (VOCs) from
chemical admixtures and solvents further affect air quality. Collectively, these

emissions degrade air quality at local and regional scales and contribute to global
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climate change, highlighting the need for effective emission mitigation strategies

within the concrete industry (Szokolay, 2004).

Fig. 1.6 illustrates the emission rates of key air pollutants from cement production.
Fine particulate matter (PM.o) exhibits the highest emission at 2.5 kg/ton, followed by
nitrogen oxides (NOx) at 0.8 kg/ton and sulfur dioxide (SO2) at 0.5 kg/ton. Emissions
of carbon monoxide (CO) and VOCs are lower but remain relevant due to their role
in ground-level ozone formation. This distribution underscores the importance of
implementing advanced air pollution control technologies to mitigate the

environmental and health impacts of cement production.

Emission rates (kg/ton cement) ||

Fig. 1.6. Air Pollutants from Production (EPA, 2021).
1.2.4. Solid Waste Generation and Management

In addition to wastewater and air emissions, concrete production generates substantial
amounts of solid waste, including unused or returned concrete from construction sites,
residues from cement and raw material processing, and packaging waste such as bags,
pallets, and barrels. Improper disposal of these wastes can cause environmental
pollution and increase pressure on landfill capacities, emphasizing the need for
sustainable waste management practices, including recycling, reuse, and safe disposal

(WBCSD, 2018). Fig. 1.7, presents the distribution of solid waste generated by the
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concrete industry, totaling approximately 1,328 million tons annually. Construction
and demolition (C&D) waste represents the largest share (850 million tons, 64%),
followed by concrete waste (320 million tons, 24%), recycled concrete (85 million
tons, 6.4%), rejected molds (45 million tons, 3.4%), and washing residues (28 million
tons, 2.1%). Although recycling rates currently range between 30—40%, most waste is
still landfilled, highlighting the need to develop recycling infrastructure, utilize waste
as recycled aggregates or road base materials, and implement regulatory frameworks

that promote circular economy principles.

Addressing these challenges, alongside water and air pollution, requires coordinated
strategies, technological innovations, and industry-wide adoption of sustainable
practices. Such integrated efforts are essential for reducing the environmental
footprint of concrete production and supporting the development of a more sustainable

built environment.

700 T

320

Million tons annually (global)

85
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C&D Waste Concrete Waste Precast Rejects Returned Washout
Concrete

Fig. 1.7. Solid Waste Generation (European Commission, 2020).

1.2.5. Energy Efficiency and Thermal Performance of Concrete Buildings

Concrete remains one of the most widely used construction materials worldwide due
to its strength, durability, and versatility. Its inherent thermal properties—thermal
conductivity, specific heat capacity, thermal mass, and inertia—significantly
influence building energy performance and occupant comfort. Thermal conductivity,

typically ranging from 0.8 to 2.1 W/m-K depending on mix design and aggregates,
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determines heat transfer, while the high thermal mass and specific heat capacity
enable concrete to store and release substantial heat, stabilizing indoor temperatures

and reducing energy demand for heating and cooling (Neville, 2011; Ozel, 2014).

Energy efficiency can be enhanced through architectural and material strategies.
These include integrating thermal insulation (e.g., EPS, XPS, rock wool) within the
building envelope, applying passive solar design principles, and addressing thermal
bridges via insulated concrete forms (ICFs) or thermal breaks (Theodosiou et al.,
2008; Sadineni et al., 2011). As shown in Fig. 1.8a, comparative U-values (Thermal
Transmittance) for five types of concrete walls demonstrate the superior performance
of insulated concrete, with U-values reduced by up to 89% compared to standard

walls, indicating potential energy savings of 50—-70% in heating and cooling systems.
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Fig. 1.8a. Thermal Performance (U-values) (ASHRAE, 2021).

Embodied energy analysis, presented in Fig. 1.8b, highlights that cement production
accounts for 60—70% of total energy demand, while aggregates and transportation
contribute 10-15% each. Ordinary Portland cement (OPC) concrete exhibits the
highest embodied energy at 2400 MJ/m?, whereas geopolymer concrete demonstrates
the lowest at 1400 MJ/m?, a 42% reduction. Ground granulated blast-furnace slag
(GGBS) and recycled aggregate concretes also show substantial energy savings,
confirming the effectiveness of alternative cementitious materials in reducing the

carbon footprint and promoting sustainability.
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Fig. 1.8b. Embodied Energy Comparison (Hammond & Jones, 2011).

These findings emphasize the potential of combining innovative materials, energy-
efficient design strategies, and advanced construction technologies to optimize
thermal performance, reduce energy consumption, and enhance occupant comfort
throughout the year. Furthermore, integrating bio-sourced materials can contribute to
additional environmental benefits, aligning with contemporary regulatory frameworks
such as RE2020 (RE2020, 2021), which prioritize energy efficiency, low carbon

emissions, and improved indoor environmental quality.
1.3. Environmental Performance of Concrete Structures

The circular economy plays a pivotal role by promoting the reuse, recycling, and
valorization of construction materials. Adopting alternative materials and strategies
aimed at reducing waste generation and resource consumption is essential to achieving

greater sustainability in concrete construction, as illustrated in Fig.1.9.
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Fig. 1.9. Enhance and quantify the concrete environmental efficiency

(SPHERE project, 2021).

1.3.1. Environmental Impact of Concrete Structures

The environmental impacts of concrete structures throughout their life cycle can be
classified into several key categories that differ in nature and magnitude, each exerting
distinct effects on ecosystems and natural resources. Foremost among these is the
Global Warming Potential (GWP), which assesses the contribution of greenhouse gas
emissions to climate change. These emissions play a critical role in intensifying global

warming and altering atmospheric balance.

Another significant impact is the Non-Renewable Resource Depletion Potential,
which evaluates the depletion of non-renewable natural resources, including fossil
fuels and minerals consumed in concrete production. This process undermines the
long-term availability of essential raw materials, posing sustainability challenges for

future resource management.

The Eutrophication Potential also represents a major environmental concern, as the
runoff of nutrients such as nitrogen and phosphorus from construction sites leads to
excessive nutrient loading in aquatic systems. This results in algal blooms, oxygen

depletion, and ecological imbalance within water bodies.
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Furthermore, Toxicity effects arising from the use of chemical admixtures in concrete,
along with the possible leaching of heavy metals from concrete structures, pose

serious risks to both ecosystem health and human safety.

Finally, the extraction of raw materials—particularly aggregates—has direct
consequences on biodiversity and land use, often resulting in habitat destruction and
ecosystem disruption. Large-scale concrete construction activities further contribute
to land-use change and surface sealing, which negatively affect soil functionality and

the ecological services provided by natural systems.

1.3.2. Strategies for Enhancing the Environmental Performance of Concrete

Structures

Reducing the environmental impact of cement production requires the implementation
of integrated strategies, including the substitution of conventional cement with low-
carbon alternatives, the development of novel cement types with reduced carbon
footprints, and the increased use of recycled and secondary materials in production
processes. In addition, the supply and transportation of raw materials—particularly
aggregates—represent a significant source of environmental burden. Consequently,
practices such as the use of recycled aggregates, optimization of concrete mix design,
and prioritization of local sourcing play a crucial role in reducing emissions and

energy consumption associated with material transport.

Improving transportation and construction efficiency further relies on optimized
logistics, reduced distances between production and construction sites, effective waste
management systems, and the promotion of prefabrication and modular construction
techniques, which collectively enhance resource efficiency and limit on-site
environmental disturbances. During the use and maintenance phase, environmental
performance can be improved through energy-efficient design principles, including
thermal insulation and passive design strategies, as well as the integration of
renewable energy systems and sustainable maintenance practices. Extending the
service life of concrete structures through durable, resilient, and adaptable design also
reduces the need for frequent replacement or major rehabilitation, thereby limiting

long-term environmental impacts.
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At the end-of-life stage, environmentally responsible management requires the
adoption of circular approaches such as selective demolition, concrete recycling,
material dismantling and reuse, and diversion of waste from landfills. Numerous
studies based on Life Cycle Assessment (LCA) have demonstrated that the
effectiveness of these strategies varies across the concrete life cycle, with certain
approaches offering greater emission reduction potential than others, as illustrated in
Fig. 1.10. Overall, these findings highlight the importance of combining multiple
complementary strategies within a unified framework to effectively reduce the
environmental footprint of concrete structures and guide the construction sector

toward lower-carbon practices.

Potential Reduction (%)
‘ i
' I15 30

SCMs = Recycled Agg  Carbon Capture - Mix Design = Renewables = Alt Fuels

Fig. 1.10. CO: Reduction Strategies (Monteiro et al., 2017).
1.4. Innovations in Sustainable Concrete Production

Amid growing concerns over climate change and environmental sustainability, the
construction sector is facing increasing pressure to adopt more sustainable alternatives
in concrete production. The current environmental challenges underscore the urgent
need to re-evaluate conventional practices in the concrete industry. Nevertheless,
recent scientific and technological advancements have introduced innovative
solutions that enhance the environmental sustainability of concrete manufacturing

processes (Khan et al., 2011; Hasanbeigi et al., 2013).




1.4.1. Alternative Binders

Alternative materials constitute a major axis of innovation in sustainable concrete
production, encompassing several categories, including supplementary cementitious
materials (SCMs), recycled materials, geo-sourced materials, and bio-based materials.
The integration of these alternatives aims to reduce reliance on conventional Portland
cement, which is among the most energy-intensive components of concrete. Among
promising bio-based materials, virgin cork represents an innovative solution aligned
with modern architectural priorities, offering excellent thermal and acoustic
insulation, moisture regulation, and fire resistance, making it a strategic option for

projects emphasizing energy efficiency and reduced environmental impact (Khan et

al., 2011).

Extensive research has demonstrated that the partial replacement of Portland cement
with supplementary cementitious materials, typically at substitution levels ranging
from 20% to 50%, is one of the most effective strategies for lowering the
environmental footprint of concrete while maintaining—or even enhancing—its
mechanical performance and durability (Khan et al., 2011). Among these materials,
finely ground limestone plays a significant role due to its wide availability, low cost,
and minimal environmental impact. Its partial replacement of clinker contributes to
reductions in CO: emissions and energy consumption during cement production (Kim
et al., 2018). From a physicochemical perspective, limestone acts as an active filler,
improving the packing density of the cement matrix, reducing capillary porosity, and
accelerating early-age hydration through a nucleation effect, thereby enhancing the
development of mechanical strength (Ahmed et al., 2021). Moreover, studies have
shown that limestone-containing cements can achieve satisfactory durability against
aggressive agents when properly formulated, while adhering to circular economy

principles and sustainable construction practices (Zhang et al., 2025).

Conversely, limestone concrete provides superior structural performance, long-term
durability, and refined aesthetic qualities, making it a preferred choice for applications
requiring strength, resilience, and architectural elegance. The combination of virgin
cork and limestone in contemporary building design thus offers substantial potential

to produce structures that integrate environmental sustainability, engineering
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efficiency, and visual sophistication, reflecting the global trend toward advanced, eco-

conscious construction practices.

In this context, national and international standards, such as (ASTM C618-19, 2019)
and (EN 197-1:2011, 2011) provide regulatory frameworks for the use of
supplementary cementitious materials by defining requirements related to chemical
composition, physical properties, and appropriate replacement ratios. Beyond
limestone and other SCMs, increasing attention has been directed toward the use of
recycled materials, particularly industrial by-products, as well as geo-sourced and bio-
based materials, in response to contemporary sustainability challenges. Widely
adopted alternatives, such as fly ash and ground granulated blast furnace slag
(GGBFS), can serve as partial substitutes for Portland cement, leading to significant
reductions in the carbon footprint associated with concrete production (Damtoft et al.,
2008). Other alternative binders, including silica fume and metakaolin, have also
demonstrated their potential to improve mechanical performance and enhance long-
term durability, thereby contributing to the extension of the service life of concrete

structures (Mehta et al., 2014).

Overall, the adoption of alternative materials in concrete production reflects an
integrated approach that combines environmental impact mitigation, enhanced
engineering performance, economic feasibility, and effective waste valorization, in
line with the principles of sustainable construction and the circular economy. As
illustrated in Fig. 1.11, concretes incorporating alternative binders generally exhibit
improved long-term compressive strength development compared to conventional
Portland cement-based concrete, highlighting the mechanical potential of
geopolymers, supplementary cementitious materials, and virgin cork as sustainable
solutions for reducing carbon emissions while meeting structural performance

requirements.
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Fig. 1.11. Alternative Binders — Strength (Scrivener et al., 2018).
1.4.2. Recycled Aggregates

Recycled aggregates constitute one of the most prominent sustainable materials
adopted in contemporary concrete manufacturing. They are derived from construction
and demolition waste streams, including crushed concrete, bricks, and asphalt, and are
employed as partial or total substitutes for natural aggregates in modern concrete
mixtures (Tam et al., 2008). The incorporation of recycled aggregates contributes to
reducing the demand for natural resources such as sand and gravel, while
simultaneously diverting waste from landfill disposal. Previous studies have reported
that their use can lead to a reduction in the carbon footprint of concrete of up to
approximately 15% (Evangelista et al., 2005). The effective and durable use of
recycled aggregates in concrete requires compliance with strict quality and
performance criteria. This includes appropriate processing and cleaning procedures to
remove contaminants, adjustments in mix design to account for the distinct
physicochemical properties of recycled aggregates compared to natural aggregates,
and adherence to relevant standards and regulatory frameworks to ensure consistent
performance. As a result of extensive research efforts, several countries have
developed specific guidelines governing the use of recycled aggregates in concrete.
For example, the European standard (EN 206-1, 2013) permits the incorporation of

recycled aggregates at limited substitution levels in structural concrete applications.
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Beyond their use in concrete production, recycled aggregates are also widely applied
in road construction and other civil engineering works, where they can fully replace
natural aggregates without compromising functional performance. Overall, the
adoption of recycled aggregates offers multiple benefits, including waste valorization
through the recycling of construction and demolition waste, conservation of natural
resources by reducing reliance on virgin aggregates, improved economic feasibility
due to lower material costs, and enhanced environmental sustainability in line with
circular economy principles. As illustrated in Fig. 1.12, concretes incorporating
recycled aggregates generally retain a significant proportion of the engineering
properties of natural aggregates, while exhibiting certain limitations related to
workability, durability, and water absorption. These characteristics justify their
controlled use in structural applications and highlight their suitability for non-
structural and infrastructure-related applications, thereby achieving an effective

balance between environmental sustainability and construction performance

(%) Of Natural Aggregate Performance

= Strength = Durability = Workability = Density = Water Absorption

Fig. 1.12. Recycled Aggregate Properties (Tam et al., 2018).
1.4.3. Carbon Capture and Storage
Beyond alternative binders and recycled materials, successive developments in

concrete manufacturing processes contribute to enhancing sustainability more

profoundly, where Carbon Capture and Storage (CCS) technology represents one of




the most promising technological innovations in sustainable concrete production. This
technology captures carbon dioxide emissions generated during cement production
processes and stores them underground or redeploys them in diverse industrial
applications (Leeson et al., 2017), with scientific estimates indicating that CCS
technology is capable of achieving reductions in greenhouse gas emissions from
cement production by rates potentially reaching 80% (Kuramochi et al., 2012). The
implementation of CCS technology in the cement industry represents a paradigm shift
toward mitigating the substantial environmental impact associated with traditional
production methods, offering a viable pathway for the sector to achieve significant
carbon neutrality goals while maintaining production efficiency and meeting global

construction demands.

In parallel with industrial carbon capture technologies, bio-based materials offer a
complementary approach to carbon sequestration through natural photosynthesis
processes. Plants play a fundamental role in capturing atmospheric CO2 during their
growth cycle, converting it into organic matter through photosynthetic reactions
(Fig.1.13). The photosynthesis equation demonstrates that 6CO> + 6H>0O yields
CsH1206 (glucose) + 602, wherein carbon dioxide is biochemically transformed and
stored within plant tissues. Quantitatively, the carbon storage capacity of plant-based
materials is remarkable: 1000 kg of wood biomass represents the sequestration of
approximately 1851 kg of CO: from the atmosphere during the tree's growth period
(MECD, 2025). When bio-based materials such as cork bark are incorporated into
concrete formulations, the carbon previously captured through photosynthesis
remains sequestered within the building structure for decades, effectively
transforming the constructed environment into a long-term carbon storage medium.
This approach transcends conventional carbon capture methodologies by utilizing
materials that have already performed natural CO; removal, thereby contributing to
both embodied carbon reduction and extended carbon storage in the built

environment.
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Fig. 1.13. Photosynthesis process in wood (MECD, 2025).
1.4.4. Renewable Energy and Materials

The integration of renewable energy sources into concrete production systems plays
a crucial role in reducing dependence on fossil fuels and mitigating carbon emissions.
Solar and wind energy are among the most effective solutions for supplying power to
various stages of concrete production, from cement manufacturing to mixing and
curing processes, thereby significantly reducing the environmental footprint of the
industry (Hossain et al., 2016). As illustrated in Fig. 1.14a, waste heat recovery and
solar energy exhibit the highest feasibility levels, whereas wind and geothermal
energy show lower applicability due to technical and geographical constraints. These
findings support the adoption of a hybrid energy strategy capable of achieving energy
savings of approximately 20-30%. In parallel with the energy transition, the
incorporation of recycled materials into concrete mixtures represents a fundamental
pillar of sustainable development. The use of recycled plastic as a partial replacement
for natural aggregates contributes to waste reduction while enhancing the thermal
insulation properties and durability of concrete (Saikia et al., 2012; Frigione, 2010).
Similarly, the utilization of recycled rubber derived from end-of-life tires improves
impact resistance and reduces the volume of industrial waste directed to landfills
(Siddique et al., 2004). Furthermore, Fig. 1.14b highlights the substantial variation in
the environmental performance of cement alternatives. Conventional Portland cement

satisfies only about 30% of sustainability criteria, whereas blended cements
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demonstrate progressive improvement, reaching up to 70% compliance. In contrast,
geopolymer cements and carbon-neutral concrete exhibit significantly higher
alignment with circular economy principles and long-term carbon neutrality
objectives (Habert et al., 2020). Overall, these findings emphasize the necessity of a
clear, phased roadmap to guide the transition from transitional solutions toward
transformative technologies, ensuring that the concrete industry effectively reduces

its environmental impact while maintaining its essential role in economic and social

development.
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Fig. 1.14b. Overall Sustainability Comparison.
(Habert et al., 2020).

1.5. Conclusion

The first chapter establishes the general framework of the research by examining
concrete as a fundamental construction material, its historical development, and the
major environmental challenges associated with its production, including high carbon
emissions, energy consumption, pollution, and waste generation. It also addresses
energy efficiency and thermal performance in concrete buildings, while reviewing key
innovations in sustainable concrete production, such as alternative binders,
geopolymer concrete, recycled aggregates, carbon capture technologies, and the
integration of renewable energy sources. Based on the need to explore sustainable
solutions relying on natural, renewable, and locally available materials, the second
chapter is devoted to an in-depth investigation of concrete additives, with particular
emphasis on virgin cork as a promising bio-based material for developing concrete

with enhanced thermal efficiency and environmental performance.
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Chapter 2

Innovative Building Materials: Virgin Cork Concrete as a

structural material

Introduction

Innovative building materials have advanced sustainable construction by combining
superior physical properties with improved environmental performance, enhancing

insulation, durability, and reducing reliance on conventional resources.

Virgin cork concrete has emerged as a promising sustainable material, offering
excellent thermal and acoustic insulation and renewability. However, its low density
limits mechanical strength in structural applications. This chapter reviews the key
properties of raw cork concrete, its potential applications, and current research
focused on optimizing its performance, exploring its use not only as an insulating

material but also in structural elements in low-load or individual construction projects.
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2.1. Green Concrete and Natural Plant-Based Additives

With escalating global concern regarding environmental challenges, green concrete
has emerged as a promising alternative through the integration of recycled materials
and advanced production technologies aimed at minimizing environmental impact
throughout its lifecycle. This innovative material relies on recycled aggregates,
industrial by-products, and plant-based materials to reduce dependence on natural
resources while promoting waste recycling, including fly ash and blast furnace slag.
Consequently, green concrete not only reduces the environmental footprint of the
construction sector and enhances structural performance but also contributes to the

development of more resilient and energy-efficient urban environments.

The rapid growth of green and alternative construction materials, particularly bio-
based building materials, is mainly driven by the urgent need to mitigate global
warming. The construction sector contributes significantly to climate change due to

its substantial environmental footprint (Amziane et al., 2017).
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Fig. 2.1. Annual distribution of publications (2020-2026) (ScienceDirect database).

Bio-based materials are widely acknowledged as environmentally friendly,
sustainable, and multifunctional solutions. While the hygrothermal and insulation
performance of bio-based concrete has been extensively investigated, its mechanical

performance in compression remains comparatively underdeveloped.
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2.1.1. Diverse Plant-Based Materials in Concrete Enhancement

Research has demonstrated that the incorporation of plant-based natural fibers and
bio-derived additives into concrete can significantly enhance its mechanical
performance and overall functionality, offering a sustainable alternative to
conventional reinforcements such as steel or synthetic fibers (Jahami et al., 2024).
These bio-based materials, often derived from agricultural and industrial by-products,
contribute to reducing the environmental footprint of concrete by preserving non-
renewable natural resources such as sand and gravel, while also lowering carbon

dioxide emissions associated with cement production (Younes et al., 2024).

Within this context, the global vegetation map in Fig. 2.2 illustrating plant resources
suitable for concrete applications provides a comprehensive overview of the
geographical distribution of bio-based materials across different continents. The map
highlights that each climatic region possesses specific plant resources that can be
valorized in sustainable construction. Asia and Africa are particularly rich in
agricultural residues and fibrous plants such as rice husk, banana fibers, and date palm

(Amin et al., 2022) while Europe and the Americas predominantly rely on well-

studied fibers such as flax, hemp, and wood-based materials.

Fig. 2.2. Global Plant Resources for Sustainable Concrete

(Amin et al., 2022 ; Joachim et Oettel., 2024).
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Oceania, in contrast, is characterized by plant species adapted to harsh environmental
conditions, which are mainly exploited for lightweight and insulating applications.
This global distribution confirms that the use of plant-based materials in concrete is
not a localized approach, but rather a worldwide strategy aligned with sustainability

and circular economy principles (Oettel, 2024).

Complementing this global perspective, Fig. 2.3 presents a systematic classification
of natural fiber sources derived from plants, categorized according to the plant part
utilized, including seeds, leaves, bast fibers, grasses, stalks, wood, and fruits (Hamza
et al., 2023). This classification emphasizes the remarkable diversity of plant-based
fibers available for concrete applications and demonstrates that the botanical origin of
the fiber strongly influences its physical and mechanical characteristics, which in turn
affect the behavior of fiber-reinforced concrete in terms of strength, ductility, and

durability (Bazan et al., 2020; Flores-Nicolas et al., 2025).
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Fig. 2.3. Classification and Diversity of Natural Fiber Sources (Hamza et al., 2023).

Natural plant additives demonstrate significant capacity to enhance concrete
resistance and durability when utilized in studied proportions. (Barco Tocto et al.,
2025) indicated that a mixture comprising 2% prickly pear cactus and 0.5% aloe vera

increased compressive strength from 245 to 443.4 kg/cm? (an 81% increase) while
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reducing corrosion rates in saline environments. Miscanthus fibers (Acikel, 2011)
improved compressive strength by 4-28%, tensile strength by 9-25%, and flexural
strength by 2-9%. Euphorbia tortilis extract (Mohanraj et al., 2024) increased
compressive strength by 29%, while utilizing 15% prickly pear cactus mucilage
(Opuntia ficus-indica) as a partial water replacement resulted in a slight increase in
compressive strength, alongside a 39% reduction in liquid permeability and improved

freeze-thaw cycle resistance.

Other plant additives have shown tangible benefits, as nanocellulose fibers at 0.05%
concentration (Kolour et al., 2024) improved compressive strength by up to 28% and
reduced shrinkage by 13%. Straw or husk ash (Kumar et al., 2022) used at 10-20% as
a partial cement replacement enhanced compressive, tensile, and flexural strength
while increasing resistance to acidic, sulfate, and chloride attacks. Bambusa
arundinacea extract (Ismail, 2014) demonstrated compressive strength superior to that
provided by synthetic inhibitors. In composite systems, such as combining Phragmites
australis fibers at low dosages with waste glass (Ramadan et al., 2023), results
demonstrated that dosage is a critical factor; low dosages improve ductility and

bearing capacity, while excessive dosages lead to decreased compressive strength.

Transitioning from the global scale to the regional context, Algeria represents a
particularly relevant case study, as illustrated by the vegetation zone map of Algeria
(Fig. 2.4). This map reveals a pronounced climatic and ecological gradient extending
from the Mediterranean coastal zone to the Saharan regions. The northern areas are
dominated by tree species such as cork oak, Atlas cedar, Aleppo pine, and olive trees,
which are of significant interest for bio-based construction materials and insulation
purposes. The Tell Atlas and High Plateaus are characterized by steppe vegetation
rich in fibrous plants such as esparto grass, diss grass, and sagebrush, while the
southern regions host drought-adapted species including date palm, acacia, and
tamarisk, alongside abundant agricultural residues such as wheat and barley straw.
This spatial distribution demonstrates that Algeria possesses a wide range of plant
resources providing substantial potential for the development of locally sourced, bio-

based concrete materials (Meddour et al., 2021).
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Fig. 2. 4. Vegetation Zones of Algeria for Bio-Based Construction (Meddour et al., 2021).

Numerous studies have confirmed that the incorporation of such plant-derived
materials, both globally and locally, can lead to significant improvements in concrete

performance when used in optimized proportions, including enhanced compressive,
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tensile, and flexural strengths, as well as improved durability and resistance to
permeability and corrosion (Chaitanya et al., 2023; Antony et al., 2024). Within this
framework, cork, which is abundantly available in northern Algeria, emerges as a
strategic bio-based material due to its exceptional thermal and acoustic insulation
properties, low density, and environmental compatibility. Cork has already been
extensively investigated within our laboratory, forming the scientific basis for its
detailed presentation and performance evaluation in cork-based concrete systems in

the following section.

2.2. A Comprehensive Overview of Cork as a Material
2.2.1. Geographical Distribution

Cork is a natural, renewable, non-toxic, and biodegradable raw material that has been
utilized by humans for over 5000 years across various sectors (Petlitckaia et al., 2024).
It exhibits an exceptional combination of properties—including thermal and acoustic
insulation, abrasion resistance, and durability—that make it particularly suitable for
applications in construction and infrastructure. These intrinsic characteristics, along
with its low environmental footprint, enable cork to meet key criteria for green

building practices, sustainability standards, and energy efficiency regulations.

Cork is derived from the outer bark of the cork oak tree (Quercus suber L.), a species
belonging to the Fagaceae family. Widely recognized as an environmentally friendly
material, cork is harvested cyclically without harming the tree, allowing for
continuous production throughout the tree’s lifespan. The cork oak, native to the
Mediterranean region, is a long-lived species that sequesters atmospheric CO: and
demonstrates remarkable resilience to harsh climatic conditions—attributes largely
attributed to the protective nature of its bark. The quality and thickness of cork bark
are influenced by the specific environmental conditions in which the tree grows. Cork
oak is an evergreen, slow-growing species that thrives only in select regions where it
can receive abundant sunlight and a rare combination of low annual rainfall with

relatively high humidity (Silva et al., 2005).

Cork oak forests are primarily distributed across the western Mediterranean basin,
encompassing parts of Southern Europe and North Africa, including Portugal, Spain,
Morocco, Algeria, Tunisia, southern France, and specific regions of Italy (notably

Sicily and Sardinia) (Fig.2.5). These areas provide the distinct climatic conditions—
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dry summers and mild winters—necessary for the growth and sustainability of the
species. Beyond their economic value, these forests play a vital ecological role by
combating desertification and supporting rich biodiversity. The majority of cork oak
trees are integrated into multifunctional agroforestry systems that combine cork
harvesting with livestock grazing, hunting, and the collection of other non-timber
forest products. This land-use system, known as Montado, has been recognized by the
European Environment Agency as a High Nature Value farming system and is
included in the EU Habitats Directive as a conservation-priority habitat. Nevertheless,
this ecosystem faces increasing threats from both biotic and abiotic stressors,
including insect infestations and wildfires (Pereira, 2007; Machado et al., 2016;

Alexandre Ricardo, 2019).

Cork oak forests span an estimated 2.2 million hectares worldwide, with
approximately 700 000 hectares located in North Africa and 1.5 million hectares in
Europe. Notably, Portugal accounts for nearly one-third of the global total—
approximately 737 000 hectares—representing 23% of its national forest area and
34% of the world’s cork oak forest coverage. Europe, as a whole, is home to about

60% of the total cork-producing forest area.

The global annual cork production is approximately 201 000 tons, predominantly
sourced from cork oak trees in Portugal and Spain, which contribute 49.6% and 30.5%
of the raw material supply, respectively. According to (Lopes et al., 2000), over 67%
of'the world’s cork oak forests are concentrated in Portugal, Spain, France, and Italy—

countries that collectively produce more than 85% of global cork output.

Portugal leads the global cork industry, where cork products represent around 1% of
the national GDP and are largely export-driven. According to the Portuguese Cork
Association (APCOR, 2015), annual cork exports exceed €1.346 billion. In 2018,
Portugal exported 201 000 tons of cork—over 90% of its total production—
representing 62.5% of the global market. Consequently, the European Union accounts
for approximately 80% of worldwide cork production (Chorana et al., 2019; Costa et
al., 2019; Cunha et al., 2020).
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Fig. 2.5. Global Distribution of Cork Production in Mediterranean basin (Reddit, 2021).

Globally, cork production is estimated at 340 000 tons per year. Natural cork stoppers
are the industry's most valuable product, forming the backbone of the cork sector, with
an estimated market value of USD 1.3 billion annually. Cork is used in a broad range
of applications, including flotation devices, insulation, and energy absorption systems
such as thermal shielding for space shuttles. More recently, cork has been studied as
a biosorbent material for removing heavy metals, polycyclic aromatic hydrocarbons

(PAHSs), and oil from contaminated environments (Chorana et al., 2019).

35

—
| —



Cork's unique combination of properties—including low density, elasticity, durability,
impermeability to liquids, low thermal and electrical conductivity, sound insulation,
abrasion resistance, fire retardance, hypoallergenic qualities, and longevity—
distinguishes it from other natural materials such as wood or stone (Pereira, 2007).
These characteristics make cork an attractive material across various sectors, from
construction to aerospace. Nevertheless, cork is globally recognized for its use as a
sealing material, with approximately 70% of global cork production dedicated to wine
bottle stoppers. The production of cork stoppers generates around 50 000 tons of cork

waste annually—equivalent to 25-30% of the input material (Jové et al., 2011).

In the construction sector, cork is increasingly valued for its sustainability and natural
origin (Gomes, 2016). Rising market demand for environmentally friendly materials
has contributed to cork’s appeal, particularly in high-value and distant markets such
as Asia, the United States, and Australia. Its applications in flooring, wall cladding,
and insulation have grown significantly, driven by innovation in design and product
development. High-profile architectural projects—such as the use of cork in facade
cladding—have also boosted public awareness, as seen in the Portuguese Pavilions at

the World Expos in Hannover (2000) and Shanghai (2010) (Machado et al., 2016).

Several cork-based materials are used in the construction industry, including:
untreated cork boards stripped directly from tree trunks; granulated cork; cork
composites (made from granules and resin); rubber—cork blends; and expanded cork
agglomerates without resin. In addition, advanced cork products combine cork with

other materials, typically for customized technical solutions.

A major byproduct of the cork industry is cork granules, derived from the trimming
and cutting residues during stopper production. These granules are subjected to heat
and pressure in sterilization chambers to form either expanded agglomerates
(produced without synthetic binders) or composite agglomerates (produced with
synthetic resins). Both stopper production and agglomerate manufacturing generate
waste, with rejected materials accounting for 20-30% of the raw cork input. Cork
dust—the most abundant form of waste—is usually incinerated for energy recovery,
while rejected granules are often recycled into new production cycles. Although much
of the cork waste is reused, it is still considered a byproduct of relatively low

commercial value (Cunha et al., 2020).
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Cork formation is closely associated with specific physiological processes occurring
in the bark of the cork oak tree (Quercus suber L.) (Fig.2.6). In plant anatomy, cork—
referred to as phellem—is a protective tissue that constitutes a key component of the
periderm (outer bark). This layer encases the trunk, branches, and roots of the tree,
serving as a natural barrier that safeguards the internal tissues from environmental

stressors (Machado et al., 2016).

Fig. 2.6. Cork oak tree after bark harvesting (Gibson, 2016).

2.2.2. Cork Oak Forests in Algeria

Cork oak forests (Quercus suber) are naturally distributed across Algeria’s
Mediterranean coastal and mountainous zones (Fig.2.7). Notably, these forests are
well-documented in the Tell Atlas range in northwestern Algeria. For example,
Tlemcen National Park contains cork oak stands situated at elevations between
approximately 1084 and 1418 m, with an average annual rainfall of around 483 mm.
In the Kabylie region (Tizi Ouzou), cork oak forests extend from the coastal lowlands
to mountain slopes exceeding 1000 m in elevation, thriving under humid to semi-
humid Mediterranean conditions with annual precipitation ranging from 700 to 1500
mm.

Further occurrences are recorded in El Kala National Park, the Akfadou Mountains
(700-860 m), and the Séraidi Forest within the Edough range in Annaba. Across these

regions, cork oaks are typically found on humus-rich soils developed over sandy or
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sandstone substrates, occupying a broad altitudinal range and demonstrating their

adaptability to diverse ecological conditions.
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Fig. 2.7. Distribution Map of Cork Oak Trees in Algeria (Dehane et al., 2014).

2.2.3. Environmental Characteristics of Cork Oak Forests in Algeria

Algerian cork oak forests demonstrate remarkable ecological consistency across
multiple study sites, characterized by several distinctive patterns. These forests show
a clear preference for sandy or sandstone-derived soils enriched with humus,
reflecting their adaptation to well-drained substrates with mildly acidic conditions.
Their resilience to variable precipitation is particularly notable, as research indicates
they can flourish across a wide annual rainfall gradient spanning from approximately
500 mm to 1 500 mm. This precipitation tolerance explains their extensive distribution
throughout diverse ecological zones, ranging from coastal lowlands to mountainous
terrain. A defining feature of these ecosystems is the ubiquitous presence of Erica
arborea (heath tree) alongside cork oak across different geographical locations, which
points to shared environmental preferences or potentially beneficial ecological
interactions between these species. Furthermore, the altitudinal distribution of cork
oak forests extends from sea-level coastal areas to elevations surpassing 1,400 meters,
underscoring their considerable adaptability to varied altitude conditions within the
broader Mediterranean climatic context.

These environmental characteristics offer valuable insights into the habitat
requirements and community structure of cork oak forests in Algeria. Variations in

certain factors, such as rainfall and elevation, across different sites highlight the cork
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oak's ecological flexibility, which may play a key role in its resilience to
environmental changes.

2.2.4. Cork Growth and Productivity in Algeria

Cork oak forests are of high cultural and environmental value, supporting a rich
diversity of plant and animal species. The management of cork oak forests is primarily
focused on cork production, particularly on preserving cork growth and ensuring its
quality. Several factors influence cork growth, including genetic diversity, site quality,
stand conditions, individual tree characteristics, and the cork stripping process. The
quality of cork is determined by three main factors: cork thickness, porosity, and the
presence of defects such as insect channels or wood inclusions. To achieve high-
quality cork, low porosity and high density are essential. In Algeria, cork oak forests
cover approximately 450 000 hectares. The current state of these forests is considered
unstable, with challenges such as tree degradation, frequent fires, and a lack of skilled
labor for cork extraction. Over the past two decades, the productivity and ecological
integrity of cork oak forests in Algeria have significantly declined. Studies indicate
that annual cork production has fallen from around 20 000 tons to less than 10 000
tons between 2000 and 2010. This decline is attributed to changes in forest structure,
from dense to less dense forests, and a reduction in ecosystem services (Chorana et
al., 2019).

Additionally, poor management practices, land conversion, overgrazing, and climate
change have led to a sharp decrease in the productivity and sustainability of cork oak
forests in Algeria since 2000. The economic viability of cork harvesting has been
undermined by inadequate harvesting techniques, land conversion to housing and
agriculture, and poor forest management. From an environmental perspective, the
pressures include widespread overgrazing, reduced rainfall, rising temperatures,
recurring droughts, and soil degradation, with projections suggesting a decline in
suitable habitats by 1.1% to 4.2%.

While cork oak trees demonstrate resilience, with a survival rate of up to 92.74% after
fires and active regeneration, the decline in cork quality and the weakening of
mycorrhizal root connections highlight the ongoing challenges to the sustainability of
these forests.

2.2.5 Anatomical Structure

Fig. 2.8 presents the cross-sectional analysis of Quercus suber trunk reveals a stratified

organization comprising internal xylem and external bark, developing through
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continuous activity of two specialized cambial tissues: the vascular cambium, which
differentiates bidirectionally producing secondary xylem centripetally and phloem
centrifugally, and the cork cambium (phellogen), which generates phloem elements
inward and phellem (cork tissue) outward (Machado et al., 2016). The cork oak
exhibits unique periderm properties distinguishing it from other species, including a
continuous circumferential phellogen forming homogeneous cork layers, exceptional
meristematic longevity, and remarkable regenerative capacity following extraction
through traumatic phellogen formation within residual phloem tissue. Periderm
development initiates during the first year, with initial radial expansion inducing
longitudinal stresses causing characteristic virgin cork fissuring; upon debarking,
regenerated cork demonstrates superior structural integrity due to reduced mechanical
stress from increased stem diameter. Cork production follows seasonal rhythms with
phellogen dormancy during winter (November-March) and active growth in spring-
summer (April-October), with annual increments demarcated by dark bands
representing late-season cell production; maximum accumulation occurs immediately
post-extraction, declining gradually until subsequent harvest (Costa et al., 2019). Cork
tissue contains radially-oriented lenticular channels formed by specialized lenticular
cambium, facilitating vital gas exchange (O2, CO:) and moisture transfer between
internal living tissues and external environment; these channels exhibit variable
density and diameter, with porosity decreasing progressively from trunk base to apex
primarily through diameter reduction rather than numerical decrease, representing a
genetic adaptation to environmental fluctuations (Silva et al., 2005; Costa et al., 2021).
Annual cork accumulation averages 4.1 mm (range: 1.7-6.0 mm), and following
standard 9-year production cycles, harvested planks are classified by thickness from
very thin (<22 mm) to very thick (>54 mm), determining industrial applications. Cork
extraction is performed manually during peak physiological activity (late spring-early
summer) when phellogen fragility facilitates separation; initial virgin cork harvest
occurs at (~20-25) years when trunk circumference reaches 70 cm at 1.3 m height,
with subsequent 9-year cycle extractions throughout the tree's (170-200) year lifespan,
enabling 15-18 harvests (Machado et al., 2016). Post-extraction processing involves
boiling (~1 hour at 100°C) to enhance flexibility, expand lenticular structures,
improve cellular organization, and induce gas expansion in collapsed cells, followed
by drying to ~20% moisture content (Silva et al., 2005). Three cork types are produced
throughout tree lifespan (Fig. 2.9) virgin cork (first harvest, 20-30 years) characterized
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by structural irregularity and used for insulation boards and decorative products;
second cork (first regeneration, 9+ years post-virgin) with improved uniformity but
intermediate quality; and Amadia cork (second regeneration, 9-year cycles) exhibiting
homogeneous structure ideal for premium wine stoppers with typical thickness of 20-

50 mm (Machado et al., 2016).

Xylem

Vascular Cambium —

Non active Phloem
Phelloderm Bark

Phellogen :] Periderm
Phellem

Epidermis

Fig. 2.8. Anatomical cross-section of a young cork oak stem

depicting tissues before cork is harvesting (Pereira, 2007).
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(Dhandapani et al., 2021).

2.2.6. Morphological Characterization

Fig. 2.10 shows that cork exhibits highly organized cellular architecture comprising
hexagonal prismatic cells arranged in radial rows perpendicular to the trunk axis,
tightly packed base-to-base creating efficient space-filling honeycomb structure;
sectional analysis reveals orientation-dependent morphologies with hexagonal
profiles in longitudinal sections and stacked brick-like laminar arrangements in
radial/transverse sections, fundamental to Robert Hooke's 1664 discovery of cellular
structure (Xiaozhou et al., 2017). Cork demonstrates exceptional cellular density of
4x107 to 7x107 cells/cm? despite solid material comprising <20% of total volume, with
average cellular dimensions of ~40 um prism height, ~20 um base edge, and ~1 pm
wall thickness; cells contain isolated internal cavities with no intercellular
communication, exhibiting dimensional variability both intra- and inter-sample

reflecting natural growth heterogeneity (Silva et al., 2005). Cork cells exhibit

42

—
| —



characteristic wall undulation particularly on lateral prismatic surfaces at 2-3
undulations per cell face, intensifying under mechanical stress during growth to form
pronounced wrinkles most evident in transitional zones between growth seasons
where newly formed cells collapse under pressure from late-season cells; late-season
cells with thicker walls and shorter prisms show reduced undulation and enhanced
mechanical resistance, with high suberin and wax content enabling wall flexibility and
layer sliding during undulation without fracturing (Pereira et al., 1987; Pereira, 2015).
Cork tissue comprises dead cells lacking cytoplasmic content with gas-filled cavities
bounded by thin cell walls exhibiting complex multi-layered organization: a thin inner
primary wall rich in lignin and cellulose, a thicker secondary wall with alternating
suberin and wax lamellae (potentially partially lignified), and a thin polysaccharide-
rich tertiary layer surrounding the lumen (Xiaozhou et al., 2017). Seasonal growth
rhythms produce two distinct cell types: early cork cells (spring-summer) with larger
dimensions and thinner walls comprising 90-95% of cork volume in 50-150 cellular
layers per annual ring, and late cork cells (late summer-autumn) with reduced height,
thicker walls, darker microscopic appearance in 4-8 cellular layers representing ~20%
of volume but significantly influencing mechanical properties including rigidity and
compressive resistance (Pereira, 2015). Standard light microscopy reveals no apparent
cell wall openings, however transmission electron microscopy detects submicroscopic
plasmodesmata (~100 nm diameter)—vestigial channels from cell division facilitating
pre-mortem cytoplasmic exchange; macroscopic lenticular channels represent cork
porosity visible as circular points or parallel lines, with porosity coefficients ranging
from <2% (premium quality) to >15% (low quality) directly influencing material

properties and commercial value (Pereira et al., 1987; Costa et al., 2019).

Fig. 2.10. SEM images depicting the three principal anatomical planes of cork

tangential (a), transverse (b), and radial (c) sections (Pereira, 2015).
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2.2.7. Chemical Properties

Chemical investigations of cork date to the 18th century by Brugnatelli (1787) and
Chevreul (1815), with Klauber's (1920) report representing the first comprehensive
compositional analysis, followed by identification of cellulose Zetsche & Rosenthal
(1927) and extensive studies by Pereira (1988), Conde (1998), and Dehane (2014)
(Pereira, 2015; Gomes, 2016). Chemical constituents form a three-dimensional solid
matrix encasing air-filled cells, with composition varying based on geographical
origin, climatic and edaphic conditions, genetic background, tree dimensions and age,
cork type (virgin vs. regenerated), and environmental growth conditions (Silva et al.,
2005). Fig. 2.11 illustrates an analytical investigation of three anatomical bark layers
(rhytidome, phellem, phelloderm) reveals compositional gradients with suberin
predominating across all layers, lignin as second major component, significantly
higher suberin concentrations in phelloderm and phellem than rhytidome,
holocellulose and lignin concentrating in outer bark, greatest compositional variance
in suberin and holocellulose levels, and no significant geographical variation (Jové et
al., 2011). Suberin (43% dry mass), the predominant cork component, is a glyceridic
polyester conferring exceptional elasticity with monomeric composition of glycerol
(40.8%), a,m-dicarboxylic acids (36.4%), w-hydroxy acids (21.0%), and ferulic acid
(2.7%); compositional variation exists between virgin cork (o-hydroxy acids 47.0%,
a,o-dicarboxylic acids 11.7%) and reconstituted cork (o,w-dicarboxylic acids 53.0%,
o-hydroxy acids 30.6%), with suberin forming lamellar structures enabling cell wall
deformation and recovery under mechanical stress. Lignin (22% dry mass) is a
complex cross-linked aromatic polymer providing structural rigidity and compressive
strength, derived from p-coumaryl, coniferyl, and sinapyl alcohols, with cork lignin
profile comprising 95% guaiacyl units, 3% syringyl units, 2% p-hydroxyphenyl units,
and ~14% methoxyl content. Polysaccharides (20% dry mass) represent the least
structurally significant cell wall component, with cork containing substantially less
cellulose/hemicellulose than wood (20% vs. 70-80%), distributed as cellulose (~10%),
hemicellulose (~12%), neutral sugars (glucose 46%, xylose 25%, arabinose 18%,
minor galactose/mannose/thamnose), and uronic acids (~12% of total
polysaccharides) (Pereira, 2015). Extractives (16.2% average) comprise non-polar
compounds (5.8%) and polar compounds (10.4%), with total content ranging 8-24%
including lipophilic compounds (triterpenes, fatty acids, alkanes, alkanols) and

phenolic compounds (phenols, flavonoids) (Costa et al., 2019). Cork stopper
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functionality derives from specific chemical properties: suberin imparts flexibility and
compressibility, lignin provides structural rigidity, and extractives (particularly
waxes) enhance impermeability to liquids/gases preventing wine oxidation, with free
(non-bonded) components influencing wine organoleptic properties (Silva et al.,

2005).

‘ Structural Components ‘ Non-Structural Components
Suberin Extractives Inorganic Minerals
~ 43% of dry mass
~ 16.2% ~1.2%
Lignin -
~ 22% of dry mass low molecular weight Measured as ash at
compounds removable 525°C
Polysaccharides using solvents

20% of dry mass

Cellulose

Hemicellulose

Fig. 2.11. Chemical Composition of Cork (Pereira, 2007).

2.2.8. Physical Properties

Cork exhibits remarkably low density (120-200 kg/m®) resulting from cellular
structure of hollow closed cells with minimal solid material, conferring slow water
absorption rate, high surface buoyancy, and exceptional lightweight characteristics
(Machado et al., 2016). Cork provides outstanding thermal insulation due to high air
content, small closed-cell dimensions preventing gas convection, multiple cell walls
causing repeated thermal radiation absorption/reflection, low thermal conductivity of
trapped air, and minimal solid material proportion, with heat transfer mechanisms
(conduction, convection, radiation) significantly reduced by cellular architecture
(Silva et al., 2005). Cork demonstrates exceptionally slow water diffusion with
diffusion coefficients of 1x10"" m?s (non-radial) and 4x107'° m?/s (radial),
permeability of 280.5%x107'* mol/(m.s.Pa) for liquid water and 110.1x107"
mol/(m.s.Pa) for water vapor, attributed to absence of open intercellular channels,
hydrophobic suberin in cell walls, and lipophilic extractives; gas permeability to non-
condensable gases (He, O2, N2, CO2) is significantly low with transport occurring
primarily via molecular flow through plasmodesmata channels following Knudsen

diffusion mechanism (Pereira, 2015). Cork exhibits hydrophobicity with low
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wettability toward polar liquids (water), lipophilicity with high affinity for non-polar
liquids (resins) influencing adhesive/coating interactions, and high friction coefficient
enhancing grip applications. Cork demonstrates low sound transmission rate with high
acoustic resistance (~1051.2 kg-m2-s™"), sound absorption coefficients >0.6 at 1-5
kHz (natural cork, outer surface orientation), 100% sound absorption at 2100 Hz in
85% cork composites, and particular effectiveness at 500-2000 Hz frequency range

(Novais et al., 2020; Miguel et al., 2021).

2.2.9. Mechanical Properties

Cork is a unique viscoelastic material capable of substantial deformation under
pressure without fracturing, complete dimensional recovery upon pressure release,
and no cellular or cell wall breakage even at > 60% strain. Cork exhibits minimal
perpendicular dimensional change during compression resulting in very small
Poisson's ratios, with compressive properties strongly influenced by density and
Young's modulus of ~10.4 MPa (radial direction) and ~9.2 MPa (non-radial
direction); the cellular structure facilitates substantial energy absorption and post-
deformation shape recovery suitable for shock-resistant and load-bearing applications.
Tensile behavior is strongly dependent on density and porosity with fracture initiation
near pores, while bending causes fracture on tensile side when critical strength is
exceeded; Young's modulus is significantly lower in compression than tension due to
cell wall corrugation influencing tension-compression asymmetry. Advanced
nanoindentation techniques reveal hardness of ~0.54 GPa (untreated) decreasing to
~0.51 GPa (boiled) and Young's modulus of ~11.47 GPa (untreated) increasing to
~11.81 GPa (boiled), indicating that boiling enhances cell wall flexibility, reduces
hardness, and improves deformation/compression capacity without fracture (Silva et

al., 2005).

2.2.10. Thermal Insulation and Fire Resistance

Cork's low thermal conductivity stems from minimal solid material proportion, gas
trapped within closed cells, prevention of thermal convection by small closed cells,
and repeated absorption/reflection of thermal radiation on multiple cell walls; cork
plays significant roles in building thermal insulation and energy conservation, with
cork-based composites with alkaline-activated materials achieving thermal

conductivity as low as 68 mW/m-K among the lowest recorded values (Novais et al.,
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2020). Cork's specialized cell wall structure confers superior thermal stability
compared to synthetic polymers (polystyrene, polyurethane), retaining fundamental
cellular structure at 350°C (with some cell expansion and wall thinning) and
maintaining basic structure above 2000°C; minimal polysaccharide content and
suberin thermal stability contribute to high-temperature performance, positioning cork
as ideal fire-resistant insulation material with promising cladding system performance
versus conventional plastic foams in ignition time, heat release rate, and fume

emission (Pereira, 2015; Benhalima et al., 2020).
2.2.11. Hygroscopic Properties and Porosity

Cork exhibits complex water interaction mechanisms influenced by its cellular
structure and porosity characteristics. Water diffusion occurs through cellular cavities,
particularly under low relative humidity, affecting physical properties and
compressibility, with advanced imaging techniques (NMR, THz spectroscopy /
imaging, electrical resistance measurement) enabling liquid movement tracking
through the cellular structure (Teti et al., 2011). Structural modifications significantly
impact water absorption: reducing cork particle size below 0.1 mm destroys ~98% of
intact cells through extensive cell wall rupture, dramatically increasing exposed open
cells and surface area-to-volume ratio while maintaining chemical composition but
losing original physical structure and functional properties (Pereira, 2015). Water
absorption proceeds through two distinct phases (Phase 1 involving cell wall swelling
with dimensional and mass changes, and phase 2 with mass increase only as water
enters saturated cells) with diffusion coefficients at 90°C approximately twice room
temperature values, activation energy of ~62 kJ/mol comparable to polymeric
materials, and a unique evaporation-condensation mechanism enabling water
penetration into closed cells. Cork quality significantly influences absorption
capacity, with lower-grade specimens absorbing substantially more water and
showing greater thermal expansion at 100°C; dimensional stability corresponds to cell
wall moisture saturation, while a 1 mm-thick cork sheet requires >1 year for full

saturation, highlighting complex slow water diffusion processes (Miguel et al., 2021).

Cork porosity originates from lenticular channels—cylindrical radial passages with
lignified non-suberized cell walls, loose cellular arrangement, and large intercellular
spaces that facilitate gas exchange (02, CO:) and moisture transfer between internal
tissues and external environment. Porosity coefficients range from <2% (high-quality

cork) to >15% (low-quality cork), with substantial inter-tree and intra-tree variations
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representing genetic adaptation to environmental fluctuations; progressive porosity
decrease from trunk base to apex results from lenticular channel size reduction,
demonstrating strong genetic control and functional adaptation (Silva et al., 2005).
Lenticular channel density and size critically determine permeability, mechanical
properties, thermal insulation characteristics, and commercial quality for applications

including stoppers and industrial uses (Costa et al., 2021).
2.3. Cork Concrete: Composite Material Properties

The incorporation of natural cork aggregate into concrete production represents a
modern approach within the field of sustainable materials engineering. This strategy
offers an innovative scientific contribution to the development of environmentally

friendly construction materials with enhanced thermal and mechanical properties.

Virgin cork is known for its unique closed-cell microstructure, in which
approximately 90% of its total volume is made up of air voids. This structure consists
of a cellular microstructure comprising closed air cells enclosed by thin walls
predominantly composed of suberin, a natural hydrophobic biopolymer. The organic
cell walls provide relative resistance to water penetration, while fine intercellular
pores enable connectivity between adjacent cells. This structure yields a highly porous
material (85-95% porosity) and considerable absorption capacity under prolonged
fluid exposure with low density (300-1600 kg/m?®) than conventional concrete (2400
kg/m?) with density reduction up to 50% depending on cork proportion, providing
benefits of lighter structural systems, cost savings in foundation design, and reduced
support infrastructure requirements (Branco et al., 2013). Thermal conductivity ranges
from 0.04-0.25 W/m-K compared to conventional concrete's 1.0-2.0 W/m-K
representing up to 50% reduction, with energy efficiency including heating/cooling
cost reduction up to 30%, high specific heat capacity providing thermal mass
properties for heat absorption/storage/gradual release, excellent resistance to
temperature fluctuations, minimized thermal cracking risk, and stable indoor
temperatures (Barnat-Hunek et al., 2018). Cork's cellular and porous structure
enhances acoustic insulation with impact noise transmission reduction up to 58 dB,
sound absorption coefficient improvement up to 40% versus conventional concrete,
and effectiveness at 500-2000 Hz frequency range for residential and commercial
applications (Branco et al., 2013). Compressive strength ranges 2.5-10 MPa (cork
content 10-50%) adequate for non-structural and certain structural applications with

good flexibility and shock absorption enhancing cracking and dynamic load
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resistance; tensile strength ranges 1-2 MPa (relatively low) with potential
improvement through reinforcing fibers/meshes, while flexural strength ranges 0.5-
2.5 MPa (inversely proportional to cork content) limiting load-bearing structural
applicability but suitable for non-structural applications (Soares et al., 2014).
Durability reaches up to 3% conventional material durability with hydrophobic nature
ensuring long-term stability, natural resistance to fungal growth and mold ideal for
humid environments, good resistance to weak acids/salts/alkalis retaining structural
integrity in aggressive conditions, moderate fire resistance when treated with flame
retardants, and good freeze-thaw resistance with minimal mechanical property
deterioration. Sustainability profile includes reduced carbon footprint, resource
efficiency utilizing cork waste, energy efficiency through superior insulation,
recyclability and reuse potential, and improved indoor environmental quality, with
applications in residential projects (exterior/interior walls, roofing, flooring, precast
units) and specialized applications (3D printing, geopolymer composites, historic
building conservation, electromagnetic/marine insulation) (Barnat-Hunek et al.,
2018). Performance summary from previous studies in Table 2.1 shows physical
properties with cork content 0-80% exhibiting density from 2456 kg/m? (0%) to 614
kg/m? (high cork replacement) and thermal conductivity from 1.52 W/m-K (0%) to
0.10 W/m-K (high cork replacement) (Ghernouti, 2023; Marcos et al., 2023 &
Pacheco Menor et al., 2024) mechanical properties show compressive strength from
67.5 MPa (0%) to 0.56 MPa (>70%) and flexural strength from 9.9 MPa (0%) to 0.8
MPa (high replacement); durability shows total porosity 4.57-49.55%, water
absorption 8.5-94.36%, improved freeze-thaw resistance with mineral additives, and
enhanced chloride diffusion resistance with additives, requiring critical balance
between enhanced thermal properties and reduced mechanical strength (Merabti et al.,

2021; Ortega et al., 2022; Ziregue et al., 2022).

49

—
| —



Table 2.1. Comprehensive Comparison Table of Previous Studies on Cork in Construction Materials.

Study

Material Type

Mechanical Properties

Durability

Key Findings

(Pacheco
Menor et al.,
2024)

Granulated Cork
with Bark (GCB)
replacements 0-
40%

Density: 1900 - 2225 kg/m?* (dry densities)
Compressive: 7.2 - 7.3 (28d for 20-30%
replacement)

Flexural: 3.0 - 3.3 MPa (28d)

Very low strength (non-structural); water
penetration depths high (avg 51.7-81.3 mm)
Thermal conductivity ~0.85 - 1.05 W/m-K (28d)
Total porosity 19.3 - 21.1%; gel & capillary pore
distribution provided

Water Abs: 8.5 - 11.2% (28d)

Suitable for non-structural
lightweight blocks with good thermal
insulation

(Ghernouti et

SCC with 0-75%

Density: 1750 - 2370 kg/m?

Bulk density reduction up to 21%; classified as

EBCA (cork ash/residue) reduces

al., 2023) EBCA (cork | Compressive: 36 — 8 MPa (control 36 | structural lightweight at some replacements (=17 | density but also reduces mechanical
residue MPa; drops with higher replacement of | MPa) strength as replacement increases
replacement) cork) Workability maintained at low replacements;
Flexural: 7 — 4 MPa (decreases with | strength and density trade-offs observed
replacement)
(Ortega et al., | Mortars with | Density: 1050 -1400 kg/m*® (bulk density | Expanded cork shows higher long-term water | Important for durability; cork
2023) sand, expanded | after 1 yr) uptake; natural cork slightly better performance increases long-term water ingress
cork, natural cork, 22 - 32% (absorption after 1 yr for 50% expanded | especially for expanded cork
expanded clay cork mixes)
combinations Permeable pore space up to 32%; 48h immersion
(50/50 mixes) absorption up to 28%
(Ortega et al., | Natural cork 50% | Compressive < 6 MPa (natural cork | Adequate long-term chloride resistance (1 yr) | Recommended for non-structural
2022) or expanded clay | mortars) despite low strength; pore structure improves over | marine applications due to chloride
50% Flexural <2 MPa time resistance and insulation

Porosity increased; cork yields less refined pores

(Ziregue et al.,
2022)

CLCC mixes 0-
70% cork content

Compressive: 24.4 (control) — 12.22
(20%) — 0.56 (70%) MPa

High replacement (>60-70%) results in very low
strength; modulus drops from 28,000 to 8,540 MPa
at 20% and lower after

Compatibility issues at very high cork
contents; significant loss of stiffness
and strength

(Merabti et al.,
2021)

Cork/ligand ratios
C/L1/1,1/2,1/3

Density: 614 - 1572 kg/m? (bulk densities)
Compressive 1.6 - 7.0 MPa (1-365d)
Flexural : 2.5 - 8.5 MPa

Low strengths but very low thermal conductivity;
suitable for insulation and non-load-bearing panels
Thermal conductivity 0.10 - 0.46 W/m-K

Cork composite shows wide density
& strength range depending on
formulation and curing

——
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Along the same lines, in recent years, research within the field of cork concrete has
increasingly focused on integrating virgin cork, derived from the first harvest of cork
oak bark, leading to the development of what is now referred to as "virgin cork
concrete". (Ted;jditi et al., 2020) examined the feasibility of using raw natural cork
granules in lightweight concrete production through an experimental methodology
involving five concrete mixtures with varying cork proportions (0%, 25%, 50%, 75%,
and 100%). Comprehensive laboratory testing assessed physical and mechanical
characteristics including workability via slump test, density, ultrasonic pulse velocity,
compressive and tensile strength, plastic viscosity, and microstructural analysis
through Scanning Electron Microscopy (SEM) to examine interfacial bonding,
porosity, water absorption, and thermal properties. Results in Fig.2.12 revealed that
workability exhibited notable decline with increasing cork content, shifting from high
values in the reference mix to significantly lower levels in cork-rich mixtures, while
density decreased progressively in direct correlation with cork proportion; conversely,
both porosity and water absorption Fig.2.13, increased with rising cork percentage,
reflecting substantial alterations in internal structure and permeability. A significant
reduction in compressive strength was observed, decreasing from 31.4 MPa in the

reference mixture to 0.5 MPa at 100% cork content Fig.2.14.
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Fig. 2.12. Workability and density of the different mixtures (Tedjditi et al., 2020).
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Fig. 2.13. Initial, secondary & water absorption coefficient of concretes (Tedjditi et al., 2020).
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Fig. 2.14. Mechanical properties of concretes (Tedjditi et al., 2020).

Building upon this foundation, Ted;jditi et al. (Tedjditi et al., 2020) further investigated
the influence of different cork water absorption levels during cork concrete
preparation, examining nine mixture types with varying cork ratios (25%, 50%, 75%)
and three water absorption conditions: no water (W0), 2-hour water absorption
(W2H), and saturation water (WSAT). Fig.2.15 demonstrated that cork water
absorption capacity significantly influences concrete properties, notably enhancing
consistency while reducing workability and causing linear density decrease, though

all specimens remained within lightweight concrete classification. The impact on
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porosity was closely related to cork proportion, with the highest mercury intrusion
volume recorded in WSAT samples; specifically, the CC7SWSAT specimen reached
51.4% open porosity, representing a 95% increase. Thermal conductivity values
ranged between 140 and 1230 mW/(m-K), with optimal performance observed in the
W2H mix, while specific heat capacity at 23°C varied from 889 to 1159 J/(kg-K),
reaching maximum values in WSAT samples. Results indicated noticeable
improvement in hygroscopic performance with increased cork water absorption;
however, compressive strength decreased with increasing cork absorption, showing
clear inverse relationship with cork content. These comprehensive investigations
collectively demonstrate that raw cork represents a sustainable and environmentally
friendly alternative material for lightweight concrete production, distinguished by
reduced density, favorable thermal insulation properties, and adequate mechanical
performance for non-structural applications, while cork incorporation contributes to
reducing the environmental footprint of construction materials through utilization of
renewable natural resources.
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Fig. 2.15. Physical and mechanical properties of cork concrete (Ted;jditi et al., 2020):

a) Workability, b) Density, ¢) Mercury porosity, d) Compressive strength.

In summary, cork concrete serves as a compelling example of innovation within
sustainable building materials, effectively combining exceptional thermal and
acoustic insulation properties, low environmental footprint, and structural

performance suitable for diverse applications, positioning virgin cork concrete as a
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promising material warranting further research and development amid increasing

global emphasis on green construction and energy efficiency.

2.4. Lime concrete: a versatile building material

Lime concrete is a specialized type of concrete that incorporates limestone, a
sedimentary rock predominantly composed of calcium carbonate (CaCOs) originating
from the fossilized remains of ancient marine organisms. Owing to its wide
availability, durability, and versatility, limestone has been extensively used as a
construction material for centuries. In recent years, the incorporation of limestone into
concrete mixtures has attracted increasing attention in the construction sector, as it

offers distinctive properties that make it suitable for a broad range of applications.

One of the key reasons for selecting limestone (CaCOs) as a mineral addition in this
study is its wide availability, low cost, and its role as a mineral filler in cementitious

systems.

Furthermore, the studies summarized in Table 2.2 indicate that the incorporation of
limestone into concrete mixtures results in multiple improvements in material
properties, positively influencing overall performance and durability. Limestone
contributes to enhanced compressive strength, with reported increases of up to
approximately 20% compared to conventional concrete, making it suitable for load-
bearing applications. Beyond mechanical enhancement, the smooth and rounded
morphology of limestone particles improves concrete workability, facilitating
placement and finishing operations. Its inherent resistance to weathering and chemical
attack further enhances durability, enabling improved long-term resistance to
environmental degradation. Additionally, the high thermal mass of limestone
contributes to improved thermal performance by moderating temperature fluctuations,
thereby supporting building energy efficiency. Finally, limestone incorporation helps
reduce shrinkage commonly associated with conventional concrete mixtures, leading
to improved dimensional stability and long-term performance (Zareei et al., 2017,

Turk et al., 2022 & Chang et al., 2024).
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Table 2.2. Summary of Research Findings on Limestone-Based Concrete.

Study Limestone Content Results
(Kim et Concrete with varying 10% LP replacement: 28-day
al., 2018) % limestone powder compressive strength close to
replacing cement (10%, control, splitting tensile & flexural
20%, 30%) different strength only slightly lower; 20%—
mixes tested and 30% replacement: strength
compared. reduction more significant;
durability (porosity, permeability)
slightly improved at low LP.
(Ahmed In some mixes, Fresh-state self-compactibility
et al., limestone powder up to achieved; but compressive strength
2020) 15% by weight of decreased with increasing LP
cement replaced cement replacement (because of dilution
in self-compacting effect), compared to pure-cement
concrete (SCC) mixes. SCC.
(Zhang et Limestone powder (LP) For LP content < 15% and LP-
al., 2025) used as part of specific surface area < 600 m%/kg,
cementitious materials concrete showed improved
(LP content ranged 0— physical (workability) and
35% by mass of mechanical properties. If LP
cementitious materials). content increases, strength and
Optimal results when freeze—thaw resistance decrease
LP <15%. (for higher LP).
(Chang et Concrete with Mechanical strength and durability
al., 2024) manufactured sand & improved when mixing method
limestone powder (LP optimized: better workability,
used as fine material) acceptable compressive strength,
from 5 to 20% improved permeability/durability
metrics.
(Turk et In this ECC (Engineered Replacement of sand by LSP
al., 2022) cementitious improved both compressive and
composites) study, flexural strength, and enhanced
limestone powder (LSP) durability (lower permeability,
replaced silica sand (SS) better freeze—thaw and chloride
by 50% or 100% by resistance) due to pore refinement.
mass of the sand
fraction.
(Zareei et Lightweight aggregate 7- and 28-day tests: shows
al., 2017) concrete mixes with optimum replacement levels (often

limestone powder
replacing cement at (0—
20%) plus micro-silica
and lightweight
aggregates

lower % LP), concrete remains
structurally viable; higher LP tends
to reduce compressive strength but
can still be acceptable depending
on mix and use-case. Water
absorption is low and chloride
penetration decreases with
increasing LP.
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2.5. Conclusion

This chapter examines plant-based materials with potential for integration into
concrete mixtures, with particular emphasis on cork as a promising prospect in the
construction sector due to its distinctive physical properties and its abundance within
Algeria’s forest resources. The chapter also provides a systematic review of previous
studies addressing the use of cork in concrete and mortar. The literature survey reveals
that most existing research has focused on cork derived from waste generated during
bottle-stopper manufacturing or from industrially processed expanded insulation
boards, while the use of raw, natural cork as aggregate in cementitious mixtures has

received comparatively little attention.

Based on preliminary results obtained in our laboratory regarding the incorporation of
raw cork into concrete mixtures, it has been demonstrated that this natural material
constitutes a suitable alternative for the development of lightweight concrete. The
resulting composite is characterized by low density and effective thermal insulation
performance. Moreover, the water absorption capacity of cork during the mixing stage
emerges as a key parameter influencing the overall properties of cork concrete, with
absorption effects increasing proportionally to the amount of cork introduced into the
mixture. Notably, concrete produced with water-saturated cork exhibited the highest
specific heat capacity. Although increased cork absorption leads to a reduction in
compressive strength, cork concrete maintains adequate performance for non-

structural and insulating applications.

The following chapter will present a detailed description of the raw materials used in
preparing the concrete mixtures, along with an explanation of the laboratory

procedures and methods employed to determine and evaluate their various properties.
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Chapter 3

Characterization of raw materials and experimental methods

Introduction

The current chapter outlined the adopted research methodology in detail, covering all
phases from the identification of key study variables to the development of an
integrated experimental framework. A comprehensive characterization of the raw
materials used in this study—including cement, fine and coarse aggregates, and both
chemical and mineral admixtures—was carried out in accordance with international

standards, highlighting their physical and chemical properties.

In addition, the procedures used to design and prepare the various concrete mixtures
were thoroughly explained. This included determining the appropriate mix
proportions, methods of mixing, casting, and curing, as well as the testing techniques
employed to evaluate the fresh and hardened properties of the concrete. A
combination of standard and advanced testing protocols was used to ensure a reliable

and in-depth assessment.
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3.1. Experimental study presentation

This study builds upon a series of previous investigations that established a solid
knowledge base regarding the feasibility of using virgin cork as an alternative
aggregate in concrete systems, leading to the development of preliminary
formulations based on this renewable natural resource. In particular, the formulation
proposed by (Tedjditi et al., 2020) identified a cork substitution rate of approximately
25% as an optimal threshold, providing a balance between weight reduction and
acceptable mechanical performance, while highlighting the significant reduction in
compressive strength observed at higher cork contents, which limits their applicability

in structural concrete.

In addition, earlier findings demonstrated that pre-treating 25% of the cork by soaking
it in water for two hours prior to mixing significantly enhanced mix homogeneity,
reduced particle distribution irregularities, and improved the mechanical properties of
the interfacial transition zone between the cork and the cement paste, while also
contributing to a reduction in thermal conductivity. However, these improvements
remained limited in mixtures with higher cork contents, where particle segregation
and weak internal bonding were observed, ultimately leading to a pronounced decline
in mechanical strength and restricting their use to non-structural applications (Tedjditi

et al., 2022).

This work forms part of a comprehensive research program dedicated to developing
virgin cork concrete and investigating its physical and mechanical properties under
laboratory conditions. The central challenge lies in enhancing the structural
performance of cork concrete while preserving its inherent environmental and thermal
advantages. Within this context, the study focuses on evaluating the behavior of this
concrete type under aggressive marine environments by examining chloride ion

diffusion mechanisms through its porous matrix.

To achieve these objectives, the cement dosage was increased to 450 kg/m? to enhance
mechanical performance, and a 10% limestone powder addition was incorporated to
refine the microstructure, while maintaining standardized mixing protocols. The
water-to-cement ratio was also reduced to improve internal cohesion and minimize

crack formation or undesirable increases in porosity.
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Based on these considerations, and to assess the effect of cork pre-treatment, a
comparative study was conducted between two concrete formulations containing 25%

cork replacement, with or without limestone powder:

Formulation A: Direct incorporation of the calculated absorbed water during mixing,
corresponding to the amount absorbed by the cork over a two-hour period—identified
as the transition from rapid to slow absorption approaching saturation (OC+HC ; aw).
Formulation B: Pre-soaking the cork for two hours prior to its incorporation into the

concrete mixture (OC+HC 51w).

This study contributes to the advancement of sustainable concrete technologies by
developing improved cork-based concrete formulations that satisfy structural
requirements. Furthermore, the enhanced understanding of chloride ion transport
mechanisms in this material provides a scientific foundation for assessing its
durability under harsh environmental conditions, thereby supporting the design of

sustainable infrastructure solutions.

3.2. Materials

This chapter provides a comprehensive overview of the primary constituents
employed in the preparation of concrete mixtures, namely the hydraulic binder
(cement), high-range water-reducing admixtures (superplasticizers), mineral
aggregates, and bio-based cork aggregates. It also outlines the various mixture
formulations adopted in the present study, accompanied by a detailed description of
the specimen preparation procedures, carried out in accordance with established
technical standards. The chapter concludes with an in-depth presentation of the
experimental methodologies and analytical techniques applied to assess the

performance of cork-based concrete systems.

This section specifically focuses on the classification and characterization of the
physical and microstructural properties of the raw materials used in the production of
cork concrete. The materials under investigation include the cementitious binder,
mixing water, conventional mineral aggregates (e.g., sand and gravel), and bio-

sourced aggregates in the form of cork.
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3.2.1. Cement

Throughout the experimental campaign, a type of blended Portland cement classified
as CPJ CEM II/A 42.5N was used. This cement complies with the Algerian standard
(NA 442, 2013) and is produced by the Beni Saf Cement Company (SCIBS), located
in (Beni Saf) Ain Temouchent city.

The apparent density (papp) and the absolute density (pabs) of the cement were
determined according to the (EN 196-6, 2010) standard. The specific surface area
(Blaine fineness) was evaluated using a Blaine air permeability apparatus (Fig. 3.1).
A summary of the physical properties of the cement is presented in Table 3.1, while

its chemical composition is detailed in Table 3.2.

3.2.2. Limestone

The limestone filler used in this study belongs to the 0/125 pum particle size class and
is sourced from the El Maleh quarry, located approximately 12 km from the city of
Ain Temouchent. This quarry is operated by the National Aggregates Company
(NAC). The parent rock is of dolomitic limestone origin. Chemical analysis indicates
that the limestone is primarily composed of approximately 53% calcium oxide (CaO).
The absence of clay minerals within the limestone matrix was confirmed by methylene
blue testing (Taleb, 2017). The relevant physical properties of limestone filler are
summarized in Table 3.1, while the chemical composition of the limestone is detailed
in Table 3.2. Scanning Electron Microscopy (SEM) observations revealed that the
limestone exhibits a soft, powdery texture with particles predominantly presenting a

rhomboidal morphology, as illustrated in Fig.3.2.

Table 3.1. Cement & limestone physical properties

) Bulk density Particle density Blaine Specific surface
Materials (kg/m?) (kg/m?) area (cm?/g)
Cement 1019 3037 3615
Filler 966 2700 5162
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Table 3.2. Cement & limestone chemical properties (Taleb, 2017).

Component / SiO: | ALOs | Fe:0s | CaO MgO | KzO | Na:O | SOs | P:Os | TiO:z | Losson | Cl Other
Oxide Ignition Components
Cement (%) 2224 711 476 | 56.99 1.51 0.42 0.59 | 2.05 | 0.16 | 041 2.60 / 1.16
Limestone (%) | 0.06 | 0.29 022 | 52,63 0.84 0.01 0.08 | 0.02 [ 002 | 0.02 | 42.77 | 0.005 /

Fig. 3.1. Blaine permeabilimeter. Fig. 3.2. SEM observation of limestone

(x5000 enlargement) (Taleb, 2017).

3.2.3. Mineral Aggregates

In this study, crushed limestone aggregate was used as the primary material, supplied

by the National Aggregates Company (NAC), located in Sidi Abdelli, Tlemcen city.

The aggregate used in this study was classified into three granulometric categories in
accordance with internationally recognized standards in materials engineering. These
categories include: sand with a particle size range of (0-4 mm), representing the fine
fraction of the mix; small gravel (4-8 mm), constituting the intermediate fraction and

coarse gravel (8—16 mm), representing the coarse fraction of the aggregate structure.

The particle size distribution analysis of the aggregates was conducted following the
British-European Standard (BS EN 932-1, 2012), which outlines standardized
procedures for determining aggregate gradation using the sieve analysis method.
Laboratory results, presented in Fig. 3.7, show that all aggregate fractions exhibit a
continuous and uniform gradation, indicating compliance with the technical

specifications prescribed by international standards.

In this study, the sand exhibited a fineness modulus of 2.92 and contained 12.94%
fine particles. These results indicate that the sand falls within the medium grading

range, which is generally suitable for concrete applications. However, the fines

61

—
| —



content suggests a moderate level of fine materials that may include silt and clay
fractions, which should be carefully considered in relation to concrete workability and

durability requirements.

These aggregates were used according to the standard EN. The particle size
distribution of the aggregates as shown in Fig. 3.6. All laboratory results related to
bulk and absolute densities (BS EN 1097-3, 1998). (BS EN 1097-6, 2013), along with
the 24-hour water absorption rate (Absz4n), were compiled and presented in an
organized manner in Table 3.3. Before mixing, aggregates were dried at 105 °C for

24 hours.

Table 3.3. Physical properties of mineral aggregates.

Mineral Bulk density | Particle density | Water abs24n | Inter particle

aggregates (kg/m?) (kg/m®) (%) porosity (%)
Sand 0-4 mm 1636.4 2701.1 1.71 39.4
Gravel 4-8 mm 1310.9 2592.2 1.59 49.4
Gravel 8-16 mm 1179.6 2580.0 1.22 543

3.2.4. Virgin Cork Aggregate

In this study, virgin male cork was utilized as a partial replacement for conventional
mineral aggregate, while maintaining the same particle size distribution adopted for

the reference mineral aggregate.

The cork used in this investigation was sourced from the Ahfir Forest, located
approximately 10 kilometers south of the city of Tlemcen. This location was
strategically selected due to the availability of high-quality cork oak trees and its
proximity to the experimental site, which minimizes environmental impact from

transportation and helps preserve the natural characteristics of the material.

To ensure consistency and reliability in comparative analyses, the same granulometric
classification applied to the mineral aggregate was also used for the cork aggregate.
This classification includes three primary size fractions: fine (0—4 mm), which
improves workability; medium (4-8 mm), which supports structural cohesion; and

coarse (8—16 mm), which enhances the mechanical strength of the final concrete mix.
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3.2.5. Water

Potable water was used for mixing the prepared concrete batches. The chemical
composition of this water complies with the requirements specified in BS EN 1008
(BS EN 1008, 2002). A chemical analysis of the water was conducted at a constant
temperature of 20 °C, and the pH value was also determined. The detailed results of

these characteristics are presented in Table 3.4.

Table 3.4. Chemical Composition and pH of the Mixing Water (mg/L)

(Tedjditi, 2021).

Ca* Mg* | Na® | K* CI- SO+ | HCOs | pH(»)
110.621 | 42.282 - - 199.400 | 312.740 | 473.515 8.0

3.2.6. Superplasticizer

The superplasticizer employed in this study was Master Glenium SKY 841, it is a
high-performance water-reducing admixture based on polycarboxylate ether (PCE)
technology. It possesses a density of 1060 kg/m?, a chloride content of less than 0.1%,
and a pH value of 5.5. This admixture is specifically designed for concrete
applications requiring extended workability and enhanced mechanical properties. Its
formulation complies with the performance criteria outlined in the European standard
(EN 206, 2013). The product was sourced from BASF Construction Chemicals

company, located in Algiers city, Algeria.

The optimal saturation dosage of the superplasticizer was determined by conducting
a flow spread test using the mini-cone apparatus (Fig. 3.3). Due to variations in cement
quality resulting from the incorporation of limestone, it was found that the optimal
dosage of the superplasticizer ranged between 0.6% and 0.7% of the binder mass,
corresponding respectively to the concrete mixtures with and without limestone

addition.

63

—
| —



Fig. 3.3. Adjuvant used & mini-cone spread test.

3.3. Mechanical Processing and Preparation

The preparation of cork aggregate began with an initial phase of manual collection
and sorting within the Ahfir Forest, where high-quality male cork pieces free from
impurities were carefully selected. This was followed by mechanical grinding, carried
out using a milling machine specifically designed and developed by the research team
at laboratory EOLE. The machine was tailored to accommodate the unique physical

properties of cork and to ensure the production of a uniform final material.

Upon completion of the grinding process, mechanical sieving was employed to
separate and classify the resulting aggregate into three well-graded particle size
fractions (Fig. 3.4). These fractions were categorized based on their granulometric
size as follows: Fine cork aggregate (0—4 mm), Medium cork aggregate (4-8 mm),

Coarse cork aggregate (8—16 mm) (Fig. 3.5).

Sieve Milling Machine

Fig. 3.4. Virgin Cork Preparation.
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Fig. 3.5. Virgin Cork Classes.

3.3.1. The particle size classification of virgin cork

As for the cork aggregate, its particle size distribution was also assessed in accordance
with BS EN 933-1 (BS EN 933-1, 2012). However, due to the unique physical
characteristics of cork-particularly its low bulk density compared to conventional
mineral aggregates-modifications to the standard testing protocol were necessary to
ensure accuracy and applicability. In light of these physical limitations, an adapted
methodology was employed, involving the use of sample quantities corresponding to
the volume of a single sieve tray. These quantities varied depending on the particle
size class being analyzed, with sample weights ranging from 160 to 180 g per fraction.
This approach ensured statistically representative sampling while maintaining test

feasibility.

The granulometric curves presented in Fig. 3.6 highlight the distinctive distribution
characteristics of the various cork aggregate types used in this experimental work. A
comparative analysis reveals a relatively uniform particle size distribution in the
medium and coarse cork fractions (4-8 mm & 8-16 mm), closely aligning with those
of their mineral aggregate counterparts, with only minor variations that do not
significantly impact the mix's engineering properties. Conversely, the fine cork
aggregate (0-4 mm) exhibits a more pronounced divergence in gradation compared to
conventional sand, despite containing a substantial proportion of fine particles. This
variation may influence the workability and cohesiveness of the resulting concrete

mixes.
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Fig. 3.6. Granulometric curves of mineral and virgin cork granules.
3.3.2. Characterization of virgin cork: Density and absorption

The same standard methodologies used to characterize mineral aggregates were
adopted to determine both the bulk and absolute densities of cork aggregate. This
ensured methodological consistency, allowing for accurate scientific comparisons and

statistically reliable analyses.

Bulk density was measured in accordance with the procedures outlined in BS EN
1097-3 (BS EN 1097-3, 1998), Absolute density was determined using the balloon
method, following the specifications of BS EN 1097-6 (BS EN 1097-6, 2013), as
shown in Fig. 3.7a. In this latter test, samples of a constant mass of 30 grams were
used to ensure uniform testing conditions. Prior to testing, the virgin cork aggregates
were dried at a temperature of 60 °C until mass stabilization was achieved. They were
then immersed in water for a period of 24 hours to determine their water absorption
rate over this duration (Fig. 3.7b). Additionally, the inter-particle porosity was

calculated for the various particle size fractions.
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(2)

(b)

Fig. 3.7. Absolute density test (a), 24 h virgin cork absorption (b).

The average values of bulk and absolute densities for the different cork aggregate
types were calculated based on at least three samples per category to ensure statistical

reliability. The obtained results are summarized in Table 3.5.

Table 3.5. Virgin Cork Physical Characteristics

Cork aggregate Apparent Particle density | Water abs 24n | Inter particle
density (kg/m®) (kg/m?) (%) porosity (%)
Cork 04 mm 98.5 200.8 154.6 51
Cork 4-8 mm 91.7 170 91.4 46
Cork 8-16 mm 95.4 207.5 54.2 54

The experimental results indicate that the cork aggregate used in this study, similar to
most bio-based materials reported in the literature, exhibits a high-water absorption
capacity that can reach nearly twice its dry weight. This value is significantly higher
than that observed for conventional mineral aggregates, which generally display very
low absorption rates. The absorption behavior is closely related to the particle size
distribution of the cork aggregate as well as to the specific surface area available for
water interaction. Finer fractions, particularly within the 0—4 mm size range, provide
a larger specific surface area and greater water—solid contact, thereby enhancing
capillary absorption within the porous cork structure. In addition, the mechanical
cutting process leads to more intensive fragmentation of the finer cork particles
compared to coarser fractions such as 4-8 mm and 8-16 mm, resulting in a higher
proportion of voids and open porosity. Consequently, these microstructural
characteristics contribute to the markedly higher water absorption capacity observed

in the finer cork aggregate fractions.
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3.3.3. Assessment of Virgin Cork Absorption Properties

A series of rigorous laboratory experiments were conducted to elucidate the behavior
of cork samples when exposed to different aqueous media, following a two-stage
experimental protocol:

% Cork Water Absorption Tests

Virgin cork samples were immersed in deionized water under controlled laboratory
conditions (20 £ 2 °C). Volumetric changes were monitored daily for 30 days using
high precision measurement techniques, whereas mass variations were tracked for

24 days (see Fig. 3.8).

Fig. 3.8. Virgin Cork Water-Absorption Tests.

Experimental investigations conducted on natural virgin cork demonstrated its
pronounced capacity for water absorption. However, the three categories of cork
samples prepared in the form of fine granules exhibited significantly higher water
uptake compared to those manufactured as parallelepiped specimens.

It was further observed that although cork rapidly absorbs water, it also releases it
quickly once removed from the water medium. The drying process initiates
immediately, and within less than one hour, the material returns to its original dry
mass. This behavior plays a particularly important role during the early stages of
concrete curing, where the gradual release of stored water promotes internal curing.
Consequently, this mechanism contributes to pore structure refinement at the
microscopic scale, which positively influences the long-term mechanical performance

of cork-based concrete.
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The study adopted a systematic experimental approach involving three parallelepipeds
virgin cork specimens immersed in water for a total duration of 24 days. The samples
reached a saturated state after approximately 18 days of immersion. The recorded
parameters included the initial dry mass, post-immersion mass, and the corresponding

mass variations, as presented in Fig. 3.9 and summarized in Table 3.6.

—o—Cork1 Cork 2 —o—Cork 3
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Fig. 3.9. Mass variation after 24 days of immersion.

Table 3.6. Mass evolution after 24 days of continuous immersion.

Virgin Cork Codes Cork 1 Cork 2 Cork 3
Dry Mass at Initial State (g) 13 13 13
Mass After 24 Days of Immersion (g) 19.52 18.52 16.15
Mass increase (%) 50.2 48.4 25.8

The water absorption kinetics of the three virgin cork specimens shaped as
parallelepipeds revealed a clear two-stage behavior over the 24 days immersion
period. All samples started from the same initial dry mass (13 g). The first stage
corresponds to rapid absorption during the initial seven days, characterized by a steep
increase in mass due to fast capillary filling of large and open pores. This phase is
followed by a second stage (7-24 days), during which the absorption rate gradually
decreases until equilibrium is reached.

Quantitative results indicate significant variability among the samples. Cork 1

exhibited the highest mass increase, reaching 50.2% (19.52 g), followed by Cork 2
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with 48.4% (18.52 g). In contrast, Cork 3 showed a substantially lower increase of
only 25.8% (16.15 g), representing nearly a 95% difference compared to Cork 1. This
pronounced variation reflects fundamental differences in pore structure, pore size
distribution, and apparent density. Higher absorption levels are associated with a more

open cellular structure and greater overall porosity.

Furthermore, Fig. 3.10 and Table 3.7 illustrate the mass evolution of cork granules of
different particle sizes during a 12-day immersion period. Small-sized particles (0—4
mm) exhibited continuous and rapid mass growth, reaching saturation by the 9 days
at 139 g and recording the highest relative increase (178%). In contrast, larger
particles (6—8 mm) showed the lowest growth rate (118%) and the smallest overall
mass change (96%). For all three particle size categories, mass stabilization was

observed from the ninth day onward.
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Fig. 3.10. Mass variation of the three categories of cork after

Immersion to saturation.

Table 3.7. Mass differences in the three cork types after immersion until saturation.

Cork 1 2 3 4 5 6 7 8 | 9-12 Mass
Classes increase (%)
0-4mm | 50 | 78 | 79 | 102 | 125 | 129 | 133 | 137 | 139 178
4-8mm | 50| 90 | 92 | 96 | 99 | 102 | 103 | 105 | 109 118
8-16mm | 50 | 83 | 84 | 84 | 87 | 92 98 98 98 96

70

—
| —



These findings demonstrate a clear inverse relationship between particle size and mass
growth rate. Smaller cork particles, due to their higher surface area-to-volume ratio,
displayed greater water absorption capacity. This enhanced absorption can be
attributed not only to the intrinsic porosity of cork but also to the higher number of
surface perforations generated during the cutting process, which are more pronounced
in smaller particles.

Fig. 3.11 & Fig. 3.12 present a comparative analysis of two distinct methodologies
employed for measuring the volume of virgin cork specimens, an aspect of
considerable significance in the field of material characterization and physical
measurements. The first approach, known as the dimensional method, relies on the
direct measurement of linear dimensions (length, width, and height), followed by
mathematical calculation of volume. This conventional technique assumes that the
specimen possesses a regular geometric configuration. The second approach, the
displacement method, is based on Archimedes' principle, whereby the actual volume
is determined through measurement of the quantity of displaced liquid. This method
is generally characterized by higher accuracy, particularly when dealing with

irregularly shaped objects.

Width (cm)

Fig. 3.11. Average volume calculated from dimensional measurements.
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Cork Volume Measurcment by Water Displacement Method
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Fig. 3.12. Schematic representation of volume measurement by water

displacement.

Table 3.8 demonstrates clear volumetric stability for all three types of cork after 30
days of immersion. The dimensional method recorded nearly identical values (60.04—
60.07 cm?), while the displacement method yielded a consistent value of 60 cm?, with
a deviation between the two methods not exceeding 0.12%. These findings indicate
that cork is capable of absorbing significant amounts of water (corresponding to a
mass increase ranging from 25.8% to 50.2%) without exhibiting measurable
volumetric expansion. This behavior can be attributed to its closed cellular structure

and the elasticity of its cell walls.

From an applied perspective, such dimensional stability represents a favorable
characteristic, as it prevents the development of expansive stresses and cracking in
concrete under moisture exposure. Nevertheless, this stability does not eliminate the

challenge associated with the material’s high water absorption capacity.

Table 3.8. Average volume of cork samples after 30 days of immersion

Dimensional Method (cm®) | Displacement Method (cm?)
Cork 1 60,04 60
Cork 2 60,03 60
Cork 3 60,07 60

As previously mentioned, the volume of the cork samples remained nearly constant
throughout the immersion period, while an increase in mass was observed. This
suggests that water absorption occurred only at the surface level. This observation was

confirmed by cutting the cork samples after 60 days of immersion, where it was found
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that the inner core of the samples remained dry, indicating that water had not

penetrated the interior of the material. This finding is illustrated in Fig. 3.13.

Fig. 3.13. Longitudinal section of immersed virgin cork for internal examination.

3.4. Methodology for the composition of virgin cork-based concretes

The methodology adopted in this experimental campaign for formulating cork-based
concretes was based on the principle of volumetric replacement of the mineral
aggregates used in conventional concrete with natural cork aggregates. The mix
design of the two reference concretes was determined using the established Dreux-
Gorisse method, and these references served as the comparative baseline throughout

the experimental study.

Building upon this reference mix, various cork-based concrete formulations were
developed by substituting 25% of the total volume of mineral aggregates with an
equivalent volume of natural cork aggregates. In order to maintain the initial density
of the mix and avoid major variations, a homogeneous replacement strategy was
applied. This approach involves replacing each granulometric fraction of mineral
aggregate with cork aggregate of the corresponding particle size. Specifically, sand is
replaced by cork particles sized (0-4 mm), gravel in the (4-8 mm) range is replaced
by cork of the same range, and the (8-16 mm) gravel fraction is replaced by (8-16
mm) cork particles. Meanwhile, these investigations consistently show that

integrating cork into concrete results in a lightweight material with excellent thermal
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and acoustic insulation properties, but reduced mechanical properties, marked by

relatively poor microstructural properties (Tedjditi et al., 2020).

In order to extend the use of this material to structural elements in a building, the
experimental aspect of this study focuses on enhancing the mechanical performance
of virgin cork-based concrete. To achieve this objective, a cementitious paste
containing 450 kg/m? of cement was reinforced by incorporating 10% fine limestone,
used as a supplementary cementitious material. Additionally, the water-to-binder ratio
was reduced to 0.38 to improve the internal structure and mechanical performance of
the concrete. Building upon previous studies that reported favorable results in terms
of workability, mechanical strength, and thermal insulation when 25% of pre-soaked
raw cork (immersed in water for 2 hours) was incorporated, two experimental
procedures were adopted to examine the influence of the cork mixing method on
concrete properties. In the first procedure, dry raw cork was used and mixed with an
equivalent amount of water-empirically determined-representing the quantity it
absorbs during a 2 hours immersion. The remaining components were then added. In
the second procedure, raw cork was immersed in water for 2 hours prior to being

integrated with the other concrete components (Fig. 3.14).

Fig. 3.14. Immersion of virgin cork in water.

This dual approach was designed to assess the discrepancy between theoretical and
actual water absorption values of male cork and to investigate how this disparity
influences the physical and mechanical properties of the resulting concrete.

Accordingly, the results of both procedures were systematically compared.
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The experimental program included testing six concrete formulations:

Ordinary concrete (OC)

Wet cork concrete using absorbed water (OC+HC 21 aw)

Wet cork concrete immersed in water (OC+HC 2n 1w)

Concrete with limestone filler only (OC+F)

Wet cork concrete using absorbed water with limestone filler (OC+F+HC 2n aw)

Wet cork concrete immersed in water with limestone filler (OC+F+HC 21 1w)

3.4.1. Mixing Procedure and Sample Preparation

Based on the results of the mini-cone spread test, a dosage of 0.7% of superplasticizer
was adopted for concretes without limestone filler, while a reduced dosage of 0.6%
was used for those containing limestone filler. Table 3.9 summarizes the complete

details of the mix designs used in the experimental program, with all component

quantities expressed in kg/m?>.

Table 3.9. The composition of the concretes prepared in the experimental campaign

(kg/m>).
Composition OC | OC+HCumaw | OC+HConrw | OC+F |  OC+F OC+F
+HConaw | tHCon1w

Cement 450 450 450 450 450 450
Limestone filler 0 0 0 45 45 45
Effective water (Weff) 171.0 171 171.0 188.1 188.1 188.1
Water absorbed cork 0 20.4 26.5 0 19.3 25.1
Total water 171.0 191.4 197.5 188.1 207.4 213.2
Super-plasticizer 3.2 32 3.2 3.0 3.0 3.0
Sand 0-4 mm 731.5 515.1 548.8 712.4 497.6 526.3
Gravel 4-8 mm 170.5 143.6 128.4 166.1 139.9 123.6
Gravel 8-16 mm 819.8 644, 5 615.0 798.3 622.4 598.7
Cork 0-4 mm 0 13.3 13.3 0 12.6 13.0
Cork 4-8 mm 0 2.8 2.8 0 2.6 2.7
Cork 8-16 mm 0 16.5 16.5 0 15.6 15.5
Weff/B 0.38 0.38 0.38 0.38 0.38 0.38

Based on previous studies conducted in our laboratory, a soaking duration of exactly
two hours was selected, as this time corresponds to the onset of a phase characterized
by relatively slow absorption kinetics. Additionally, concrete containing 25% virgin
cork, immersed in water for two hours, exhibited good fresh homogeneity, resulting

in a significant improvement in the consistency of cork concrete. Accordingly, this
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research adopted the same two hours soaking duration, as well as the same mixing

method and equipment.

A vertical-axis mixer (see Fig. 3.15) was used in the mixing process. For OC+HCanaw
Concrete, dry virgin cork granules were introduced along with the amount of water
absorbed over two hours. For OC+HCzn 1w Concrete, the virgin cork was immersed in
water for two hours, and after soaking, it was introduced into the mixer. In both
OC~+HCah aw and OC+HCon 1w Concrete, the cork was mixed for 90 s. Subsequently,
cement, limestone powder (for mixtures containing limestone), sand, and 50% of the
superplasticizer mixed with water were added, then the mixture was blended for 4
min. During this step, water was added gradually over a 90 s period. Following this,
gravel and the remaining superplasticizer solution were introduced and mixed for an
additional 1 min. Finally, the entire mixture was stirred for 90 s (Ted;diti et al., 2022)
(Hariz et al., 2022).

This mixing sequence, in which cork was initially mixed with cement and limestone,
aimed to coat the wetted cork granules with cement particles. Moreover, ultra-fine
limestone powder was incorporated early in the process to fill micro-voids and
enhance the internal structure of the concrete. Mineral additives were added later. This
sequence was adopted to strengthen the bond and cohesion between all components,

ensuring a homogeneous mixture and minimizing the risk of segregation.
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In a vertical axis mixer

Cork soaked 2h in water
is being mixed for 90 s

Mixing Cork Concrete
for90s

Gravel + 50% of adjuvanted

Cement + Sand (with/without) water are bending for 1 mia

Limestone + 50% of adjuvanted water
are amalgamating for 4 min

Fig. 3.15. Cork concrete mixing process.

After mixing, the fresh concrete was cast into cylindrical molds (110 mm in diameter
and 220 mm in height) and prismatic molds (100 x 100 x 400 mm?) (Fig. 3.16).
Depending on the consistency of the mix, the molds were filled either by vibration
using a vibrating table or by tamping with a metal rod. Following demolding, all
samples underwent full wet curing for 28 days in a water tank, following standard
curing procedures for conventional concrete according to EN 12390-2 (EN 12390-2,
2021) (Fig. 3.17). Finally, the specimens were removed from the curing tank for
hardened-state characterization tests It is also worth noting that, for some samples,

surface smoothing was required prior to testing. This was achieved by trimming the

surface using a concrete saw (Fig. 3.18).

Fig. 3.16. Casting fresh Fig. 3.17. Moist curing Fig. 3.18. Concrete saw.
concrete into molds. of concrete.
( - 1




3.5. Concrete Characterization Methods

3.5.1. Workability and Visual Inspection

The workability of the prepared concrete mixtures was assessed throughout the
experimental campaign using the slump test with the Abrams cone, in accordance with
BS EN 12350-2 (BS EN 12350-2, 2009). Additionally, a visual inspection was
conducted to evaluate the homogeneity of the fresh cork concrete and to detect any

signs of instability phenomena.
3.5.2. Plastic Viscosity Analysis

The plastic viscosity of fresh concrete was measured using a theometer equipped with
a coaxial vane geometry, assisted by a Heidolph mechanical agitator (Fig. 3.19).
Viscosity tests were conducted 10 minutes after the completion of mixing. The initial
experimental data showed the relationship between torque and rotational speed, which
was subsequently converted into shear stress and shear rate to characterize the flow

behavior of the material.

In general, the rheological behavior of fresh concrete in rotational rheometry is better
described by the Reiner—Riwlin model, as shown in Fig. 3.20. In this approach, the
relationship between shear stress and rotational parameters is used to characterize the

flow behavior of heterogeneous materials such as concrete containing aggregates.

The Reiner—Riwlin framework relates the measured torque and rotational speed to the
rheological parameters of the material, allowing the determination of apparent yield
stress and plastic viscosity under non-ideal flow conditions. This approach more
realistically represents the complex flow behavior of fresh concrete in rheometer

systems.

The plastic viscosity was determined from the slope of the linear region of the torque—
rotational speed relationship following the method proposed by Estell¢ et al. (2008).
The yield stress was obtained by extrapolating the fitted flow curve to the stress axis,

representing the threshold required to initiate flow.
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Fig. 3.19. Plastic viscosity test.

3.5.3. Density

The density of the concrete was determined in accordance with BS EN 12390-7 (BS
EN 12390-7, 2009) using cylindrical specimens with a diameter of 110 mm and a
height of 220 mm. The density was calculated as the average of three different
specimens by measuring the mass and dimensions of each sample, applying the

following formula:

p=7 @)

Where: p is the density (kg/m?), M is the mass of the specimen (kg), V is the volume

of the specimen (m?).
3.5.4. Mechanical Properties

a. Compressive Strength

Compressive strength tests were performed on cylindrical specimens with a diameter
of 110 mm and a height of 220 mm at the ages of 28 and 90 days, in accordance with
the BS EN 12390-3 (BS EN 12390-3, 2009) standard. The final compressive strength

value for each mixture was calculated as the average of three individual specimens.

b. Flexural Strength

Flexural strength was evaluated using a three-point bending test at 28 days, following
the BS EN 12390-5 (BS EN 12390-5, 2009) standard. The test was conducted with a

universal testing machine on prismatic specimens measuring 100 < 100 x 400 mm?.
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For each concrete formulation, the final flexural strength value was determined as the

average of three distinct samples.

3.5.5. Water Porosity Measurement

Porosity constitutes a fundamental parameter governing both the mechanical
performance and long-term durability of concrete, as it directly controls permeability
and resistance to aggressive environmental agents. Accurate characterization of
porosity requires a comprehensive, multi-technique approach capable of evaluating

total pore volume, pore size distribution, and the connectivity of the pore network.

The reduction of porosity in concrete composites relies primarily on optimizing
mixture design parameters, particularly through lowering the water-to-cement ratio
and incorporating low-porosity mineral admixtures such as finely ground limestone
powder. This strategy is based on the principle of optimal particle packing, whereby
voids between coarse aggregates are progressively filled by sand particles, interstitial
spaces between sand grains are occupied by cement particles, and ultrafine voids
between cement grains are filled by even finer particles. Such hierarchical
densification enhances matrix compactness, reduces pore connectivity, and ultimately

improves both mechanical strength and durability performance.

The water porosity of concrete was evaluated in accordance with the French standard
AFPC-AFREM (AFPC-AFREM, 1997), This methodology is based on the principle
of hydrostatic weighing and Archimedes’ law to determine the apparent volume of the
specimen and the volume occupied by open pores. Using cylindrical specimens (110
x 50mm) extracted from the cores of concrete blocks (Fig. 3.20). This sampling
method was chosen to enhance measurement reliability and to minimize potential
errors arising from particle segregation, a phenomenon commonly observed during

casting and curing.

@
E

e

A

Fig. 3.20. Cylindrical concrete specimen for testing.
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Particle segregation refers to the tendency of heavy aggregates to settle at the bottom
of a concrete element, while lighter components such as cement paste and admixtures
rise toward the top. This non-uniform distribution leads to vertical variations in
physical and porosity characteristics, potentially compromising measurement
accuracy. The issue becomes particularly significant when incorporating materials
with markedly different densities—such as lightweight cork—with conventional
high-density aggregates, which increases the likelihood of segregation and

necessitates special measures to ensure uniform distribution.

The experimental procedure began with drying the samples in a laboratory oven at
60°C, a relatively low temperature selected to prevent damage to the concrete's
microstructure. Drying continued until mass stabilization, determined by successive
weight measurements taken at regular intervals until the variation between two
consecutive readings was less than 0.05%, ensuring an accurate determination of the

dry mass (Ma).

The dried specimens were then subjected to degassing and water saturation using a
specialized vacuum system comprising a high-efficiency vacuum pump and a custom-
designed desiccator (Fig. 3.21). This process aimed to remove trapped air from within
the pores and achieve full saturation of all open pores with distilled water. Degassing
was conducted gradually to prevent structural damage, maintaining low pressure for
a sufficient period to expel all entrapped gases. Distilled water was then introduced

slowly under continued vacuum to ensure thorough infiltration into the open pores.
The mass of the sample was measured in two states:

Saturated mass in air (M.ir): Measured after gently removing excess surface water with
a damp cloth, ensuring no water was removed from within the pores.

Saturated mass underwater (My): Measured using a hydrostatic balance equipped with
a submerged weighing basket, taking care to eliminate any air bubbles from the

specimen surface.

Water porosity (P) was calculated using the following equation:

_ Mgir—Mqg

P x 100 3)

air w
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Where: P is the water porosity (%), Mair is the mass of the saturated sample in air (g),
My is the dry mass of the sample (g), My is the mass of the saturated sample under
water (g).

Fig. 3.21. Vacuum saturation device.

3.5.6. Pore size distribution

The determination of pore size distribution and the critical pore diameter represent a
fundamental parameter in the microstructural characterization of concrete. The critical
pore diameter is defined as the dominant pore size corresponding to the highest peak
in the pore size distribution curve, playing a pivotal role in governing the material’s
physical and mechanical properties. To achieve this, Mercury Intrusion Porosimetry
(MIP) (Fig. 3.22) was employed as an advanced and scientifically recognized
analytical technique for assessing pore size distribution in porous materials.
Measurements were carried out using an Autopore V9620 porosimeter
(Micrometrics®), which offers a wide operational pressure range exceeding 400 MPa,
enabling the detection of pore diameters from 0.003 um to 1100 um. This range
encompasses a broad spectrum of pores present in concrete, from nanopores to

macropores.
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Fig. 3.22. Mercury porosity measurement device.

(LaSIE Laboratory, La Rochelle University).

For sample preparation, the specimens were manually cut with utmost care to preserve
their original microstructural integrity and avoid any damage or alteration to the native
pore network. Subsequently, the prepared samples were dried at 45°C under vacuum
conditions to ensure complete removal of moisture prior to testing, a necessary step
to guarantee measurement accuracy and eliminate water interference during mercury
intrusion. Despite existing criticisms in the specialized literature regarding the
suitability and precision of MIP-particularly concerning the potential effects of
intrusion pressure on pore structure and the possibility of pore deformation during
measurement-this technique remains one of the most widely used and accepted
methods in contemporary scientific research for the characterization of porous
materials in general, and concrete in particular (Cherif et al., 2020 & Ait-Mokhtar et
al., 2002).

3.5.7. Capillary Absorption

Capillary absorption is a physical phenomenon that occurs in porous materials such
as concrete, where water migrates through fine capillaries and interconnected pores
due to surface tension and molecular cohesion forces. It is considered one of the
primary mechanisms of moisture transport in building materials and the capillary
absorption coefficient plays a critical role in determining the durability of concrete
and its resistance to various environmental factors such as chloride ion ingress,
carbonation and chemical attack.

To determine the capillary water absorption coefficient, the ASTM C1585-04
standard (ASTM C1585-04, 2004) was followed. Cylindrical concrete specimens with

precisely defined dimensions (110 mm in diameter and 50 mm in height) were
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prepared and cured under controlled conditions. The curing process involved
maintaining constant temperature and relative humidity for at least 28 days to ensure
that the concrete reached the desired maturity level. To guarantee unidirectional water
flow during testing, the upper and lateral surfaces of the specimens were coated with
epoxy resin providing a waterproof and vapor-resistant seal. This step is crucial, as it
simulates real-world conditions where capillary absorption occurs primarily in one
direction, thus enhancing the accuracy and practical relevance of the results. The test
begins by determining the dry mass of each specimen (Mg) after drying in an oven at
60 £ 2 °C until a constant mass is achieved. This step is essential to eliminate residual
moisture that could compromise measurement accuracy. Specimens are then partially
immersed in water to a depth of 5+2 mm (Fig. 3.23), and their masses are recorded
at precisely defined time intervals. Water absorption is calculated as the average of

three specimens for each concrete mix.

The water absorption is calculated using the following equation:
I'=M—Mq)/(A) 4

Where: [: the water absorbed per unit surface area [kg/m?]. Mq: the dry mass of the

specimen [kg]. M; is the wet mass of the specimen at time t [kg]. A: the surface area

exposed to water [m?].

The absorption coefficient was carried out in two distinct phases:

R/

¢ Phase 1: Primary Absorption Coefficient

The primary absorption coefficient represents the slope of the linear portion of the
curve [ = f( y ¢t) within the time ranges from 5 minutes to 24 hours. It reflects the initial
absorption rate (Rapid), which is largely governed by pore size distribution, degree of
pore connectivity, rheological properties of the absorbing fluid and condition of the

surface in contact with water
¢ Phase 2: Secondary Absorption Coefficient

Once near-equilibrium is reached (typically around Day 6), the slope of the secondary

linear segment of the absorption curve is calculated. Although this coefficient is of
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lesser practical importance, it is valuable for understanding the material's long-term

behavior.

Furthermore, it should be noted that several parameters significantly influence
capillary absorption in concrete such as: The (w/c) ratio is a dominant factor; higher
ratios increase porosity and absorption rate. As well, the optimized aggregate grading
lowers porosity and enhances capillary resistance and the temperature affects the

viscosity of water inversely, thereby influencing the rate of absorption.

Despite its comprehensiveness, ASTM C1585-04 (ASTM C1585-04, 2004) presents
several limitations, as it assumes material homogeneity, ignores gravitational effects
in taller specimens, requires highly accurate mass measurements (£0.01 g),
necessitating the use of analytical balances and demands stable environmental

conditions throughout the extended testing period (up to one week).

Fig. 3.23. Experimental measurement of capillarity.

3.5.8. Effective diffusion coefficient of chloride ions in concrete

Chloride ion migration is governed by two distinct regimes: the transient (or non-
steady-state) regime and the steady-state regime. The transient regime is characterized
by nonlinear variations in ion concentration, with its duration depending on the
specific properties of the concrete. In contrast, the steady-state regime exhibits a

constant chloride ion flux.

The transient regime comprises two successive sub-stages: an initial phase, marked
by a very slow increase in chloride concentration, followed by a transition phase

where the rate of increase accelerates while retaining its nonlinear nature. Upon
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reaching the steady-state condition, the concentration evolves linearly over time. This
linear portion of the curve is used to calculate the chloride diffusion coefficient, where
the ion flux is determined by calibrating experimental data points based on the slope
of the linear regression line of the steady-state curves (Touil et al., 2017). Furthermore,
the intersection point of the linear curve with the time axis in the steady-state phase is
used to determine the lag time, i.e., the period required for chloride ions to first appear

in the downstream compartment (Touil, 2017).

Based on steady-state electrochemical migration, offers an advanced alternative to
traditional long-term diffusion tests by enabling reliable results within 2-4 weeks in
contrast to natural diffusion tests that may require months or years (Truc et al., 2000).
The experimental setup comprises specimens with a diameter of 110 £ 1 mm,
thickness of 50 + 2 mm, and chamber volumes of approximately 1.82 L each, utilizing
a cell body constructed from polycarbonate or chemically resistant glass, electrodes

made of nobium copper (see Fig. 3.24).

Fig. 3.24. Chloride migration test.

The sample preparation involves a rigorous curing process including 28 days wet
curing at 20 = 2°C, full saturation in a basic solution (NaOH, KOH) for 72 hours under
vacuum, and air removal via vacuum pump, followed by surface preparation
consisting of cleaning to remove contaminants, inspection for cracks or surface
defects, dimensional measurement with £0.1 mm precision, and sample weighing to
determine bulk density. The anodic chamber (upstream) contains sodium hydroxide
(NaOH) at 0.025 = 0.001 mol/L, potassium hydroxide (KOH) at 0.083 £ 0.002 mol/L,
and sodium chloride (NaCl) at 0.513 £ 0.005 mol/L. This solution has a pH of
approximately 13.5 and simulates the alkaline pore environment of concrete. The
Na/K ratio reflects the typical composition of concrete pore solutions. The chloride

concentration replicates seawater conditions and ensures a steady ionic flux. The
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cathodic chamber (downstream) contains NaOH at 0.025 + 0.001 mol/L and KOH at
0.083 £+ 0.002 mol/L. This solution maintains ionic equilibrium, prevents undesirable

pH gradients, and ensures stable electrical conductivity.

The experimental procedure begins with assembly and calibration involving mounting
the specimen between chambers with tight sealing, filling chambers with prepared
solutions, connecting electrodes, checking for leakage, measuring initial system
resistance, applying voltage to maintain 12 + 0.5 V across the specimen (Andrade,
1993 & Arsenault, 1999), and monitoring current stability over 24 hours. The
following operation step consisting of a pre-steady-state (non-steady sate) (Fig. 3.25)
phase lasting 7-14 days, steady-state measurement period of 14-21 days, and data

recording every 24 hours while monitoring parameters including constant voltage,

Transient Regime Steady-State Regime]

Qi a
S

\ Jecl

»
>

Time (t)

A

Transient Time Steady-State Time

Fig. 3.25. Evolution of chloride penetration: Transient to steady state.

hourly current readings, temperature stability within +£0.5°C, and daily solution level
checks. Chemical analysis (Fig. 3.26) involves daily sampling from the anodic
chamber (1-2 mL) using Mohr titration with AgNOs with chloride concentration
(Touil, 2017) calculated as:

174 XN
[CL] = L4anos)*NiAghos) (5)
V{sample}

Where: Viagnos; denotes the volume of silver nitrate solution consumed during

titration, N (agno3) represents its normality, and V {sample} corresponds to the volume

of the extracted sample solution.
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Fig. 3.26. Chemical analysis of solution samples.

Steady-state evaluation requires stability criteria including chloride concentration
variation less than 2% over 7 consecutive days, current stability within +5%, and a
linear concentration-time relationship, with statistical analysis using linear regression
expressed as:

— . — M) (6)
€O = G (Vx 1000

Where: C(t) represents concentration at time t, Co is the initial concentration, S is the

specimen area, V is the volume. The acceptable linearity is defined as R > 0.95.

In migration test, the De coefficient is determined from the simplified Nernst-Planck

relation (Andrade, 1993):

_ JXRXTxXL

De T ZXFxUXC )

Where: R is the universal gas constant equal to 8.3144 J/mol-K, T is absolute
temperature (K) maintained within £0.5°C, L is specimen thickness equal to 0.050 m,
z 1s chloride ion valency equal to 1, F is Faraday constant equal to 96,485 C/mol, U is
applied voltage across the sample at 12.0 £+ 0.5v, Co is initial chloride concentration at

513 mol/m?, and J is the molar flux [mol/m?-s] computed as:

| = (AQci-)

T (SxAt) (®)
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Where: A Q¢— is the variation in the cumulative quantity of chlorides in the
downstream compartment (mol/m?), S the surface area of the sample (m?), and At the

time interval considered (s).

3.5.9. Scanning Electron Microscopy (SEM) Morphological Analysis

A comprehensive morphological investigation was conducted to analyze the
microstructure of conventional concrete, cork concrete, and cork—limestone concrete
using a Hitachi TM1000 tabletop scanning electron microscope (SEM) (Electron
Microscopy Laboratory Faculty of Sciences, Abou-Bekr Belkaid University), (Fig.
3.27), which offers high-resolution imaging capabilities under low-vacuum
conditions. This morphological examination was complemented by elemental and
chemical characterization through Energy Dispersive Spectroscopy (EDS) performed
on the same device, enabling the acquisition of detailed information on the chemical

composition and elemental distribution of the studied specimens.

Sample preparation involved producing irregularly shaped fragments of cork concrete
with approximate dimensions of 5 x 5 x 5 mm?, ensuring optimal compatibility with
the sample holder and the dimensional constraints of the SEM chamber. Following
crushing, the specimens underwent oven-drying at a controlled temperature of 60 °C
for 24 hours to eliminate any residual moisture that could compromise image quality
or introduce artifacts in the micrographs. Since the Hitachi TM1000 is designed to
operate in low-vacuum mode, conventional conductive coating was unnecessary,
thereby simplifying sample preparation and minimizing potential damage to the
specimens. For both mechanical and electrical stability during imaging, the samples
were mounted on aluminum stubs using high-quality conductive carbon tape, which
enhanced electron conduction and reduced electrostatic charging effects that could

otherwise distort or obscure images.

The microscopic investigation focused primarily on the Interfacial Transition Zone
(ITZ) between virgin cork particles and the cementitious matrix—identified as a
critical region governing the mechanical and physical performance of cork concrete.
The analysis encompassed the assessment of chemical and physical bonding between
cork and cement, the evaluation of interfacial adhesion quality, and the detection of
any morphological or chemical alterations occurring on the cork surface due to

interaction with the alkaline cement environment. Additionally, the pore distribution
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and geometry within this region were examined, given their key role in determining

the concrete’s behavior under various loading conditions.

HITACH!

Fig.3.27. Scanning Electron Microscopy test
(Electron Microscopy Laboratory, Tlemcen University).
The EDS technique was applied to characterize the elemental and chemical
distribution on the specimen surfaces, with particular attention to the quantification of
key elements such as calcium (Ca), silicon (Si), oxygen (O), and carbon (C), which
serve as critical indicators for understanding chemical interactions and the evolution
of the microstructure. To ensure accuracy, micrographs were captured at multiple
magnifications ranging from 250 x to 2000 x, while maintaining an accelerating
voltage of 15 kV to achieve an optimal balance between electron penetration depth
and image clarity. EDS analyses were conducted at both selected points and mapped

areas to ensure representative coverage of the overall structure.

This integrated methodology provides a comprehensive insight into the morphological
and compositional characteristics of the studied concrete types, contributing to a
deeper understanding of their mechanical and physicochemical behavior under

varying service conditions.

3.5.10. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a well-established analytical technique that
relies on monitoring the mass changes of a specimen when subjected to a controlled
temperature program. This method has wide-ranging applications in scientific
research, from polymer characterization to the study of oxidation kinetics at elevated

temperatures. In the context of the present study, TGA was employed to quantify
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hydration products and accurately determine the degree of hydration. It also serves as
a critical tool for understanding the thermal stability and properties of cork-containing
concrete, thereby assessing its long-term performance, highlighting its significance in
this research. The experimental work was conducted using a SETARAM — SETSYS
Evolution 16/18 apparatus (LaSIE Laboratory, La Rochelle University) (Fig. 3.28),
which integrates several essential components: a sealed chamber to regulate the
gaseous environment surrounding the specimen, a high-precision furnace for
temperature control, an ultra-sensitive microbalance capable of detecting minute mass
changes, a thermocouple for accurate temperature monitoring, and an advanced

computerized unit for automated system control and data acquisition.

The system operates under an inert argon atmosphere, which surrounds the
microbalance to prevent interactions with reactive gases. The choice of argon, with its
relatively low density, ensures stable and reliable measurements. Additionally, the
apparatus is equipped with a water-cooling system to maintain thermal stability of
sensitive components. During the measurement, the temperature is gradually
increased from ambient conditions to 1200 °C at a constant heating rate of 10 °C/min.
At the end of the test, a thermogravimetric curve is obtained, illustrating the
relationship between the specimen’s mass evolution and temperature, thereby
enabling a comprehensive quantitative assessment of the thermal properties of the

studied materials.

TGA is an advanced analytical methodology designed to investigate the thermal
stability and chemical composition of materials by monitoring mass variations as a
function of temperature or time under controlled conditions, in either oxidizing or
inert atmospheres, according to predefined heating programs. In the experimental
procedure adopted in this study, the concrete samples were finely ground to achieve a
high degree of homogeneity, ensuring measurement accuracy (Fig. 3.29). The
prepared powders were placed in thermally inert crucibles, and the initial mass of each
specimen was precisely recorded. The samples were then subjected to continuous
monitoring of mass changes, whether by loss or gain, during the programmed heating
process. The significance of this experiment lies in its ability to correlate TGA results
with the chemical composition and degree of hydration of cork-containing concrete,

allowing an assessment of its thermal stability and long-term performance. This
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directly supports the study’s objectives of improving sustainable construction

materials.

Fig. 3.28. Thermogravimetric Analysis  Fig. 3.29. Sample Grinding for TGA.
Apparatus device (LaSIE Laboratory,
La Rochelle University).

3.5.11. Thermo-Diffusive Investigation

To investigate the interrelationship between the diffusion coefficient and temperature,
a specialized experimental apparatus was developed (Fig. 3.30), consisting of a
thermally insulated water bath with a volumetric capacity of 15 liters. The system’s
engineering design incorporates a submersible heating element installed on the left
side of the bath to generate thermal energy, while a tubular coil assembly on the right
side is connected to a refrigeration unit comprising a compressor and an evaporator to
circulate the refrigerant and provide the required cooling capacity. Both thermal
components are immersed in a heat transfer medium composed of a homogeneous
mixture of water and rapeseed oil, and their operation is regulated via an electronic
control panel equipped with two independent thermostatic controllers for precise
management of high and low temperature ranges, respectively. Furthermore, the
system is equipped with a variable thermal regulator, enabling accurate and fine-tuned

control of the desired thermal gradients.

To condition the concrete specimens at the predetermined target temperature, a
circular tubular coil connected to the water bath was installed around the perimeter of
the concrete disc, with complete thermal insulation applied to minimize heat losses.

The heat transfer fluid is circulated within a closed-loop system equipped with a
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peristaltic pump, maintaining the programmed temperature constant for a minimum
duration of four hours to ensure homogeneous heat distribution and full penetration to
the core of the concrete specimen. The electrical migration test is initiated only after

verification of complete thermal homogeneity throughout all sections of the specimen.

Within the framework of this thermo-diffusive study, migration testing was conducted
on all concrete specimens at two specified temperatures: 5°C and 50°C. The
experimental protocol yielded a distinct diffusion coefficient corresponding to each
investigated thermal condition. This investigation is of critical importance in the
thesis, as it provides a detailed understanding of how temperature gradients influence
ion transport within concrete. By examining diffusion behavior at different
temperatures, the study offers insights into the coupled effects of heat transfer, i.e.,
the movement of thermal energy within the concrete, and mass transfer, i.e., the
movement of ions within the concrete pores. Such information is essential for
predicting the durability and service life of concrete structures exposed to varying
environmental conditions and contributes to the development of enhanced models for

chloride migration and overall concrete performance.

Fig. 3.30. Thermo-Diffusive Apparatus device (EOLE laboratory, Tlemcen university).
3.5.12. Chloride—Concrete Interactions

A comprehensive experimental methodology was employed to investigate the
interactions of chloride ions with different concrete matrices through isothermal
equilibrium testing. The analytical program considered powdered concrete samples

derived from four distinct mixtures: ordinary reference concrete, limestone concrete,




wet cork concrete as an innovative material, and a combined wet cork—limestone
concrete. The experimental procedure followed the standardized protocol established

and refined by (Tang and Nilsson 1993; AFREM, 1997).

This experimental methodology is based on the principle of controlled immersion,
whereby a defined quantity of powdered concrete is exposed to a chloride solution of
known concentration. The protocol involves periodic measurements of chloride ion
concentrations in the solution until equilibrium is reached, defined by the temporal
stabilization of ion concentrations. Once equilibrium is established, the solution is
analyzed using potentiometric titration techniques to determine the final concentration
of free chlorides. The concentration of bound chlorides is then calculated as the
difference between the initial concentration and the equilibrium concentration
measured within the saturated material. The theoretical framework of the test relies
on two fundamental assumptions that ensure the accuracy and scientific reliability of

the results:

First assumption: At chemical equilibrium, the concentration of free chlorides within
the pore network of the concrete matrix is equal to their concentration in the external
saline solution.

Second assumption: The observed decrease in chloride concentration within the
immersion solution is attributed to the chemical and physical interactions between
chloride ions and the constituents of the cementitious matrix, with external influences

or secondary phenomena being excluded.

Methodology for Material Preparation and Preliminary Sample Treatment

The materials were extracted from the central core of cylindrical concrete specimens
(standard diameter of 5 cm) to ensure homogeneity and to minimize potential
influences from surface layers. The extracted materials underwent a controlled,
stepwise crushing process using a mortar and pestle (Fig. 3.31), with a gradual
reduction in particle size to achieve an optimal balance between particle dimensions
and testing efficiency. Coarse particles were avoided to reduce the equilibrium time
required, while excessively fine particles were excluded to prevent the formation of
colloidal suspensions that could compromise the accuracy of quantitative

measurements.
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Subsequently, wet sieving was performed to obtain a uniform particle size distribution
ranging between 0.25 and 2.0 mm, ensuring an optimal specific surface area for
interaction. The sieved materials were then subjected to controlled drying in a
calibrated oven at 40 + 2 °C until absolute mass constancy was achieved, thereby

eliminating free moisture without altering the chemical structure of the material.

Fig.3.31. Preparation of Cork Concrete Samples for Chloride Interaction.

% Preparation of Solution and Experimental Protocols

The powdered materials were divided into four distinct experimental groups (ordinary
concrete, limestone concrete, wet cork concrete, and wet cork—limestone concrete),
each with a standardized mass of 100 £ 0.1 g, and placed in pre-weighed, calibrated
glass containers labeled for precise identification. To each container, 400 + 0.5 mL of
an alkaline solution was added, prepared under controlled laboratory conditions and
consisting of 1.00 g/LL NaOH and 4.65 g/LL KOH dissolved in deionized water, thereby
simulating the alkaline chemical environment characteristic of concrete pore
solutions. The experimental matrix included six graded initial chloride concentrations
(Co): 0.05, 0.25,0.5, 1, 1.5 & 2 M, providing a comprehensive and balanced coverage
of a wide range of chloride exposure scenarios in both natural and industrial

environments.

After uniform mechanical stirring to ensure complete homogenization and optimal
solute distribution, the containers were stored under controlled thermal conditions at
three different temperatures (5 + 2, 20 £ 2, and 50 + 2 °C) (Fig. 3.32) for a period of
two months, ensuring attainment of the final chemical equilibrium state. All
containers were sealed with airtight lids to prevent evaporative water loss, and
periodic mass checks were performed to confirm the constancy of the system’s total

mass.

95

—
| —



Temperature = 20 °C

Temperature =5 °C Temperature = 50 °C

Fig. 3.32. Specimens Storage under Controlled Temperatures.

¢ Analytical Techniques and Concentration Determination

Upon confirmation of chemical equilibrium, the solutions were titrated to determine
the final chloride concentrations, and the bound chloride content was subsequently
calculated by subtracting the equilibrium concentrations from the initial values.
Titration was performed using the precipitation method with a standardized 0.01 M
(AgNO:s) solution. The bound chloride concentration per unit mass of solid material

was determined using the mathematical model developed by (Tang & Nilsson, 1993):

_ 35453V (Co—Cy)
- M

Cp )

Where: Cy is the bound chloride concentration (mol/g), Co is the initial chloride
concentration in the immersion solution (mol/L), Cr is the equilibrium chloride
concentration (mol/L), V is the solution volume (mL), M is the dry mass of the sample

(2)-

3.6. Conclusion

This chapter presents an experimental program aimed at evaluating the performance
of cork-based concrete within the framework of this thesis. The program included the
characterization of virgin cork, mixture design, and specimen preparation, followed
by the investigation of fresh and hardened state properties through mechanical and
physical testing.

Durability-related properties were assessed by measuring porosity, capillary

absorption, and the effective chloride diffusion coefficient, in addition to examining
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the microstructure of the material. Overall, these investigations provided a
comprehensive evaluation of cork-based concrete and contributed to achieving the
scientific objectives of this research.

Following the presentation of the experimental program, the next chapter will address
the results concerning the mechanical properties and durability of male cork concrete,

accompanied by an analysis of its performance under various conditions.
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Chapter 4

Comprehensive Characterization of Male Cork Concrete
Performance: Analysis of Mechanical Properties and

Durability

Introduction

The current chapter presents the detailed findings of the first phase of the experimental
program. A wide array of tests and measurements was conducted to assess the
performance of the developed concrete mixtures from different angles. These include
mechanical performance indicators such as compressive and tensile strength, as well

as durability-related properties.

The analysis and discussion of these results, in relation to the defined research
objectives and hypotheses, provide a solid foundation for understanding the behavior
of the studied materials. This chapter, therefore, lays the groundwork for a
comprehensive evaluation of cork concrete and serves as a critical step toward

formulating the final conclusions of the study.
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4.1. Performance assessment of cork-based concrete: An evaluation of its

effectiveness

Experimental analyses of the constituent materials of cork concrete revealed
significant findings regarding the behavior of male cork aggregate in construction
applications. In terms of particle size distribution, the study demonstrated that
aggregates derived from male cork, specifically those in the 4-8 mm and 8-16 mm
size fractions, exhibit grain size distribution curves that align with the established

standards for conventional mineral aggregates.

However, the analysis of the 0-4 mm cork aggregate fraction revealed a notable
deviation, characterized by a clear deficiency in fine particles compared to natural
sand, which typically contains around 13% fine material. This lack of fine particles

may negatively impact the cohesion and workability of concrete mixes.

The microstructure of male cork aggregate is distinguished by its complex cellular
nature, containing a widespread network of internal voids and pores. This structure is
fundamentally different from the homogeneous texture of conventional mineral
aggregates. Such porous microstructural characteristics directly influence the bulk
density of the material, with cork aggregate exhibiting exceptionally low values

compared to that of the density of equivalent mineral aggregates.

This considerable disparity in density presents a significant technical challenge during
the mixing and preparation of cork concrete, as it may lead to difficulties in achieving
uniformity and may cause segregation or uneven distribution of components during

mixing and casting processes.

In addition to its low density, laboratory absorption tests have shown that male cork
aggregate possesses an exceptionally high-water absorption capacity. Experimental
results indicate that the absorption rate may exceed 100% of the material’s dry weight,
meaning it can absorb more water than its own mass. This property necessitates a re-
evaluation of water content in mix design and may require specific treatments or

adjustments to ensure optimal performance of the final concrete product.

Prior to examining the properties of these cork-based concrete mixtures, it was

essential to assess their homogeneity in the hardened state. This assessment was
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conducted using cylindrical specimens with a diameter of 110 mm and a height of 220
mm. Transverse homogeneity was evaluated by extracting samples from the lower,
middle, and upper sections along the height of each cylinder (Fig. 4.1). Longitudinal

homogeneity was verified through a vertical cross-section.

Fig. 4.1. Sectioning the cylindrical sample into various portions for testing.

The various transverse and longitudinal sections of the six prepared mixtures are
presented in (Fig.4.2). As the figure demonstrates, all cork-based concretes exhibited
a uniform distribution of both mineral and vegetal particles across the different

sections.

Furthermore, the longitudinal sections not only confirm the good distribution of
components but also reveal the absence of segregation between the heavy phase
(mineral particles) and the light phase (cork particles), despite the significant
difference in their bulk densities. This indicates the effectiveness of the adopted

mixing methodology for preparing the studied cork-based concrete mixtures.
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Fig. 4.2. Sections used to assess the homogeneity of concrete mixtures.

4.2.  Workability

Fig. 4.3, when comparing the reference concrete (OC) with the mixture incorporating
limestone filler (OC+F), an increase in slump from 5 to 8 cm was observed, indicating
improved workability. This enhancement can be attributed to the beneficial influence
of limestone filler on the rheological properties of fresh concrete, resulting in
improved flowability and ease of handling (Sua iam et al., 2012). Moreover, limestone
acts as a nucleation agent that accelerates cement hydration kinetics, thereby
contributing to increased fluidity of the mixture (Li et al., 2018 & Rojo Lopez et al.,
2022). The slump response remained stable and consistent, corresponding to the S2

consistency class as defined by the NF EN 206/CN standard (NF EN 206/CN, 2003).
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Fig. 4.3. Workability of the different mixtures.




A further improvement in workability was observed when comparing OC with the
concrete containing cork (OC+HC), with a transition in consistency class from S2 to
S3. This enhancement is primarily attributed to the incorporation of wet cork particles
(2h AW or 2h IW). These particles reduce internal friction within the matrix and
enhance deformability, thereby facilitating particle mobility within the cementitious

system.

However, when comparing OC+HC with OC+HC+F, a slight decrease in slump was
recorded, although the consistency class remained unchanged S3 (10—13 cm). This
indicates that the combined incorporation of limestone filler and wet cork maintains a
high level of workability without significantly altering the overall consistency

classification (Hariz et al., 2025).

In conclusion, the synergistic interaction between limestone filler and wet cork
particles contributes to a marked improvement in concrete flowability and fresh-state

performance.

4.3. Viscosity

The viscosity results presented in Fig. 4.4 clearly indicate that the incorporation of
both limestone filler and natural cork granules contributes to a reduction in the
viscosity of concrete mixtures, in comparison with the reference composition (OC).
More specifically, a significant reduction in viscosity—by approximately 46%—was
recorded for the OC+HC mixture, while the greatest decrease, reaching 51%, was
observed in the OC+F+HC formulation. It is noteworthy that the tested mixtures
exhibited a high degree of internal uniformity throughout the testing process, with no
signs of phase separation or segregation. Regarding the use of wet cork particles—
either wetted (2h AW) or fully immersed in water for two hours (2h IW)—these
materials possess unique properties that can positively influence the rheological
behavior of concrete. One of the most distinctive characteristics of cork is its moderate
coefficient of friction (Silva et al., 2005). The irregular geometry and surface
roughness of cork granules induce a "spherical effect" that reduces direct frictional
interactions inter-particle. The partial replacement of conventional mineral aggregates
with cork granules can also improve particle size distribution within the concrete
matrix. Moreover, the hygroscopic nature of cork enables it to gradually absorb and

release moisture over time, thereby providing an internal curing mechanism that helps
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maintain workability and enhances the overall flowability of the mixture.
Accordingly, the integration of cork particles into concrete systems has the potential
to significantly improve the rheological properties of the resulting composite. On the
other hand, the inclusion of limestone filler in the OC+F+HC formulation resulted in
a slight increase in viscous resistance compared to the cork-only mixture (OC+HC),
as previously reported by Rojo Lopez et al. (Rojo Lopez et al., 2022). Nevertheless,
this increase remains marginal when compared to the substantial impact exerted by

cork particles on the viscosity of concrete.
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Fig. 4.4. Various concretes plastic viscosity.
4.4. Density

The experimental results shown in Fig. 4.5 indicate that the incorporation of virgin
cork granules as a partial replacement in concrete mixtures led to a significant

reduction in the overall density of the studied formulations (OC+HC and OC+F+HC).

This reduction in density is attributed not only to the inherently low bulk density of
virgin cork—typically ranging from 120 to 200 kg/m*—but also to its highly porous
cellular structure. Virgin cork consists of a three-dimensional network of closed, gas-
filled cells, which substantially increases the internal void content of the composite

material.

The inclusion of such a highly porous material results in an increase in the total
porosity of the concrete matrix. As porosity rises, the solid fraction per unit volume
decreases, leading to a corresponding reduction in bulk density. Therefore, the
observed decrease in density is directly associated with the increased total pore

volume induced by the presence of cork particles within the concrete system.
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It is noteworthy that, in both experimental cases—whether in the presence or absence
of limestone filler—the recorded densities of the cork-based concretes exceeded the
2000 kg/m? threshold. This quantitative indicator confirms that these mixtures meet

the standard criteria for normal-weight concrete (EN 206, 2013).

These experimental findings are consistent with existing trends in the scientific
literature, where several studies have highlighted the ability of virgin cork to achieve
a favorable balance between density reduction and the retention of acceptable

mechanical performance (Ghernouti, 2023 & Pacheco Menor et al., 2024).
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Fig. 4.5. Density of reference and virgin cork concretes.

4.5. Compressive strength

Experimental analysis Fig. 4.6 & Fig. 4.7 revealed that the incorporation of 25% wet
virgin cork led to a significant reduction in the compressive strength of the OC+HC
@h 1W) concrete mixture, with a decrease of 71% at 28 days and 73% at 90 days
compared to the reference concrete (OC). These results are in agreement with findings
reported by Ghernouti (Ghernouti, 2023) and Pacheco Menor et al. (Pacheco Menor
et al., 2024), who noted that the addition of cork to concrete reduces both fresh and
hardened density, compressive strength, and the modulus of elasticity. This decline in
compressive performance is primarily attributed to the inherent physical properties of
cork—namely, its high porosity, elevated water absorption capacity, and its tendency

to increase pore volume within the cement matrix (De Larrard et al., 2002).
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Fig. 4.6. Evaluating the compressive strength  Fig. 4.7. Compressive strength test.
of concretes at 28 & 90 days.

It is worth noting that while the performance of concrete mixtures containing wet cork
OC+HC @n aw) and OC+HC @n 1w) was generally comparable, the use of wet cork
OC+HHC @n aw) consistently yielded slightly superior compressive strength results,
both in the presence and absence of limestone filler. Despite the implementation of
pre-treatment procedures intended to enhance adhesion at the interfacial transition
zone (ITZ), the bond between cork particles and the cementitious matrix remains
relatively weak compared to traditional mineral aggregates. Furthermore, chemical
interactions involving substances released by cork—such as tannins and polyphenolic
compounds—may interfere with cement hydration processes, thereby compromising
mechanical strength (Gil, 2015 & Moreira et al.,, 2014). Notably, the 28-day
compressive strength of the OC+HC 2n iw) mixture showed a 67% improvement over
the results obtained in earlier work by Tedjditi et al. (Tedjditi et al., 2022), who
reported a strength of 6.2 MPa for concrete incorporating 25% wet cork aggregate.

This improvement indicates that the increase in cement content to 450 kg/m?, together
with the mix design and preparation techniques adopted in this study, effectively
enhanced the mechanical performance of wet cork concrete, making it more suitable
for individual building applications. However, the addition of limestone filler in the
OCHF and OC+F+HC mixture resulted in a slight reduction in compressive strength
at both 28 and 90 days compared to OC and OC+HC respectively, despite initial
expectations that the filler would increase binder volume and improve concrete
density. This counterintuitive outcome is of particular interest, especially given that

the limestone filler was introduced as an additive rather than a partial replacement.
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The observed reduction in compressive strength of cork-based concrete containing
limestone filler can be attributed to several interrelated factors. Firstly, the high
breakage of fine particles (cement and limestone filler) and the weak bonding with
cork aggregates reduce matrix cohesion, with the potential formation of localized
microcracks at the cork—binder interface. Secondly, the presence of limestone or other
mineral fillers may promote agglomeration of fine particles within the cement matrix,
which can hinder the complete hydration of cement phases. This incomplete hydration
reduces the formation of the cementitious gel responsible for strength development.
Moreover, the simultaneous presence of cork and limestone filler appears to disrupt
the pore structure, thereby impeding the formation of a dense and well-connected
cementitious matrix. These observations underscore the critical importance of
optimizing component proportions to enhance the mechanical performance of cork-
based concrete. This explanation is consistent with findings reported in the literature,
where excessive filler content has been shown to interfere with cement hydration

kinetics and consequently reduce compressive strength (Scrivener et al., 2018).

4.6. Flexural strength

The variation in concrete flexural strength at 28 days is presented in Fig. 4.8 & Fig.
4.9. It was observed that the addition of limestone resulted in an 8% decrease in
flexural strength compared to the reference concrete. The incorporation of virgin cork
led to further reductions of approximately 22% and 29% in the OC+HC @n aw) and
OC+HC @n1w) mixtures, respectively. When virgin cork was combined with limestone
filler, the reductions were more pronounced, reaching 31% in OC+F+HC @n aw) and

36% in OC+F+HC @n1w).
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Fig. 4.8. Different concrete flexural strength. Fig. 4.9. flexural strength analysis.
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As previously discussed in the context of compressive strength. These reductions in
flexural strength are primarily attributed to the intrinsic porosity of both virgin cork
and limestone filler, in addition to the overall increase in concrete porosity, which
negatively impacts mechanical performance. However, the most significant
contributing factor appears to be the microstructural characteristics of the mixtures,
particularly the quality of the interfacial transition zone (ITZ) between the virgin cork

particles and the cement matrix.

Despite the reductions observed, the results of this study are consistent with findings
reported in the literature. Diab et al. (Diab et al., 2016), in their long-term investigation
on the mechanical performance, durability, and environmental impact of limestone
cement concrete, reported a 10% decrease in 28-day cube tensile strength following
the addition of 10% limestone. Similarly, Tedjditi et al. (Tedjditi et al., 2020) found
that flexural strength decreases proportionally with increasing virgin cork content in
concrete. Furthermore, Ortega et al. (Ortega et al., 2022) emphasized the significant
influence of aggregate type on mechanical strength, noting that mortars incorporating
natural cork exhibited lower flexural strength compared to both the reference mortar

and those prepared with expanded clay.

4.7.  Water porosity

Fig. 4.10 presents the measured water-accessible porosity values for the concrete
samples tested at 28 days of age. These values were determined as the arithmetic mean
of three independent measurements for each mixture. Experimental results showed
that the addition of 10% limestone reduced the porosity by approximately 5%

compared to the reference concrete OC.

The incorporation of cork as a substitute material in concrete formulations enhances
entrained air content, total porosity, and water absorption capacity. This increase in
porosity can be attributed to three primary factors: (i) the formation of air voids
between adjacent cork granules; (ii) the intrinsic cellular structure of cork; and (iii)
the characteristics of the interfacial transition zone (ITZ) formed between cork
granules and the cement paste, which typically exhibits distinct microstructural

properties (Tedjditi et al., 2020).
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The results indicate that the addition of limestone fillers slightly mitigates this increase
in porosity, although the overall effect remains limited. In general, the partial
replacement of aggregates with 25% virgin cork results in a net increase in concrete
porosity—even when the binder content is increased and limestone fillers are
incorporated. Specifically, porosity values of 31%, 36%, 24%, and 27% were recorded
for the OC+HC @n aw), OC+HC @n tw), OC+F+HC @n aw), and OC+F+HC @n 1w)
mixtures, respectively, compared to the reference concrete which reached 12.7%.
These findings correspond with the observed reductions in bulk density and

mechanical strength, with similar trends particularly noted in the OC+HC and

OC+F+HC mixtures.
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Fig. 4.10. Water accessible porosity of the different concretes.

These outcomes are consistent with the findings of Ortega et al. (Ortega et al., 2022),
who investigated chloride ingress resistance, microstructure, and mechanical
performance of lightweight mortar incorporating natural cork and expanded clay as
aggregate replacements, using sustainable cementitious additives. Their study
concluded that the lowest total porosity over the long term was observed in the
reference mortar without lightweight aggregates. Additionally, the differences in
porosity values between mortars containing natural cork and those with expanded clay

were relatively minor, which further supports the findings of the present investigation.
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4.8. Capillary water absorption

Fig. 4.11 illustrates the relationship between water uptake and the square root of time
for the different concrete mixtures, revealing a characteristic absorption pattern. All
plotted curves display a common trend consisting of two consecutive linear segments.
The slope of the first segment represents the initial absorption coefficient, while the

second segment corresponds to the secondary absorption coefficient (EN 13057,
2001).

Despite the general similarity among the curves, distinct convergence was observed
between specific mixtures. The closest similarities were noted between the curves of
ordinary concrete (OC) and concrete with limestone (OC+F), as well as between cork

concrete (OC+HC), also between cork and limestone concrete (OC+F+HC).
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Fig. 4.11. Water uptake versus to square root of time.

By analyzing these curves, both the primary and secondary water absorption values
were extracted and are detailed in Fig. 4.12 for all the concrete samples studied. The
analysis focuses on the impact of incorporating limestone and virgin cork.
Experimental results revealed differentiated effects of the additives on the absorption
behavior. The incorporation of 10% limestone into the conventional concrete mix
resulted in a 24% increase in the initial water absorption rate. When 25% virgin cork
was added, the increase varied from 6% to 26%. The combination of limestone with

cork resulted in a more significant rise in the initial absorption rate, which increased
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from 8.3 in the reference concrete to 11.7 (g/m2. Vs * E®) for (OC+F+HC 2n aw) and
12.2 (g/m2. Vs * E%) for (OC+F+HC 2n1w), representing increases of 41% and 47%,
respectively. In contrast, the secondary absorption coefficient exhibited only slight

fluctuations, ranging narrowly between 3.4 and 6 (g/m2. Vs * E%).
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Fig. 4.12. Mixtures initial and secondary water absorption coefficient.

Concrete permeability is primarily governed by three factors: pore size, pore
distribution, and pore continuity within the matrix (Neville, 2011). Although the
addition of limestone does not significantly reduce the overall porosity of the concrete
compared to the reference mixture, it does enhance water permeability. This is
attributed to the extremely fine nature of limestone particles, which possess a high
specific surface area of 5162 cm?/g. The increase in fine particle content necessitates
additional mixing water to maintain workability, thereby increasing the final
permeability of the concrete and facilitating water migration through its porous

structure (Panesar et al., 2020).

The heightened water absorption observed with the addition of virgin cork can be
explained by two key properties of the material. First is its high absorption capacity,
which ranged between (54.2 - 154 %) in our experimental tests, effectively turning
the cork into a natural water reservoir within the concrete matrix. Second—and more
critically—is its unique cellular microstructure, resembling a honeycomb with
interconnected voids. This complex porous system differs fundamentally from the

internal structure of conventional mineral aggregates (Tedjditi, 2021), forming an
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additional capillary network that promotes higher water retention and movement

compared to traditional concrete.

This analytical study highlights the substantial impact of incorporating both limestone
and virgin cork on the water absorption characteristics of concrete, albeit through
different mechanisms. While limestone increases permeability through its fine particle
size and greater water demand, cork exerts a more pronounced influence through its

highly porous microstructure and superior absorption capacity.

4.9. Chloride diffusion coefficient

Fig. 4.13 presents the temporal evolution of the cumulative chloride ion concentration
in the downstream compartment for the various concrete mixtures under investigation.
As shown in this figure, chloride concentration increases progressively in all mixtures,
with clear differences in both the rate of increase and the final values attained. The
reference concrete (OC) and the filler-containing mixture (OC+F) exhibit the highest
concentrations and steeper linear slopes, indicating a higher chloride transport rate. In
contrast, the cork-based concrete (OC+HC), particularly under the 2hIW conditioning
regime, demonstrates a slower concentration development and lower final values,
reflecting improved resistance to chloride migration. The combined mixture
(OC+F+HC) displays intermediate behavior depending on the conditioning regime,

highlighting the influence of microstructural characteristics on ion transport kinetics.
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Fig. 4.13. Concrete cumulative chloride concentration in downstream cell.
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The calculated values of the diffusion coefficients and lag times are summarized in

Table 4.1.

Table 4.1. The diffusion coefficients and the lag times for all studied concrete types.

Concrete Chloride diffusion coefficient Lag time
De (E"'2 m?/s) (Hours)
oC 21.62+1.2 53.2
OC+HF 26.2+0.3 523
OC+HCaonaw 30.6+£0.2 46.7
OC+HConw 15.60 + 0.8 76.1
OC+F+HConaw 36.3+£0.5 40.7
OC+F+HConiw 17.43£0.6 60

Overall, as indicated in Table 4.1, the chloride diffusion coefficients of all tested
concrete mixtures were relatively close to that of the reference concrete (OC). The
addition of limestone filler did not lead to a significant change in the diffusion
coefficient. However, an increase of 41% and 68% was observed in the OC+HC 2paw
and OC+F+HC naw mixtures, respectively. The results obtained are in line with the
initial expectations of the study and can be explained by considering the
microstructural characteristics of cork and the physical mechanisms governing the
mixing process and the interaction between the various concrete constituents. Cork is
characterized by a unique microstructure of closed cells, with air occupying
approximately 90% of'its volume. The walls, rich in suberin, provide partial resistance
to water penetration, while the fine intercellular pores allow connectivity between
adjacent cells. This structure results in a lightweight, highly porous material with a

significant capacity for fluid absorption under prolonged exposure.

Concrete mixtures (OC+HC 2naw) face significant challenges, particularly because the
short mixing duration prevents full saturation of the dry cork particles. This leads the
cork to absorb a substantial portion of the mixing water initially intended for cement
hydration, resulting in a cascade of detrimental effects. In particular, the effective
water-to-cement ratio (w/c) decreases below the design specification, and hydration

reactions are delayed due to insufficient water availability (Miguel et al., 2021).
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These adverse effects are substantially amplified by the concurrent incorporation of
ultrafine limestone filler, which exhibits elevated water demand attributable to two
primary factors: its extensive specific surface area necessitates additional water for
surface saturation, and particle-level interactions with cement grains intensify internal
friction, thereby requiring enhanced lubrication through increased water content. The
simultaneous use of virgin cork aggregates and limestone filler (OC+F+HC 2naw)
generates a synergistic detrimental effect characterized by three principal
manifestations. First, overall porosity increases dramatically through the
superposition of cork's inherent porosity (approximately 90%), supplementary
porosity arising from incomplete cement hydration, and void formation resulting from
suboptimal particle packing. Second, an interconnected pore network develops,
comprising voids surrounding cork particles, capillary channels forming continuous
fluid transport pathways, and interstitial voids that enhance pore connectivity, thereby
indicating an enhancement in the mass transport mechanism. Third, weak interfacial
bonding emerges, characterized by poor adhesion between cork and the cementitious
matrix, incomplete integration of limestone particles, and the formation of vulnerable
zones that fundamentally compromise both mechanical performance and long-term
durability of the composite material. These combined microstructural phenomena
explain the increase in the chloride diffusion coefficient observed when virgin cork
with 2hAW is used in conjunction with limestone filler. The highly porous, poorly
bonded structure facilitates the transport of chloride ions through the concrete matrix,
reducing its durability under aggressive environmental conditions. Notably, the
mixtures containing cork aggregates pre-soaked in water for 2 hours (OC+HC 2niw)
demonstrated superior performance in reducing chloride diffusion. When virgin cork
with (2hIW) was used, the diffusion coefficient decreased significantly. When
combined with limestone filler (OC+F+HC 2nw), the diffusion coefficient ranged
between 15.6 and 17.4 x 1012 m¥s, respectively (Ortega et al., 2022 & Miguel et al.,
2020).

This enhanced performance in mixtures incorporating cork pretreated by two-hour
water immersion (OC+HC 2niw) 1s attributed to several microstructural changes. Pre-
soaking the cork likely facilitates controlled water release during cement hydration
and may activate chemical compounds that interact with the cement matrix. This
interaction contributes to modifications in the pore structure and distribution, resulting

in more tortuous and complex pathways for chloride ion ingress. These findings

113

—
| —



suggest that parameters such as pore network tortuosity and connectivity play a crucial
role in governing chloride transport. Greater tortuosity implies longer and more
convoluted pathways, which reduce the effective diffusion rate. Similarly, limited
pore connectivity restricts ion mobility, even when the total porosity is relatively high.
Hence, the microstructural features of natural cork concrete substantially enhance its

resistance to chloride penetration (Dhandapani et al., 2021).

The lag time is inversely proportional to the chloride diffusion coefficient; that is, the
lower the diffusion coefficient, the longer the lag time. The maximum lag time,
estimated at 76.1 hours, was recorded for the OC+HC »nw mixture, whereas the
minimum lag time, approximately 40.7 hours, was observed for OC+F+HC anaw.
These results are consistent with previous studies, such as that of Touil et al. (Touil
et al., 2017), which demonstrated that both the type and porosity of concrete have a
significant influence on the diffusion coefficient. The lag time varies according to the
degree of interaction between chloride ions and the concrete matrix, increasing as the

diffusion coefficient decreases.
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Fig. 4.14. Concrete samples before and after chloride diffusion tests.

As shown in Fig. 4.14, the degree and pattern of surface degradation on the specimen
face exposed to the chloride solution varied depending on the concrete type. Both
ordinary concrete and limestone concrete maintained similar external appearances,
with no noticeable alterations observed on either the upper or lower surfaces of the
tested specimens. In contrast, cork-based concretes (OC+HConw & OC+F+HConw)
exhibited visible deterioration, particularly in the form of erosion of cork particles on
the specimen surfaces. The most severe damage was observed in the (OC+F+HCanaw)

cork concrete specimens, which experienced significant surface degradation,
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especially on the upper face directly exposed to the chloride solution. As illustrated in
Fig.4.15, Severe surface degradation in the (OC+F+HC2naw) samples is attributed to
cork porosity, weak matrix—cork bonding, chloride penetration, and partial cork
disintegration, with accelerated damage on the exposed upper surface due to combined

physical and chemical effects.

1* Sample

The non-exposed faces of the specimens to the chloride solution

Fig. 4.15. The deterioration of the (OC+F+HC ) specimens.

2HAW

The most significant finding was the superior resistance to chloride ion penetration
exhibited by OC+HCaniw concrete. This result necessitated the completion and further
development of the experimental framework. Accordingly, four concrete formulations
were considered: reference concrete OC, limestone concrete OC+F, wet cork concrete
with cork aggregate pre-soaked for two hours OC+HCoaniw, hereafter referred to as
OC+HC, and wet cork concrete with cork aggregate pre-soaked for two hours

combined with limestone OC+F+HConiw, designated as OC+F+HC.
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4.10. Pore size distribution

Fig. 4.16 presents a detailed analysis of the pore size distributions of the various
concretes investigated in this study, as determined using the advanced Mercury
Intrusion Porosimetry (MIP) technique. The experimental data provide
comprehensive insights into the porosity characteristics and internal structure of each

concrete type examined.

The analytical results reveal a distinct bimodal pore size distribution in the ordinary
reference concrete (OC), characterized by two clearly defined pore diameter classes
representing different pore network types. The first class is centered around 0.095 um
and is primarily associated with medium-sized capillary pores formed during cement
hydration and the generation of hydration products. The second class, centered around
0.432 um, corresponds to larger pores and entrapped air voids introduced during

mixing and casting.
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Fig. 4.16. The pore size distribution of the concrete tested.

In contrast, the incorporation of limestone filler resulted in a fundamental alteration
of the pore structure, shifting the distribution from bimodal to a more uniform
unimodal distribution in the limestone concrete (OC+F). This distribution is
characterized by a single, prominent pore diameter of 0.054 pm, indicating the
beneficial role of limestone filler in refining the pore structure through physical
packing (filler effect) and nucleation mechanisms. These processes contribute to

densifying the cementitious matrix and reducing the volume of interconnected pores.
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The incorporation of virgin cork into the concrete (OC+HC) produced a markedly
different outcome, generating a complex network of new pore families. This
modification yielded a broad pore size spectrum encompassing finer and larger pores
than those observed in the reference concrete (OC). The characteristic pore diameters
in this case were 0.003 um (ultrafine pores), 0.077 um (fine pores), 0.677 um
(medium pores), and 4.527 um (large pores). The presence of larger pores is primarily
attributed to the relatively weak Interfacial Transition Zone (ITZ) formed between the
organic cork particles and the inorganic cementitious matrix. This ITZ exhibits
distinct physical and chemical properties, leading to imperfect interfacial bonding, as
clearly illustrated in the high-resolution SEM images (see Figure 4.17), which reveal

the microstructural details of these transitional regions.

A comparable trend was observed in the composite concrete containing both
limestone filler and virgin cork (OC+F+HC), though with a notable difference:
ultrafine pores (0.003 pum) were absent from the pore size distribution. The
characteristic pore diameters for this mixture were 0.095 um, 0.680 um, and 6.037
um. This alteration in pore structure and the reduction in fine pores is most likely due
to the dual functional role of the limestone filler. The fine limestone particles penetrate
and occupy the cork’s intrinsic porosity, thereby limiting or preventing continued
secondary hydration within these pores and reducing the formation of additional
calcium silicate hydrate (C-S-H gel)—the primary phase responsible for concrete
strength and cohesion. This mechanistic explanation accounts for the very limited
change in the mechanical strength of the concrete containing both virgin cork and
limestone filler compared to that containing virgin cork alone, as the potential
performance gains from limestone filler addition are partially offset by the loss of

internal curing benefits from additional hydration within the cork pores.
4.11. Scanning Electron Microscopy (SEM) Morphological Analysis

Fig. 4.17 presents the nanoscale spectroscopic analysis performed using Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) for
the studied concrete mixtures, aiming to assess the morphological and chemical
effects of incorporating virgin cork and limestone filler on the microstructure and
phase composition of the cementitious matrix, with particular attention to the

characteristics of the interfacial transition zone (ITZ) and structural defects.
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Microscopic examinations revealed that the reference (OC) and limestone (OC+F)
concrete mixture exhibits a homogeneous and densely packed microstructure,
indicative of a well-hydrated cement matrix with a uniform distribution of crystalline
phases, in contrast to the cork-containing mixtures (OC+HC and OC+F+HC), which
displayed a reduced degree of structural uniformity. The reference mixtures
demonstrated a compact nanostructure with strong surface bonding, reflecting the
efficiency of hydration processes and crystallization mechanisms. In OC, average pore
diameters of 1.1 um and an ITZ width of up to 8 um were recorded, consistent with
mercury intrusion porosimetry (MIP) results showing pore size distributions in the

range of (0.01-8) um.

Cork-modified mixtures exhibited a progressive increase in both pore size and ITZ
width, with the largest values recorded for (OC+F+HC). This suggests that partial
replacement of natural aggregates with virgin cork particles promotes the
development of a more open and interconnected pore network, with pore diameters
reaching up to 50 pm, as confirmed by MIP analysis, while still maintaining
acceptable mechanical interlocking and chemical bonding between the cement phase
and aggregates. SEM images also revealed the characteristic honeycomb cellular
structure of cork, with void diameters up to 35 um. The ITZ in these mixtures
displayed heterogeneous behavior, ranging from well-bonded interfaces to areas with
microcracks and fissures; its width ranged from 16.4 um in (OC+HC) to 50 um in
(OC+F+HC).

From a theoretical standpoint, the inclusion of limestone filler is expected to improve
microstructural density and enhance ITZ cohesion through filler effects. However, the
cumulative influence of cork particles increases porosity and entrained air content,
which may counteract the densifying impact of mineral fillers and affect the
composite’s mechanical performance. Conversely, the evolution of a closed pore

network could enhance the thermo-physical and acoustic properties of the material.
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Fig. 4.17. SEM and EDS analysis for the studied concretes.
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EDS analysis confirmed the anticipated elemental distribution of the major
constituents-calcium (Ca), silicon (Si), iron (Fe), and aluminum (Al)-with trace
amounts of chlorine (0.5%) detected in the (OC+F+HC) mixture, likely originating

from mineral impurities in the limestone filler, as reported in Table 3.2.

4.12. Thermogravimetric Analysis (TGA)

This procedure yields a thermogravimetric curve that illustrates the mass evolution as
a function of temperature Fig.4.18, providing valuable insights into the internal
composition of the material, hydration products, and the mechanisms of different
thermal decomposition processes. TGA enables the quantification of total weight loss
and the identification of critical temperature ranges at which mass loss events occur.
It is further employed to estimate moisture content, monitor dehydration of hydrates,
detect the decomposition of calcium hydroxide, assess the loss of organic compounds,
and capture a broad spectrum of other thermally induced phenomena that lead to

measurable and quantifiable mass variations.

This analytical study aims to assess the comprehensive thermal behavior of ordinary
concrete (OC), limestone concrete (OC+F), wet cork concrete (OC+HC), and
(OC+F+HC) using thermogravimetric analysis (TGA) over the temperature range of
25-1000 °C. The objective is to investigate the effects of these additives on the
thermal properties and stability of the base concrete. As shown in Fig.4.18, at the first
stage of drying and moisture loss (25-200 °C), different mass losses were observed.
OC exhibited ~1.5% mass loss corresponding to inherent moisture, whereas OC+F
recorded a reduced value of ~1.2% due to the dry mineral nature of limestone. In
contrast, OC+HC showed an increased value of ~4.0% as a result of the additional
moisture content of cork, while OC+F+HC recorded ~3.5%, highlighting a synergistic

effect in moisture management.

The second stage (200450 °C) is characterized by the decomposition of cork’s
organic constituents. OC+HC exhibited an additional gradual mass loss (~3—4%)
associated with the successive degradation of hemicellulose (200-280 °C), cellulose
(280-350 °C), and lignin (350450 °C). During the third stage of relative stability
(450-700 °C), samples containing limestone demonstrated superior stability owing to
the formation of a protective carbon CaCOs matrix. This composite acted as both a
thermal reservoir and a physical barrier, in conjunction with the cork’s residual

carbon, while benefiting from evaporative cooling effects that delayed heat transfer.
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Fig. 4.18. TGA Results Analysis Diagram.

The significance of natural addition becomes particularly evident in the fourth stage
(700900 °C). OC exhibited sharp degradation at ~760 °C with a 35% mass loss,
whereas OC+F delayed degradation to ~780 °C. This improvement is attributed to the
endothermic decomposition of CaCOs, the formation of a protective CaO layer, and
the inert effect of the released CO-, which together facilitated the development of a
mixed CaO activated carbon layer with potential reactions that enhanced thermal

cohesion.

In the final stage (900-1000 °C), quantitative analysis of the residues revealed higher
stability in the limestone concrete, with residual masses of 62% for OC, 65% for
OCHF, 63% for OC+HC, and 64% for OC+F+HC. These residues predominantly
consisted of activated carbon, calcium oxide, un-decomposed calcium carbonate, and

secondary mineral compounds.

Overall, the results confirm the effectiveness of limestone as a natural thermal
stabilizer, primarily through its endothermic decomposition, the formation of a
protective CaO layer, and the release of CO: as a diluting inert gas. Meanwhile, wet
cork enhanced early-stage thermal insulation, contributed additional beneficial
carbonaceous residues, and provided a graded thermal barrier. The combination of
limestone and cork exhibited a limited but positive synergistic effect. leading to
improved overall thermal stability without detrimental interactions, thus achieving an

optimal balance between the distinct stabilizing contributions of limestone and cork.
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4.13. The Derivative Thermogravimetric Analysis (DTG)

The derivative thermogravimetric analysis (DTG), conducted as a complementary
approach to the thermogravimetric analysis (TGA), provides a deeper understanding
of the dynamics of thermal decomposition and the associated mass loss rates (Fig.
4.19). This method enables more precise identification of critical decomposition

points and underlying mechanisms.
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Fig. 4.19. DTG Results Analysis Diagram.

In the first stage, corresponding to the loss of moisture and volatile compounds (0-
300 °C), all samples exhibit a minor peak at approximately 100 °C, which represents
the evaporation of absorbed moisture. The OC+HC specimen shows an additional
small peak (-0.15 mg/min) at around 150 °C, indicating the presence of supplementary
moisture introduced by cork. Conversely, the OC+F specimen records a lower
intensity peak (-0.08 mg/min), highlighting the drying effect of limestone, which
contributes to maintaining a reduced decomposition rate. During the transitional stage
of organic component degradation (300-700 °C), the OC+HC specimen exhibits a
distinct medium-intensity peak at approximately 477 °C (-0.4 mg/min), corresponding
to the decomposition of cellulose and hemicellulose in cork. In comparison, the
OC+F+HC specimen displays the same peak, though with a mitigated intensity (-0.3
mg/min), confirming the inhibitory effect of limestone even at this early
decomposition phase. The most critical stage corresponds to the main decomposition
peak (700-1000 °C), where the DTG curves reveal a pronounced mass-loss event

beginning around 750 °C, with marked variations across the samples. The OC
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specimen records the highest mass-loss rate at 884 °C (—2.8 mg/min). In contrast, the
OC+F specimen shows a delayed peak at 887 °C with reduced intensity (—2.6
mg/min). The OC+HC specimen demonstrates a similar trend to the ordinary concrete
sample but with slightly lower intensity. Notably, the OC+F+HC specimen achieves
the most favorable synergistic effect, with a delayed decomposition peak at 868 °C
and the lowest intensity (—2.4 mg/min), underscoring the superior efficiency of the

combined formulation in enhancing thermal degradation resistance.

Overall, this integrated study provides strong evidence supporting the development of
thermally enhanced composites through the incorporation of natural and sustainable
additives. The analytical results clearly demonstrate that the inclusion of limestone
and wet cork does not adversely affect the thermal stability of the base material; rather,
it imparts advanced functional characteristics that enhance the overall thermal
performance. This combined thermal and functional compatibility positions these
natural additives as highly suitable candidates for advanced thermal applications,

while simultaneously meeting environmental sustainability requirements.

Calcium hydroxide (CH) The measurement of mass loss enables the determination of
chemically bound water content and the concentration of free calcium hydroxide (CH)
within the cementitious matrix. Chemically bound water is a fundamental component
in the development of mechanical strength and the formation of cement hydrates,
whereas free CH contributes to the enhancement of pozzolanic reactions and the
generation of additional C—S—H gel, thereby improving the mechanical properties and
sustaining the alkaline environment necessary for reinforcing steel passivation. A
quantitative assessment of these two parameters provides valuable insight into
predicting the long-term performance of concrete and its resistance to environmental

degradation (Pandiaraj et al., 2024).

The content of chemically bound water in the sample can be determined using the

following equation (Pandiaraj et al., 2024):
WB = th + de + 04'1 de (10)

The free CH present in the sample is calculated according to this equation (Pandiaraj

et al., 2024):

Free CH content = 4.11L,;, + 1.68 L, (11)
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Where: W3 is the chemically bound water (%). Lan is the mass loss between105 and
440 °C due to dehydration of the hydrates (%). Lqx is the mass loss between 440 and
580 °C due to dehydroxylation of calcium hydroxide (%). Lqc is the mass loss between

580 and 1000 °C due to decarbonation of calcite and the anhydrous material (%).

The amount of CaCOs in the sample is determined using the following equation:

MCaCOs;

CaCO3z(mg) = AW X MCO, (12)

Where: AW: mass loss between (600-900 °C) (mg). Mcacos: molar mass of calcium

carbonate (100 g/mol). Mco2: molar mass of carbon dioxide (44 g/mol).

Table 4.2. Chemical Composition and CaCO3 Content of Concrete Mixtures.

Concrete | Lay | Lax | Lac Mass Loss Ws Free CaCOs3
(600-900°C) (mg) | (%) | CH (%) (mg)
oC 2,36 | 1,11 | 33,03 24,87 17,02 | 60,07 56,52
OC+F 2,07 | 1,08 | 31,06 23,32 15,89 | 56,64 53,01
OC+HC 4,04 | 2,02 | 31,08 23,99 18,81 | 60,53 54,53
OC+F+HC | 4,41 | 1,14 | 31,07 23,29 18,30 | 56,91 52,93

The analytical results demonstrate that the influence of limestone and wet cork on the
internal chemical interactions of concrete is distinct, yet becomes complementary
when both are combined. The reference concrete (OC) exhibited relatively high
contents of chemically bound water (Wg = 17.02%) and free calcium hydroxide (CH
=60.07%), along with elevated values of calcium carbonate (CaCOs = 56.52 mg). The
incorporation of limestone (OC+F) resulted in a marked decrease in Wg (-6.7%) and
CH (-5.7%), which was reflected in a reduction of CaCOs content (-6.2%) and. This
behavior suggests that limestone consumes part of the available CH through
secondary reactions but does not effectively promote carbonation when used in
isolation. In contrast, wet cork (OC+HC) significantly increased W (+10.5%) while
maintaining CH at a level comparable to the reference (+0.76%), with only a slight
decrease in CaCOs content (-3.5%). This indicates that wet cork enhances moisture
retention within the matrix. The combined system (OC+F+HC) exhibited a clear
synergistic effect, as CaCOs content decreased to 52,93 mg. This finding confirms
that the concurrent action of limestone and wet cork has little influence on carbonate

formation within the cementitious structure.
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4.14. Thermo-Diffusive Investigation

Fig. 4.20 illustrates the chloride concentration at a temperature of 5 °C over a period
of 250 hours for the four concrete mixtures. The results reveal clear differences in
chloride release rates among the studied samples. The OC+F mixture exhibited the
highest chloride accumulation, reaching approximately 15 g/L at the end of the test
period, followed by the OC mixture with about 12 g/L. In contrast, the OC+HC and
OC+F+HC mixtures showed lower concentrations, around 7 g/L and 9 g/L,
respectively. All samples exhibited a similar trend in chloride release, characterized
by a slow rate during the first 100 hours, followed by a gradual acceleration thereafter.
These findings indicate that the addition of limestone significantly enhances chloride
release, primarily by increasing the pH of the medium and creating an alkaline
environment that promotes dissolution, hydrolysis, and ion-exchange processes
leading to chloride liberation. Conversely, the presence of wet cork considerably
reduces chloride release, highlighting its effective role as a physical barrier that
decreases permeability or as an adsorptive material capable of retaining chloride ions,
even to a limited extent. The low temperature (5 °C) influenced the overall reaction
kinetics, resulting in relatively slower release rates during the initial stage of the
experiment. Our results are consistent with those reported by Touil et al. (Touil et al.,
2017) as the lowest chloride diffusion coefficients for both ordinary concrete (OC)
and 10% pozzolan concrete were recorded at 5°C. The migration coefficient decreased
by approximately 58—60% compared to 20°C, accompanied by an increase in the time
lag (Tiag), reflecting reduced ionic mobility and improved resistance to chloride
penetration at low temperature. Nevertheless, pozzolan concrete remained less

permeable than ordinary concrete.

Fig. 4.22 presents the variation of chloride concentration at a temperature of 50 °C,
over a 250-hour period for four concrete mixtures. The results demonstrate substantial
differences in chloride release rates among the studied concretes, with a pronounced
influence of elevated temperature compared to the previous test conducted at 5 °C.
The OC+HF mixture exhibited the highest chloride accumulation, reaching
approximately 36 g/L at the end of the experiment, followed by the OC mixture with
about 35 g/L. In contrast, the OC+F+HC and OC+HC mixtures showed lower
concentrations of around 23 g/L and 21 g/L, respectively. It is observed that chloride
release rates were considerably faster from the beginning of the test, showing an

immediate onset followed by an almost linear increase throughout the entire
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experimental period. These findings indicate that raising the temperature to 50 °C
significantly enhanced the kinetics of chloride release in all mixtures, resulting in
approximately double the final concentrations compared to those observed at 5 °C.
Furthermore, the inhibitory effect of wet cork remains evident even under elevated
thermal conditions, confirming its efficiency as a physical and/or chemical barrier that
reduces chloride permeability within the concrete matrix. Our findings are in
agreement with those reported by Touil et al. (Touil et al., 2017), as the highest
chloride diffusion coefficients were recorded at 50°C. The migration coefficient
increased by approximately 64—-66% compared to 20°C, reaching nearly three times
the reference value, with a marked decrease in the time lag (Tisg). This behavior
reflects a significant acceleration in chloride penetration kinetics, particularly at
temperatures above 30°C. Despite this pronounced increase in diffusivity, pozzolan
concrete exhibited greater resistance and lower chloride transport than ordinary

concrete at the same temperature level.

A comparison of the three profiles obtained at 5 °C, 20 °C, and 50 °C (Fig. 4.20, 21,
22) clearly demonstrates the progressive influence of temperature on the kinetics of
chloride release from all studied concrete mixtures. The final chloride concentrations
increased markedly with temperature, ranging for the OC mixture from approximately
12 g/L at 5 °C to 32 g/L at 20 °C, and reaching 35 g/L at 50 °C. This trend indicates
that higher temperatures significantly accelerate the chemical reactions responsible

for chloride liberation.
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Fig. 4.20. Cumulative chloride content in the downstream compartment of concrete at 5°C.
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Fig. 4.21. Total chloride accumulation within the downstream cell of concrete at 20°C.
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Fig. 4.22. Total chloride accumulation within the downstream cell of concrete at 50°C.

It is also observed that the initial induction period-during which chloride release was

slow-was evident at 5 °C (approximately 100 hours) but progressively shortened as

the temperature increased, leading to an immediate and rapid release at 50 °C. The

OC+F mixture consistently exhibited the highest chloride concentrations across all

tested temperatures, confirming the catalytic role of limestone in promoting chloride

release by increasing the pH of the medium and facilitating ion-exchange reactions.

Conversely, the mixtures containing wet cork (OC+HC and OC+F+HC) consistently

displayed a 30-40% reduction in released chloride concentrations compared with

those without cork, regardless of temperature. This finding highlights the

effectiveness of wet cork as

a physical and/or chemical barrier that reduces chloride
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permeability and release, even under harsh thermal conditions. Taken together, these
results emphasize that both temperature control and the selection of suitable additives

are critical factors in regulating chloride release from the studied systems.

Table 4.3 results clearly demonstrate the combined influence of temperature and
concrete type on the chloride diffusion coefficient (De), lag time through the concrete.
The diffusion coefficient exhibited a consistent increase with rising temperature

across all samples.

Table 4.3. Diffusion coefficients, lag times of all studied concrete mixtures.

Chloride diffusion coefficient Lag time
Concrete D. (E'2m?/s) (Hours)
5°C 20°C 50°C 5°C 20°C 50°C
ocC 15775+0.5 | 21.62+1.2 30+ 0.6 64.7 53.2 13.74
OC+F 1766 £0.7 | 26.2+0.3 | 31,1£0.5 62.14 52.3 13,47
OC+HC 102+04 | 15.60+0.8 | 20.36+0.9 68.64 76.1 21.65
OC+F+HC | 1238+0.2 | 1743+ 0.6 | 22.06+0.7 62.2 60 21.7

Among the studied mixtures, OC+F concrete showed the highest diffusion
coefficients values at all temperatures (17.66, 26.2, and 31.1 x107'> m?/s at 5°C, 20°C,
and 50°C, respectively), followed by OC concrete. In contrast, mixtures incorporating
wet cork OC+HC & OC+F+HC presented the lowest diffusion coefficients, indicating
the cork’s ability to reduce chloride permeability by approximately 28—35%.

Regarding lag time, a sharp decrease was observed with increasing temperature,
ranging from 62—68 hours at 5°C and 52-76 hours at 20°C, before dropping
substantially to 13-21 hours at 50°C. This confirms that elevated temperatures
accelerate the onset of chloride diffusion processes. Overall, these findings indicate
that the inclusion of limestone tends to reduce the concrete’s resistance to chloride
diffusion, whereas the incorporation of wet cork effectively enhances its barrier

properties across all tested temperatures.
4.15. Chloride—Concrete Interactions

The study of chloride adsorption behavior in this research is based on the Langmuir
Isotherm model. This mathematical model describes the equilibrium relationship

between the concentration of free chlorides (Cf) in the pore solution and the bound
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chlorides (Cb) within the cementitious matrix. This model operates on the assumption
that adsorption occurs on a homogeneous surface through a single layer (monolayer)

at specific, well-defined binding sites. The fundamental equation is expressed as:

Ky X Comax X G

y = (13)
1+ K, X G

Where:

Cb (Bound Chlorides): quantity of chloride ions chemically or physically sequestered

by the concrete matrix, expressed in (g/g).

Ci (Free Chlorides): Denotes the concentration of free chloride ions remaining in the

pore solution at equilibrium, measured in (g/L).

Cbp, max (Maximum Binding Capacity): Defines the theoretical maximum adsorption
capacity, representing the total number of active binding sites available for chloride

sequestration within the matrix.

Kv (Langmuir Equilibrium Constant): An equilibrium constant that reflects the
binding affinity between chloride ions and the adsorbent surface; higher values

indicate a stronger and more stable interaction at the binding sites.

The results demonstrated that the Langmuir model provided an accurate
representation of the adsorption isotherms, with its curves fitting most of the
experimental data points across the different temperature conditions, indicating its

high suitability for describing chloride binding behavior in all the studied cases.

The results presented in the Fig. 4.23 illustrate the chloride binding isotherms for
chloride ions in various types of concrete at a constant temperature of 5°C. These
isotherms describe the relationship between the concentration of free chlorides (Cy) in
the pore solution and the bound chlorides (Cp) within the cementitious matrix, as it is
a key parameter for assessing the concrete’s resistance to chloride ingress and the

protection of steel reinforcement against corrosion.

The data indicate that all concrete mixtures characterized by a rapid increase in
chloride binding at low concentrations (0—20 g CI/L), followed by a gradual decline
in the binding rate as the free chloride concentration increases. This trend suggests
that the available binding sites approach saturation, which is consistent with the

limited chemical and physical binding mechanisms inherent to the cement matrix.
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Fig. 4.23. Chloride binding isotherms of concretes at 5°C.

The OC+HC concrete mixture exhibited the highest chloride binding capacity, with a
C b, max value 0 0.01473 g Cl /g, exceeding that of the reference concrete (OC) (0.009
g Cl/g) and the limestone-based mixture (OC+F) (0.00762 g Cl/g).

In contrast, the OC+F mixture showed the lowest chloride binding capacity (0.00762
g Cl/g), raising questions regarding the effectiveness of limestone in enhancing

chloride adsorption.

The results clearly show that the wet cork concrete (OC+HC) achieved the highest
chloride binding capacity (=0.012 g CI/g of material) at higher concentrations,
outperforming all other mixtures. This unexpectedly superior performance can be
attributed to a combination of interrelated mechanisms operating at both
microstructural and chemical levels. Firstly, cork incorporation induces
microstructural modifications by enhancing the porous architecture of concrete
through the generation of additional pores upon moisture evaporation or degradation
of organic constituents, consequently expanding the available surface area for
physical adsorption processes. Secondly, the chemical functionality inherent in cork's
organic components, particularly the presence of carboxyl and hydroxyl functional

groups, facilitates interaction with chloride ions via hydrogen bonding mechanisms.
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Thirdly, the elevated moisture content characteristic of wet cork may exert a retarding
effect on cement hydration kinetics, thereby promoting the formation of modified
AFm phases with enhanced chloride binding capacity. Collectively, these synergistic
mechanisms contribute to the observed improvement in chloride resistance

performance.

In contrast, the limestone-modified concrete (OC+F) exhibited the lowest binding
capacity (=0.007 g Cl/g), even lower than the reference concrete (OC), which reached
approximately 0.008 g Cl7/g. This finding contradicts conventional expectations that
limestone enhances chloride binding through the formation of carboaluminate phases.
The deterioration in performance can be attributed to several interrelated factors
operating within the cementitious matrix. Primarily, the reduction may stem from
diminished availability of reactive aluminates essential for the formation of AFm
phases, which constitute the principal chloride-binding compounds in concrete.
Additionally, the consumption of potential binding sites through carboaluminate
formation may competitively inhibit chloride uptake mechanisms. Furthermore,
densification of the pore structure may impose constraints on both chloride ion
mobility and accessibility to adsorption sites, thereby limiting the overall binding
capacity. Collectively, these factors contribute to the observed decline in chloride

resistance performance of the modified concrete systems.

The composite mixture (OC+F+HC) exhibited an intermediate behavior (=0.010 g
Cl'/g), falling between that of the reference concrete and the wet cork concrete. This
suggests that the addition of limestone partially counteracts the strong positive effect
of wet cork, implying a complex interaction between the mineral and organic

components that affects both chemical and physical chloride binding mechanisms.

It is important to note that the low temperature (5°C) plays a crucial role in these
observations. Temperature influences the kinetics of hydration reactions, solution
viscosity, and ion diffusion dynamics. At lower temperatures, hydration processes
slowdown, which may alter the formation of hydration products responsible for

chloride binding and, consequently, the overall binding capacity of the material.

The results presented in Fig. 4.24 depict the chloride binding isotherms for chloride

ions in various concrete types at a constant temperature of 20°C.
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At 20°C, the results exhibited a behavior similar to that observed at 5°C; however, a
slight reduction in chloride binding capacity was noted. The OC+HC mixture recorded
the highest value (0.00971 g Cl/g), whereas the OC+F mixture remained the least

efficient in chloride binding.

The results demonstrate that the wet cork concrete (OC+HC) exhibited the highest
chloride binding capacity, reaching approximately 0.0092 g Cl/g of material at the
highest studied concentration (75 g CI7/L). This represents a significant improvement
of nearly 53% compared to the reference concrete. In contrast, the limestone-modified
concrete (OC+F) showed the lowest binding capacity (=0.0051 g Cl-/g), which is even
lower than that of the reference mixture (OC), measured at about 0.006 g Cl/g,

corresponding to a 15% reduction.
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Fig. 4.24. Chloride binding isotherms of concretes at 20°C.

The composite mixture (OC+F+HC) displayed an intermediate performance (<~0.0082
g Cl'/g), positioned between that of the wet cork mixture and the reference concrete,
with an improvement of approximately 37% relative to the plain concrete. This
outcome suggests a partial synergistic interaction between the two components: the
wet cork appears to partially compensate for the negative influence of limestone,

although it does not fully achieve the performance observed when cork is used alone.
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This behavior may be attributed to competitive interactions between the two additives
affecting distinct binding mechanisms, or to microstructural adjustments that limit the

full utilization of each material’s individual properties.

It is also noteworthy that the binding capacities recorded at 20°C are generally lower
than those observed at 5°C in the preceding experiment. This finding aligns with
thermodynamic principles, which state that adsorption processes are typically
exothermic in nature, and therefore favored at lower temperatures. At 20°C, the
increased ionic mobility and solubility may reduce the stability of bound chlorides,

enhancing their tendency to remain in the free solution phase.

The results presented in Fig.4.25 illustrate the chloride binding isotherms for chloride

ions in various concrete mixtures at an elevated temperature of 50°C.
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Fig. 4.25. Chloride binding isotherms of concretes at 50°C.

The most significant observation is the reduction in chloride binding capacity Cp, max
across all mixtures at 50°C compared with those at lower temperatures (5°C and
20°C).  Nevertheless, OC+HC remained the best performing, followed by
OC+F+HC. The binding values decreased by approximately 40—60% for all types of

concrete. The decline in chloride binding performance can be explained through
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several interconnected thermodynamic and kinetic phenomena associated with
temperature elevation. The enhancement of ionic mobility resulting from increased
thermal energy destabilizes the physically adsorbed chloride species, promoting their
release into the pore solution as free ions. Concurrently, elevated temperatures may
induce structural alterations in hydration products, particularly the thermally labile
AFm phases that serve as primary chemical binding agents, through decomposition or
phase transformation mechanisms. Moreover, the temperature-dependent increase in
chloride solubility coupled with accelerated desorption rates drives the system toward
a thermodynamic state favoring unbound chloride ions. These synergistic thermal
effects collectively account for the observed deterioration in chloride immobilization

capacity within the cementitious matrix under high-temperature exposure conditions.

Despite the overall decline, the wet cork concrete (OC+HC) maintained the highest
chloride binding capacity (=0.0071 g Cl/g), representing an improvement of about
66% relative to the reference concrete (OC), which exhibited ~0.0043 g Cl7/g. This
consistent performance across all temperatures indicates that the chloride-binding
mechanisms associated with wet cork possess superior thermal stability compared to
those in conventional concrete. This may be linked to the thermally stable porous

structure of cork, which remains relatively unaffected by temperature fluctuations.

The composite mixture (OC+F+HC) also demonstrated good performance (<0.006 g
Cl/g), ranking second with a 40% improvement over the reference concrete. The
synergistic interaction between cork and limestone appears to become more
pronounced at higher temperatures: limestone may enhance the thermal stability of
the cementitious matrix, while cork provides additional, stable binding sites.
Conversely, the limestone-modified concrete (OC+F) continued to show the lowest
binding capacity (=0.0033 g Cl/g), representing a 23% reduction compared to the
reference mixture. This persistently poor performance across all temperatures
reinforces the adverse influence of limestone on chloride-binding capacity under the

studied conditions.

These findings have significant implications for engineering applications in hot
climates or structures exposed to high operational temperatures. The reduction in
chloride-binding capacity at 50°C implies a higher concentration of free chlorides
within the pore solution, thereby increasing the risk of steel reinforcement corrosion

and reducing the expected service life of concrete structures. It is also noteworthy that
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the rate of decline in chloride binding capacity with increasing temperature varies
among mixtures. While the reference concrete lost approximately 46% of its binding
ability (from ~0.008 g Cl7/g at 5°C to =0.0043 g Cl/g at 50°C), the wet cork concrete
experienced a smaller reduction of about 41% (from =0.012 to =0.0071 g C17/g). This
indicates a relatively higher thermal stability of the chloride-binding mechanisms in

cork-modified concrete.

s Comprehensive Comparison: Temperature Effect on the Chloride Binding

Capacity of Concrete

A comprehensive comparison of the results obtained at 5°C, 20°C, and 50°C reveals
a clear and consistent inverse relationship between temperature and chloride binding
capacity across all studied concrete types, confirming the exothermic nature of the
adsorption processes. At the lowest temperature (5°C), all mixtures exhibited their
highest chloride binding capacities. Wet cork concrete (OC+HC) achieved the
maximum value of approximately 0.012 g Cl7/g, which decreased to 0.0092 g Cl /g at
20°C and further to 0.0071 g Cl/g at 50°C-representing a cumulative reduction of

about 41% across the studied thermal range.

The most notable observation is that wet cork concrete consistently maintained
superior chloride binding performance at all temperatures, indicating enhanced
thermal stability of its binding mechanisms, likely associated with its porous structure
and the functional organic groups inherent to cork. Conversely, limestone-modified
concrete (OC+F) exhibited the weakest performance under all thermal conditions,
with its binding capacity dropping from 0.007 g Cl /g at 5°C to 0.0051 g Cl /g at 20°C
and reaching 0.0033 g Cl/g at 50°C—a total decline of approximately 53%, the

highest among all mixtures.

The reference concrete (OC) showed an intermediate trend, with values decreasing
from 0.008 g Cl/g at 5°C to 0.006 g Cl/g at 20°C and to 0.0043 g Cl /g at 50°C. The
composite mixture (OC+F+HC) demonstrated relatively balanced performance across
temperatures, decreasing from 0.010 g Cl/g to 0.0082 g Cl /g and finally to 0.006 g
Cl/g. This behavior suggests that wet cork partially compensates for the adverse

influence of limestone, enhancing the thermal stability of the overall mixture.

These findings have significant practical implications for designing chloride-resistant
concrete. The expected service temperature should be carefully considered: in cold or

temperate environments, all mixtures perform more effectively in chloride binding,
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whereas in hot climates (e.g., tropical or industrial settings), the inclusion of thermally
stable modifiers such as wet cork becomes essential to maintain an acceptable level
of chloride protection. The main conclusion drawn from this comparison is that wet
cork represents a promising and sustainable additive for improving concrete’s

resistance to chloride ingress across a wide range of temperatures.

4.16. Cork Interactions with Saline Solutions

Three categories of virgin cork specimens underwent prolonged immersion—four
months—in an artificially prepared saline solution that replicates seawater conditions.
Upon completion, the solution was titrated with silver nitrate to verify the fixation of

chloride ions within the cork’s porous structure (Fig. 4.26).
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Fig. 4.26. Virgin Cork Interaction with Saline Solutions.

Table 4.4. Effect of particle size on the efficiency of chloride ion adsorption by cork.

Free Fixed Chloride Concentration
Cork Chlorides Quantity reduction
Cf (gl | ®ICI] /(g)[Cork] | (%) (%)
0-4 mm 35,358 0,001136 0,1136 0,4
4-8 mm | 35,3935 0,000852 0,0852 0,3
8-16 mm | 35,455625 0,000355 0,0355 0,125

Table 4.4 summarizes the results of a chloride ion adsorption experiment using natural
cork samples of varying particle sizes (0—4 mm, 4-8 mm, and 8—16 mm). The samples

were immersed in a 1 M sodium chloride solution for a duration of four months. A
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fixed mass of 50 g of cork was used for each sample in 400 mL of solution. The data
reveal a clear and consistent trend linking adsorption capacity to particle size: smaller
particles (04 mm) exhibited the highest adsorption efficiency, reaching 0.1136,
followed by medium-sized particles (4—8 mm) at 0.0852, and the largest particles (8—
16 mm) at 0.0355. This represents a 25% reduction in efficiency when shifting from
the smallest to the medium-sized category, and a 58% reduction when moving to the

largest size class.

This performance variation is primarily attributed to the specific surface area
principle, as smaller particles possess a higher surface area-to-volume ratio, offering
more potential binding sites for chloride ions. Additionally, differences in porosity
characteristics among the particle size classes influence their chloride retention
capacity. As particle size decreases, the probability of chemical and physical
interactions increases due to enhanced surface exposure and structural openings
induced during cutting. The internal porous structure of cork plays a crucial role in
this process by facilitating mass transport and internal ion diffusion, thereby
enhancing physical adsorption through weak electrostatic forces and van der Waals
interactions, as well as potential ion exchange with hydroxyl groups (OH-) present on

the cork surface.

Although the adsorption values reported are modest compared to synthetic adsorbents,
they are consistent with the behavior of cork as a physical (rather than chemical)
adsorbent and align with reference studies that report similar uptake levels for natural
porous materials (Pintor et al., 2012). These findings provide compelling experimental
evidence that optimizing particle size can significantly improve cork’s performance
as a natural adsorbent, making it a promising candidate for use in primary treatment
systems or as part of multi-stage water purification processes, particularly as a

sustainable and environmentally friendly material.

Previous works have demonstrated the potential of cork-based materials to adsorb ions
from aqueous solutions. For instance, cork waste removed up to 97% of Cr ions under
acidic conditions (Sfaksi, 2014), while cork-derived biochar and magnetic cork
powders have been shown recently to effectively uptake heavy metal ions in batch

experiments (Abenojar et al., 2024 & Pertile et al., 2025).
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The findings of the present study are consistent with the trends reported in the
scientific literature regarding the adsorption behavior of cork toward inorganic
species. Pintor et al. (Pintor et al., 2012) demonstrated that cork powder and granules
exhibit limited yet stable adsorption capacities, attributable to their finely porous
cellular structure, the presence of suberin, and the abundance of active functional
groups on their surface. These characteristics render cork a low-capacity adsorbent for
dissolved inorganic ions, which aligns with the low chloride uptake measured in this
study. This agreement indicates that cork behaves as a bio-based material with
predictable and stable adsorption performance, even when exposed to saline or
chloride-rich environments, thereby reinforcing the reliability of the results obtained
in the present investigation. Similarly, the work of Olivella et al. (Olivella et al., 2011)
on alternative porous media documented adsorption efficiencies ranging from 0.08%
to 0.12%, demonstrating consistency with the findings of the current research. This
convergence validates the reliability of the methodology employed in the present
study and substantiates the accuracy of the obtained results, particularly when

benchmarked against established literature in the field.

Extensive literature reviews also indicate that cork is used as a natural adsorbent for
various pollutants via physical adsorption mechanisms such as electrostatic
interactions and hydrogen bonding. Thanks to its porous structure and active surface,
cork has demonstrated the ability to remove heavy metals and oils from water. The
study by Ortega et al. (Ortega et al., 2022) on mortar incorporating natural cork
revealed that the chloride diffusion coefficient was similar to-or slightly higher than-
that of reference mortar, suggesting that cork does not chemically bind chloride but
instead contributes to internal complexity and delays ion transport, yielding modest
positive effects. Furthermore, Sergi et al. (Sergi et al., 2022) study highlighted the
influence of cork density and water type on absorption rates: low-density cork showed
a 36.7-46.5% higher absorption rate compared to high-density cork, while seawater
absorption was 21.8-44.4% lower than distilled water due to the presence of salts.
Regarding compressive behavior, cork exhibited a softening effect when wet, with
partial recovery upon drying, likely due to salt crystal deposition within the structure.
These findings confirm that low-density cork enhances absorption but may reduce
mechanical strength, and that salts negatively impact absorption while partially aiding

the recovery of mechanical properties after drying.
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Fig. 4.27 illustrates the formation of a thin, viscous green layer on the surface of raw
cork samples after being stored in water for four years. This is a natural phenomenon
attributed to the biological growth of algae and microorganisms under favorable
environmental conditions. Several factors contribute to this development, including
the highly porous structure of raw cork, which facilitates water absorption and
maintains persistent moisture, as well as the extended exposure time that allows the
establishment of a mature biological community. Additional contributing factors
include the availability of light, oxygen, and dissolved nutrients in the water or those

released through the degradation of organic matter in the cork.

Moisture-induced
cork decay

Fig. 4.27. Alterations in cork after 40 months of immersion.

The viscous layer is composed of a biofilm that includes microscopic algae-such as
green algae and cyanobacteria-responsible for the green pigmentation, as well as
specific bacteria, particularly cyanobacteria, and extracellular polymeric substances
(EPS) secreted by the microorganisms to anchor the biofilm. Other microbial

organisms, such as fungi, may also be present.

This phenomenon is further reinforced by the absence of antimicrobial treatments,
which allows unhindered microbial growth, along with warm temperatures and the
emission of unpleasant odors-an indication of anaerobic bacterial activity producing
sulfur- or nitrogen-containing compounds (Toledo et al., 2025). Collectively, this
makes the phenomenon a natural model for understanding the long-term interactions
between organic materials and moist environments. It also provides valuable insight
into the preservation of natural materials and the development of more efficient

storage methods.
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4.17. Conclusion

In this chapter, a comprehensive experimental study was conducted to evaluate the
potential for enhancing the mechanical properties and durability characteristics of
concrete incorporating virgin cork as a partial aggregate replacement and limestone
as an additive to conventional constituents, with the aim of developing formulations
suitable for specialized construction applications. The results demonstrated a notable
improvement in workability and a reduction in plastic viscosity upon the addition of
cork and limestone, while the density remained within the typical range for ordinary
concrete (2008-2470 kg/m?). Limestone contributed to a reduction in total porosity
and improved the uniformity of the pore structure, whereas cork increased porosity
and expanded the interfacial transition zone, resulting in a decrease in mechanical

strength.

From a durability perspective, the findings indicated that cork-containing concrete,
particularly when pre-soaked, exhibited enhanced resistance to chloride ion
penetration, with a reduction in permeability of up to 35% compared to the reference
mixtures, whereas limestone alone led to increased diffusion rates. Microscopic and
thermal analyses (TGA/DTGQG) revealed that limestone acts as an effective thermal
stabilizer through endothermic decomposition and the formation of a protective CaO
layer, while wet cork enhanced thermal insulation during the initial stages by retaining
moisture. The composite mixture (OC+F+HC) achieved the best thermal

performance, exhibiting the highest residual mass and the lowest heat flux.

Chloride diffusion tests showed that the diffusion coefficient and lag time were
influenced by temperature, with diffusion mechanisms accelerating at higher
temperatures; nevertheless, concrete containing wet cork maintained the best overall
performance, underscoring its role in improving concrete resistance to chloride

ingress, especially under hot climatic conditions.

Overall, the results confirm that a balanced incorporation of limestone and natural
cork enables the development of sustainable concrete with competitive mechanical
performance, improved thermal behavior, and effective resistance to aggressive
agents, making it suitable for a wide range of structural and insulating applications,
while also providing clear environmental benefits through the use of natural and

renewable materials.
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General Conclusion

This research endeavored to develop sustainable concrete systems through the
strategic partial substitution of conventional mineral aggregates with natural raw cork,
with the objective of enhancing thermal and environmental performance while
preserving adequate mechanical properties for both structural and insulating
applications. The investigation was prompted by the substantial environmental
burdens associated with conventional concrete production, encompassing elevated
carbon emissions, intensive energy consumption, water and atmospheric pollution,
and significant solid waste generation. Within this framework, natural cork emerged
as a viable alternative material owing to its superior thermal and acoustic insulation

properties, reduced density, and regional availability in Algeria.

Laboratory characterization revealed that male cork aggregate exhibits distinctive
properties that differentiate it from conventional mineral aggregates. The particle size
distribution demonstrated compliance with standard specifications for the 4-8 mm
and 8—16 mm fractions, whereas the 0—4 mm fraction displayed a deficiency in fine
constituents relative to natural sand. Microstructural examination revealed a complex
cellular architecture characterized by an extensive network of voids and internal pores,
which directly influences the material's apparent density. Furthermore, cork
demonstrated exceptional water absorption capacity, exceeding 100% of its dry mass
and achieving complete saturation after nine days, thereby necessitating meticulous

adjustment of water content during mixture proportioning.

The comprehensive experimental program yielded substantial findings concerning the
performance characteristics of cork- and limestone-modified concretes. In terms of
fresh and hardened properties, the incorporation of cork and limestone enhanced
workability and flowability while reducing plastic viscosity. Cork addition resulted in
moderate reductions in dry density ranging from 2008 to 2470 kg/m?3, whereas
limestone induced marginal density increases, with all mixtures maintaining
classification as normal-weight concrete. Regarding porosity and capillary transport,
limestone reduced total porosity while cork caused slight increases, with composite
mixtures exhibiting elevated capillary absorption rates. Although mechanical strength
was diminished relative to reference concrete, cork-modified mixtures maintained

acceptable performance levels suitable for structural and thermal insulation
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applications. Notably, significant enhancement in chloride ion resistance was
observed in mixtures containing cork pre-saturated for two hours combined with
limestone, demonstrating improved durability under aggressive environmental

exposure.

Microstructural and thermal investigations revealed distinct pore structure
modifications and thermal response characteristics. Reference concrete exhibited
bimodal pore size distribution, whereas limestone refined the microstructure toward a
unimodal distribution with finer pores. Cork incorporation produced a multi-scale
pore network attributed to weak interfacial bonding with the cementitious matrix.
Thermal analyses demonstrated that limestone functioned as an effective thermal
stabilizer through endothermic decomposition reactions and formation of a protective
calcium oxide layer, while wet cork enhanced early-stage thermal insulation through
moisture retention mechanisms. The composite mixture incorporating both additives

achieved optimal thermal stability.

Temperature-dependent chloride diffusion studies demonstrated increasing diffusion
coefficients with elevated temperature, with limestone-modified concrete exhibiting
the highest diffusion rates. Conversely, wet cork reduced permeability by 28-35%,
with cork-modified concrete maintaining superior overall performance, particularly

under elevated temperature conditions representative of hot climatic zones.

In conclusion, this dissertation establishes the technical viability of developing
sustainable concrete through natural raw cork incorporation as a partial aggregate
replacement. The developed systems offer substantial environmental advantages
through utilization of renewable, locally sourced materials, enhanced resistance to
chloride ingress, and competitive mechanical performance. The optimal preparation
methodology involves either two-hour pre-saturation of cork or direct addition of
water equivalent to cork's two-hour absorption capacity, with both approaches
yielding comparable performance and marginal superiority of pre-saturated cork in
chloride resistance. These findings provide valuable insights for integrating
sustainable natural materials into concrete technology, contributing toward more
resource-efficient and environmentally responsible construction practices for future

infrastructure development.
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Future Perspectives

Despite the comprehensive nature of this research, which aimed to encompass various
aspects of cork-based concrete incorporated with limestone powder—ranging from
mechanical properties, durability, and diffusion coefficients to adsorption isotherm
behavior under varying temperatures—scientific inquiry remains a continuous

process. No study, regardless of its depth, can claim absolute finality.

Based on the findings, it was observed that while limestone powder played a pivotal
role as a filler material, enhancing the microstructural density of the concrete, its
impact on mechanical strength remained limited and did not yield a significant
improvement compared to the reference concrete. Consequently, we aspire to extend

this research path through the following prospective axes:

1. Integration of Active Pozzolanic Admixtures

Rather than relying solely on inert materials like limestone, we propose the
incorporation of Silica Fume or Ground Granulated Blast-Furnace Slag (GGBS).
These supplementary cementitious materials do not merely function as fillers; they
react chemically with the calcium hydroxide resulting from cement hydration to form
additional Calcium Silicate Hydrate (C-S-H) bonds. This secondary reaction is
expected to substantially enhance the mechanical strength and refine the pore structure
of the cork-based concrete.

2. Enhancing Sustainability via Cement Clinker Reduction

Given the study's focus on sustainable cork-based concrete, a logical progression
involves further reducing the cement content. By substituting cement with high
proportions of mineral admixtures (reaching levels of 30% to 50%), future research
could investigate the feasibility of developing a Green Concrete with a significantly
lower carbon footprint, while maintaining the requisite thermal and mechanical
performance.

3. Investigation of Long-term Durability and Carbonation

We suggest expanding the scope to evaluate the long-term durability of this material
over time. Specifically, assessing its resistance to carbonation and freeze-thaw cycles
is crucial to ensure its structural viability under harsh environmental conditions,

moving beyond controlled laboratory settings.
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