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Abstract

The construction industry faces growing environmental challenges due to its reliance on natural
resources and the associated ecological impact. This study investigates the potential for using
Ground Olive Stones (GOS), an agricultural byproduct, as a sustainable alternative to natural
aggregates in lime-based repair mortars for the conservation and restoration of built heritage. The
aim is to explore how GOS, when partially substituted for quartz aggregates, impacts the
workability, durability, aesthetic compatibility, and resistance to environmental stresses, such as

salt crystallization and moisture, in heritage conservation applications.

Seven different mortar mixtures were prepared, with varying proportions of GOS (ranging from
5% to 15%) and nano-silica to enhance their properties. The mortars were subjected to several
standardized tests, including consistency by flow table, colorimetry, salt crystallization resistance,

water absorption by capillarity, and mechanical strength assessments.

The results, when compared against a reference mortar without GOS show that while GOS offers
environmental benefits by reducing the reliance on natural aggregates and repurposing agricultural
waste, its use in conservation mortars must be carefully calibrated to balance the trade-offs

between sustainability, durability, and aesthetic compatibility.

This study contributes to the growing field of sustainable construction materials by offering

valuable insights into the use of agricultural byproducts in built heritage conservation.

Keywords: Built heritage conservation, Agricultural byproducts, Repair mortars, Compatibility,

Ground Olive stones.
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Resumo

A industria da construgdo enfrenta desafios ambientais crescentes devido a sua dependéncia dos
recursos naturais e ao impacto ecolodgico associado. Este estudo investiga o potencial de utiliza¢ao
de carocos de azeitona moidos (GOS), um subproduto agricola, como alternativa sustentavel aos
agregados naturais em argamassas de reparacdao a base de cal para a conservacao e restauro do
patriménio edificado. O objetivo € explorar como o GOS, quando parcialmente substituido por
agregados de quartzo, impacta a trabalhabilidade, durabilidade, compatibilidade estética e
resisténcia a tensdes ambientais, como cristalizagdo de sal e humidade, em aplicacdes de

conservagao de patrimonio.

Foram preparadas sete misturas diferentes de argamassas, com proporg¢des variadas de GOS
(variando de 5% a 15%) e nanossilica para potencializar as suas propriedades. As argamassas
foram submetidas a diversos testes padronizados, incluindo avaliagdes de consisténcia por tabela
de fluidez, colorimetria, resisténcia a cristalizagao de sal, absor¢cdo de agua por capilaridade e

resisténcia mecanica.

Os resultados, quando comparados com uma argamassa de referéncia sem GOS, mostram que,
embora o GOS oferega beneficios ambientais ao reduzir a dependéncia de agregados naturais e
reaproveitar residuos agricolas, a sua utilizagdo em argamassas de conservacao deve ser
cuidadosamente calibrada para equilibrar os compromissos entre sustentabilidade, durabilidade, e

compatibilidade estética.

Este estudo contribui para o crescente campo dos materiais de construgao sustentaveis, oferecendo
informacdes valiosas sobre o uso de subprodutos agricolas na conservacdo do patriménio

construido.

Palavras-chave: Conservagdo do patriménio edificado, Subprodutos agricolas, Argamassas de

reparacdo, Compatibilidade, Carogos de azeitona moidos.
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Chapter 1:

Introduction

Background

The construction industry has a significant impact on environmental dynamics, mostly due to its
large-scale use of natural resources, particularly aggregates. These materials, which include sand,
gravel, and crushed stone, are basic components of mortars, concrete, and other building materials.
But their long-term exploitation raises serious ecological issues. Extraction operations often lead
to the destruction of habitats of living organisms, soil erosion, and landscape transformation, which
in turn cause ecological disturbance and loss of biodiversity. Natural stone reserves have been
significantly depleted due to the increased demand for concrete in buildings that use weight
aggregates such as sand and gravel sizes of granitic fragments [2]. As the demand for construction
materials continues to increase, it becomes crucial for the industry to prioritize sustainable
practices and alternative materials to mitigate its environmental impact and preserve natural earth
resources for future generations. The increasing demand for sustainable development has spurred
a number of scholars to concentrate their research on repurposing discarded or recycled resources
as possible building materials. Such approaches include responsible sourcing, recycling building

debris, and incorporating alternative materials like agricultural and industrial wastes.

Additionally, the environmental impact of cement manufacture is significant, mainly due the high
energy consumption and greenhouse gas emissions such as carbon dioxide (CO2) which is released
during the high temperatures at which raw materials like limestone and clay are heated in kilns

during the cement manufacturing process [3]. As a result, a number of replacement materials for

1



natural aggregates and portions of cement have been researched for use in concrete mortar
preparations. Among other things, agricultural wastes have been studied as materials to partially

replace natural aggregates in mortars as well as a supplementary cementitious binder [4].

Meanwhile, due to the various issues posed by cement to historical buildings such as the presence
of soluble salts in Ordinary Portland Cements which tends to leach and gradually degrade the
surrounding material over time [5], conservation and restoration works on historical masonry have
been testing the use lime as binders instead as it has proven to be more compatible comparatively
[6]. Incompatibility with conventional materials, aesthetic concerns, mechanical and long-term
maintenance issues are only a few of the significant difficulties and disadvantages associated with

using cement in the conservation of historic buildings [7].

Although air lime mortars have proven to be compatible with historical masonry, it has some
disadvantages such as slow setting, lack of durability, and inability to harden under water;
characteristics which are able to undergo some changes when pozzolanic materials are added [8].
The addition of pozzolanic materials to lime mortars can improve the mechanical properties of the
mortar due to pozzolanic reaction between silica and sometimes alumina oxides which is present
in pozzolanic materials and the lime in the presence of water. Pozzolana is a type of siliceous or
siliceous and aluminous material that, while not possessing significant cementitious properties by
itself, can react chemically with calcium hydroxide (lime) in the presence of water to form
compounds possessing cementitious properties [9]. This reaction is known as the pozzolanic
reaction. The key to this reaction process is the availability of reactive silica (Si0;) and, in some
cases, alumina (Al,03), which react with the lime to form calcium silicate hydrates (C-S-H) and
calcium aluminate hydrates (C-A-H). These hydrates contribute to the hardening and strength

development of the mortar. Various pozzolanic materials occur naturally in volcanic rocks and



certain sedimentary rocks, such as clays and shales while others are generated as byproducts of
industrial processes, including the manufacture of fly ash, silica fume and rice husk ash [10]. While
some pozzolans can be utilized in their raw state, others, like calcined clays, require thermal

activation processes before use.

Research objectives

This thesis focuses on investigating the potential utilization of agricultural and industrial wastes
such as Ground Olive Stones (GOS) in the preparation of a repair lime mortar for the purposes of
conservation and restoration by substituting some volumetric proportions of the natural aggregates
used with the wastes, in uncalcined form in an attempt to ensure sustainability without
compromising the integrity of the historical material as well. The GOS is used as it is, just as a

partial substitute of the natural aggregates used. Hence the objectives of the research include;

e An evaluation of the workability of mortars made with varying proportions of agricultural
waste
e A determination of the durability of the repair mortar and its compatibility with historical

mortar using a number of standardized tests.

The significance of this research is in its contribution to addressing the problem of disposing
agricultural waste and the quest for a sustainable construction industry especially in the field of

built heritage and monument conservation.



Thesis Structure

The structure of this thesis is divided into two main parts; The state of the art and the experimental

development which is organized into seven chapters.

The first part comprises four chapters including Chapter 1 as an Introduction, providing an
overview of the research topic, its significance, and the objectives of the study. Chapter 2 delves
into the composition of traditional mortars, while Chapter 3 explores the use of lime mortars in
conservation works, focusing on their historical context and practical applications. Chapter 4
investigates the properties of Ground olive stones (GOS) examining its potentials and influence
on the mortar when utilized as a partial replacement of the natural aggregates in the preparation of

a repair mortar.

The second part of the thesis, which presents and describes the experimental developments of the
thesis consists of four chapters. Chapter 5 details the experimental methodology employed in the
study, including procedures involved in the mixing and curing of the repair and reference mortars
as well as the testing procedures and analysis methods. Chapter 6 presents the results and analysis
of the experiments, discussing the performance of mortar mixtures incorporating GOS. Chapter 7
provides a comprehensive discussion of the findings, and Chapter 8 draws conclusions, based on
the findings, and offers recommendations for future research. The thesis then concludes with a list

of bibliographic references.



Chapter 2:

Mortars

Mortars are workable pastes made from a combination of binders, aggregates and water to bind
building blocks together or fill the gaps between them. Sometimes additives (organic or inorganic)
are also added for some desired properties. The aggregate adds volume to the mortar and influences
its mechanical properties, while the binder and water make it workable and viscous. Other uses of
mortars include waterproofing walls, rendering, preparatory layers for pigment application as in
the case of frescoes and surface finishes. Moreover, the ability of a masonry mortar to bond with
a substrate is its most important property which is influenced by its workability [11]. In addition,
the technical guide provided by [12] suggests that a good mortar is one that is workable, cohesive,
has sufficient strength, permeable, compatible and reasonably durable. The study of mortars
reveals building techniques, chronology, geology and how people use the available raw materials
as well as their search for raw materials that are not readily available to them. The classification
of mortars can be based on the nature and type of binder used; lime, cement, clay and gypsum
mortars. It can also be classified on the basis of its application; decoration, facings and masonry
mortars. The manner in which mortars harden can also be a basis for its classification; hydraulic

and aerial mortars.



2.1 Composition of Mortars

The basic constituents of mortars are aggregates, binder and water, sometimes with some additives.

Mortar

Aggregates, binder, water

Figure 1: Mortar composition

2.1.1 Aggregates

Aggregates add up to the bulk of the mortar mixture by filling up spaces and constitute about 60-
75% of the total volume of mortar according to the Portland Cement Association [13]. Aggregates
help to control the shrinkage of mortar as it dries and sets, thus minimizing the possibility of
shrinkage-related cracking. Again, they increase strength and durability of the mixture and

improves workability.

Aggregates are generally classified into two categories namely, coarse and fine aggregates. Fine
aggregates are normally comprised of natural sand or crushed stone, with the majority of particles
small enough to pass through a 0.95 cm sieve, while coarse aggregates include any particles larger

than 0.48 cm, usually ranging from 0.48 to 3.81 cm in diameter [13].



Other physical characteristics of aggregates, such as the shape and texture, size gradation,
reactivity, and bulk density, influence the strength, workability, and durability of mortars. For
example, as the shape and texture of aggregate impact the properties of fresh mixture more than
those of hardened mortar, smooth and rounded aggregates enhance workability, whereas rougher
surfaces create stronger bonds between the paste and aggregate, leading to greater strength; the
particle size distribution of aggregate affects the paste requirement for achieving workable
concrete depending on the amount of void space and total surface area, and the density of

aggregates is essential in mixture proportioning to determine weight-volume relationships [14].

The mineralogical composition of aggregates also influences the strength and durability of mortars.
This composition is dependent on the source of aggregates used. Natural stone aggregates of sand
and gravel grain size normally contain quartz, feldspars, micas and clay minerals, and calcium
carbonates. These minerals, especially quartz, are known for their hardness and resistance to
weathering. Crushed stone aggregates, derived from sources such as granite, limestone, and basalt,
vary in their mineralogy. For example, granite primarily contains quartz, feldspars, and micas,
while basalt is rich in pyroxene and plagioclase. Limestone, on the other hand, is composed
primarily of calcite (calcium carbonate) and aggregates from industrial by-products such as slag;
the by-product of steel production usually contains silicates and metal oxides [15]. Fly ash, which
is the byproduct of coal combustion also contains aluminosilicates which improves strength and

durability of mortars [16].

It is worthy to mention that the mineralogical composition of aggregates can vary widely based on
their geological origin and the method of production. Common minerals present include quartz,
feldspar, and calcite, each contributing different properties to the aggregate and, consequently, to

the mortar in which they are used. Quartz, known for its hardness and resistance to weathering, is



one of the hardest common minerals, rated at 7 on the Mohs scale. Because of its resistance to
scratches and fractures, chemical stability, and its resistance to high temperatures, quartz can be

used in a wide range of applications that require longevity and durability [17].

This makes aggregates containing quartz highly resistant to mechanical wear, contributing to the
durability of the mortar. Feldspar minerals which include orthoclase and plagioclase, have a

hardness level of 6 on the Mohs scale.

The Mohs Scale of Mineral Hardness

Orthoclase Quartz Corundum Diamond

Figure 2: Moh's scale of hardness. Retrieved from:
https://www.jewelrycult.com/jewelry/what-is-the-mohs-scale-of-mineral-
hardness

Though not as hard as quartz, they contribute to the durability of the aggregate due to the relatively
high hardness. However, feldspars contain alkali elements such as potassium and sodium which
can increase alkali concentration in pore solution which could lead to alkali-silica reaction (ASR)

in the presence of reactive silicas in the mortar [18], hence potentially causing cracking and



expansion. The ASR mechanism can be represented by the following chemical equation:
2NaOH (or KOH)+Si0,(silica)+H,0—Na,Si0O5-H,0(alkali-silica gel). This alkali-silica gel can
absorb water and swell, leading to internal pressure, which when greater than the tensile strength

of the mortar, results in cracking and deterioration of the mortar over time [19].

Calcite, the main mineral in limestone, is relatively soft, 3 on the Mohs scale. However, mortars
containing calcite often demonstrate good initial setting characteristics, especially in lime-based
mortars, where calcite forms during the carbonation process. In these systems, limestone is heated
to produce quicklime, which is then slaked with water to form hydrated lime. Upon exposure to
air, the hydrated lime reacts with atmospheric carbon dioxide, leading to the gradual formation of
calcite (calcium carbonate), which contributes to the hardening of the mortar over time. It is
important to distinguish between calcite formed through carbonation of the lime binder and calcite
present as an aggregate material. In lime mortars, it is the carbonation of the binder that plays a
critical role in the mortar’s long-term setting and hardening process, rather than calcite as a
component of the aggregates. Hence, understanding the mineralogical composition of aggregates
helps to predict the behaviour of aggregates under different environmental and loading conditions,

thereby ensuring the desired performance of the final product.

2.1.2 Binders

Binders constitute an important component in mortar as they act as a glue or a bonding agent that
holds the aggregates and other additives together to ensure the mortar's structural integrity and
provide the necessary adhesion to the building materials [20]. Mortars are used in construction for
masonry work, plastering, and rendering, and their performance is primarily determined by the
type and qualities of the binders used. Binders influence the mortar's physical and chemical
qualities, such as its strength, the rate at which it sets, and how it reacts with other materials [21].
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Types of binders used in mortars include cement, lime (non-hydraulic and hydraulic), gypsum and

clay binders.

Cement is made from limestone and clay, which are heated to form clinker, then ground to a fine
powder, whereas lime is made by slaking quicklime (calcium oxide) with water which hardens by
reacting with carbon dioxide in the air (carbonation) [22]. Lime can be differentiated based on
their reaction in the presence of water. According to Escadeillas et al [23], aerial lime, which is
mostly made of calcium oxide or hydroxide, hardens slowly in the air through the process of
carbonation in the presence of carbon dioxide and does not harden in response with water.
Hydraulic lime on the other hand contains calcium hydroxide as well as calcium silicate
compounds and calcium aluminates [23], produced by burning limestone that naturally contains
clay and other impurities, which provide hydraulic properties thus, having the ability to set in the

presence of water.

Binders enable mortar adhesion to masonry components ensuring that the bricks or stones are
firmly held together. They also enhance the workability of mortar, making it easier to spread and
apply. Binders are therefore important components of mortars, with a considerable impact on their

characteristics and performance.

In essence, the specific requirements of the construction project influences the type of binder to be
used, whether Portland cement, lime, gypsum, or clay such as strength, workability, compatibility,
durability, and environmental factors. For instance, lime mortars are preferred in the case of
historical masonry repair works as they have proven to be the most compatible with historical
masonry as compared to cement even though they have high setting characteristics according to

the literature.
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2.1.3 Additives

Additives are normally included in mortars to improve its properties and performance. They are

incorporated into the mortar mix to modify its characteristics and enhance certain properties such

as its workability, setting time, durability, waterproof and strength [24]. These additives can either

be organic or inorganic depending on their chemical composition. Examples include accelerators,

waterproofing additives, plasticizers and superplasticizers, air-entraining agents and pigments.

Correspondingly, the choice of additive used depends on the needs of the construction project and

the properties they seek to attain.

2.1.3.1 Pozzolanic materials

Pozzolanic materials are additives added to mortars to confer hydraulic properties on the mortar.

They have been used in building for ages to improve mortar characteristics and performance.

Pozzolanic materials have been utilized since antiquity, with the Romans pioneering their use for

constructions with great mechanical strength such as bridges [25] .

Figure 4: Pozzolana. Retrieved from
https://www.archeoflegrei.it/pozzolana-la-

polvere-puteoli/pouzzolanel5-20-03-z-¢340-
c491/
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The term "pozzolana" is derived from the Italian town of Pozzuoli, near Mount Vesuvius, where
extensive fine-grained volcanic ash deposits were the principal source of natural pozzolan [26].
The Romans realized that combining volcanic ash, lime, and water resulted in a strong and durable
building material. Roman engineers also recognized the hydraulic properties of pozzolanic
materials which made them ideal for underwater construction [27]. Pozzolans, such as volcanic
ash, react with calcium hydroxide (Ca(OH)2) in wet conditions to form calcium silicate hydrate
(C-S-H), the main binding phase responsible for strength and durability in cementitious materials.
Since pozzolanic reactions; (Ca(OH)2 + H4Si0O4 — CaH2Si04 -2 H20) which can also be
represented as C-S-H (Calcium silicate hydrates) occur in wet conditions, it for instance allowed

the Romans to build harbours, piers, and other maritime structures that have survived for millennia.

However in cases where natural pozzolans from volcanic activities are unavailable, other materials
such as crushed bricks and tiles can be utilized. Examples of other artificial “pozzolanic” materials
include industrial by-products such as fly ash, silica fume, ground granulated blast-furnace Slag
(GGBS) and sugarcane bagasse ash. Rice husk ash and calcined clay such as metakaolin are other

examples of pozzolanic materials utilized.

Despite the varied origins of pozzolanic materials, one characteristic they all have in common is
that they are all rich in very fine-grained silica or alumina content typically in amorphous or glassy
form that react with calcium hydroxide in the presence of water [12]. Whereas the silica reacts
with calcium hydroxide to form calcium silicate hydrates (C-S-H), the alumina reacts with the
calcium hydroxide to the form calcium aluminate hydrates (C-A-H) during the pozzolanic reaction.
These hydration products are responsible for the strength and durability of the mortar since they

tend to fill the pores within the mortar matrix thereby increasing its density and strength [28].
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2.1.3.2 Animal Products

Organic materials such as egg whites, animal fat, milk, and even blood were sometimes added to
mortars. These materials were believed to improve workability and durability. Egg whites were
often used mixed into the mortar to improve consistency and workability due to its adhesive
properties [29]. Whereas animal fat and milk could increase water resistance and flexibility. Such
that, caseins, which make up 80% of milk proteins, are naturally phosphorylated, so in lime
mortars, the anionic phosphate groups in caseins bind with calcium ions to form calcium caseinate,
enhancing mortar adhesion, plasticity, and particularly compressive strength [30]. In addition,
dried animal blood was historically added to building materials to enhance their properties, in that
even a small amount significantly increases air retention, binding 5-25% more air which tends to
improve workability, extensibility, and resilience against environmental conditions the than

conventional mortar [30].

2.1.3.3 Plant based additives

Various plant materials were incorporated into ancient mortars to increase tensile strength and

durability.

For instance in ancient Greece, wood and straw fibres were specifically added to improve volume
stability, while jute and straw were utilized in Indo-Muslim architecture to enhance bonding and
minimize cracking [31]. Fibers are generally used to reduce cracking caused by plastic and drying

shrinkage, as well as to increase tensile strength, toughness, and durability.

Plant extracts containing tannins were sometimes used for enhancing some mortar properties.
According to [32], the presence of tannins and sucrose likely helped reduce crack formation, as

indicated by increased resistivity and greater data stability. They mentioned that this effect may
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stem from the polymerization of tannins and other polyphenols, which increases molecular size,
filling micro-cracks formed during cement hydration and enhancing compressive strength and
elasticity and consequently, the improving the durability properties which may be due to tannins

and polyphenols like epicatechin, which form solid structures that reduce mortar porosity.

2.1.3.4 Pulverized bricks

Pulverized bricks or crushed terracotta were used as additives in Roman and Byzantine mortars to
achieve hydraulic properties. This method provided enhanced resistance to water and helped
mortars cure in damp conditions. Mortars and plasters made with crushed bricks and lime harden
in the presence of water and exhibit high mechanical strength according to [33], whose research
also opined that this durability made the mortars ideal for constructing aqueducts, bridges, and

bathhouses since Roman times.

The addition of ceramic residues, like brick dust and crushed brick, to historic mortars was a
common practice to enhance hydraulic properties was systematically applied over nearly two
millennia, from the Hellenistic period through the Ottoman era, and adapted based on mortar type
and structural needs, with a preference for local materials according to [34]. According to their
research, they indicated that these additions improved lime-based mortar by increasing strength,
humidity resistance, and reducing density, while recycling waste ceramics. This stems from the
fact that bricks fired at low temperatures (600900 °C) have pozzolanic potential, with
aluminosilicates in the brick reacting with lime to create a stable, dense structure, particularly at

the lime-brick interface [34].
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2.1.3.5 Clay

In ancient times, particularly in regions with limited resources, clay was often added to lime
mortars to improve plasticity and workability. It allowed for easier shaping and application,
especially in masonry structures. Clay became widely used in construction due to its availability,
low cost, and its ability to form a plastic paste that hardens through physicochemical processes

when mixed with water, thereby enhancing the mortar’s workability [35].

2.1.3.6  Plasticizers and superplasticizers

Plasticizers (water-reducing agents) are used to improve the workability of mortar without
increasing the water content. They help create a more fluid mixture that is easier to apply while
maintaining strength. Superplasticizers offer more advanced water-reducing capabilities, allowing
for even lower water content without compromising workability and flow properties, resulting in

a denser and more durable mortar [36]

2.1.3.7 Nano silica

Nano-silica is a more recent development in construction materials. It improves the properties of
mortars by reacting with calcium hydroxide to form additional calcium silicate hydrates (C-S-H),
enhancing the strength and durability of the mortar. It also helps refine the pore structure,
improving density and reducing permeability. Such that it incorporation in mortar improves
compressive and flexural strength, resistance to water penetration and sulphate attack, and reduces
calcium leaching [37]. Nano-silica thus is particularly beneficial in modern heritage conservation

applications where durability and resistance to weathering are crucial.

15



2.1.3.8 Other additives

Other modern additives include accelerators, which are designed to speed up the setting time of
mortar, particularly useful in cold environments where slower setting can be problematic. Calcium

chloride is a common accelerator, promoting faster hydration of cement and lime.

In contrast to accelerators, retarders, another form of modern additives delay the setting time of
mortars, which can be beneficial in hot weather conditions or when large sections of a structure

are being worked on. Gypsum is an example of a common retarder used in cement-based mortars.

Air-Entraining Agents are also additives that introduce microscopic air bubbles into the mortar,
enhancing its freeze-thaw resistance by allowing room for water to expand as it freezes to prevents

cracking in cold climates. Alkali salts of wood resins are commonly used as air-entraining agents.

Waterproofing additives are used to reduce the permeability of mortar, making it more resistant to
water ingress. These are crucial in modern construction, particularly in basements and other

underground structures. Examples include silicone-based compounds and hydrophobic chemicals.

Glass fibres, polypropylene fibres, and steel fibres are also some examples of additives commonly
used in modern mortars to increase tensile strength, reduce shrinkage, and prevent cracking. Fiber-
reinforced mortars are particularly useful in applications requiring enhanced flexibility and
resistance to stress [38]. In contemporary sustainable practices, natural fibres such as coconut, jute,

or flax are being explored as eco-friendly alternatives to synthetic fibres [39].

Pigments, another example of additives are added to mortars for aesthetic purposes, allowing for
the customization of colour in modern construction. These can be natural, such as iron oxides, or

synthetic, and are used to create uniform colour in decorative or finishing mortars.
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Hydrophobic additives such as silicon resins, are used to create water-repellent mortars, especially
in regions prone to moisture and dampness. Hydrophobic additives reduce water absorption and
increase the lifespan of the mortar by making it resistant to water ingress. In a research by Hossain
et. Al. [40] , it was observed that water-repellent admixtures in mortars decreased the density of
the mortars, greatly reduced the capillary water absorption, and improved resistance to salt
crystallization, achieving full water repellence. Overall, the study highlights how these admixtures

can enhance the durability and environmental resistance of rendering mortars.

Finally, water is used to put all the dry ingredients of the mortar together into a workable paste.
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Chapter 3:

Lime mortar in built heritage conservation

Lime mortars have been used in construction since antiquity, with evidence of their use in ancient
Egyptian, Greek, and Roman masonry. Their compatibility with existing structures, breathability,
and flexibility make them ideal for repair work as compared to cement mortars due to the various
problems it causes to historical masonry. They are primarily composed of lime (calcium hydroxide)
as the binder. The type of lime used can be classified into two categories: hydraulic lime and non-
hydraulic lime. Lime is one of the oldest binding elements used in construction, aside mud and
clay. Prior to the advent of concrete, lime mortar was used to build some of the world's most

famous monuments and buildings; today, it is mostly used to restore them [41].

The raw material for lime production is limestone, mainly made of calcium carbonate (CaCOs).
The limestone is then converted into lime through the processes of calcination, hydration and

carbonation. These make up what is known as the “lime cycle” ( Figure 5 ).
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Figure 5: The lime cycle

Processes involved in the lime cycle;

Calcination: a thermal decomposition process that involves heating limestone at high temperatures
at approximately 900°C to produce quicklime (calcium oxide, CaO) and carbon dioxide (CO:) in

a specific kind of kiln [41]. This has a chemical reaction as
CaCO:s (s) + heat —CaO (s) + CO: (g)

Hydration or slaking: the process of adding water to the quicklime to produce hydrated lime
(calcium hydroxide, Ca(OH)2). This process involves the exothermic reaction of quicklime with
water thus releasing energy in the form of heat from the system. According to Hassibi, the process
is known as hydration when the right amount of water is used to produce a dry powder, but is
known as slaking when excess water is used to produce a pasty substance in this case [42]. This

chemical reaction of this process is;

CaO (s) + H20 (I) »Ca(OH):2 (s)
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Carbonation: This is the reaction between the hydrated lime with carbon dioxide from the
atmosphere to form calcium carbonate again after exposure to the atmosphere over a period of

time. The reaction in this process is;

Ca(OH)z + CO2 — CaCOs + H20

3.1 The use of lime mortars as repair mortars for built heritage

conservation

Lime mortars are widely regarded as the most compatible materials for use in historical and
archaeological masonry repair and conservation due to their chemical, physical, and mechanical
properties closely aligning with those of the original mortars used in historic buildings,
notwithstanding the challenges associated with lime mortars such as its longer setting time and

low strength as compared to cement mortars [43].

These challenges, however, are less significant compared with those associated with the use of
cement mortars due to: a) incompatibility with the old materials; b) high amount of soluble salts
that may cause leaching and degrade the neighbouring ancient mortar through crystallization
and/or hydration cycles [44]; ¢) higher compressive strength than that of the ancient material, and;

d) lower vapour permeability which does not allow the material to breathe.

Lime-based mortars, on the other hand, have similar composition as that of most historical mortars
which ensures a seamless integration and compatibility as it is recommended to utilize materials
similar to the ancient materials in the design of repair mortars. Moreover, lime mortars are highly

porous and “breathable”, which allows moisture to pass through the masonry preventing the
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accumulation of moisture within the masonry framework; a very essential feature for the health of
historic structures as it prevents moisture buildup within walls, which can lead to freeze-thaw

damage, efflorescence, and biological development [45].

In addition, lime mortars are known to be less rigid than ordinary Portland cement mortars,
providing flexibility that allows minor movements within the masonry unit to prevent cracks and
structural damage, especially in ancient buildings [46]. Rigidity which refers to a material's
resistance to bending under applied stress. A rigid material has a high modulus of elasticity [47],
meaning it deforms very little when subjected to forces such as compression, tension, or shear. In
the context of mortars, "rigidity" relates to how much a mortar can accommodate movements or
stresses without deforming. That is, a rigid mortar, like one made with ordinary Portland cement
(OPC), tends to be less capable of accommodating movements due to thermal expansion, settling,
or external loads, and is more likely to crack under these conditions. This is because OPC mortars
set and harden into a dense, inflexible matrix that resists deformation. On the other hand, lime
mortars are less rigid, meaning they have a lower modulus of elasticity and can bend slightly under
stress. This flexibility allows lime mortars to absorb and accommodate minor movements within
the masonry structure, such as those caused by thermal expansion, moisture variations, or minor
settlement. This flexibility helps prevent the formation of cracks, which is particularly beneficial

in ancient buildings where maintaining structural integrity is important.

They are also chemically non-reactive with most historical masonry materials thus, reducing the
possibility of the occurrence of chemical reactions that could cause decay. Unlike Portland cement,
which can be extremely alkaline and aggressive, lime mortars have a positive interaction with

traditional brickwork [46].
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The above mentioned are some of the reasons why lime-based mortars are recommended for the
repairs of historical structures coupled with issues of environmental concerns regarding their

production and their relatively less expensive cost as a binder.

3.2.1 Case studies

As already mentioned, lime mortars have long been used in the restoration and conservation of
historic buildings due to their compatibility with traditional materials and construction techniques.
Their permeability, flexibility, and breathability make them ideal for preserving the structural
integrity and authenticity of built heritage. Here are examples of notable case studies where lime

mortars were successfully employed in built heritage conservation.

e Tower of London, UK

Figure 6: Repair mortars incorporating a blended coarse stuff lime putty mixture applied in the restoration of the
bell tower at the Tower of London, UK. Retrieved from: https://www.limestuff.co.uk/blog/tower-of-london

The Tower of London, a UNESCO World Heritage site, underwent significant restoration using
lime mortars to match the materials used in its original 11th-century construction. The restoration

sought to ensure long-term durability while preserving historical integrity. Extensive testing led to
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the development of a premixed hydraulic lime mortar that mimicked the historical material [48].
A hydraulic lime was chosen for its compatibility with the Tower’s ancient stonework, offering
breathability and flexibility that allowed moisture to escape and prevented structural damage.
Eventually, the project successfully maintained the aesthetic and structural integrity of the Tower

[49], preserving the historic landmark for future generations.

e The Colosseum, Rome, Italy

Figure 7: The restoration of the Colosseum’s hypogea. Retrieved from
https://www.todsgroup.com/en/sustainability/colosseum-restoration-hypogea

The Flavian’s amphitheatre popularly known as the Colosseum, the monumental Roman
amphitheatre, has undergone several restoration phases to repair damage caused by pollution,
weathering, natural disasters, human activities and time. Central to these efforts has been the

application of traditional lime mortars in the repair of its stone and brickwork, effectively
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strengthening compromised sections while preserving the monument's historical integrity. This
restoration according to Tod’s [50], involved rebinding the travertine fragments with non-
hydraulic lime mortar, injecting hydraulic lime mortar into areas of instability, and
mechanically removing previous cement-based repairs that were deemed unsuitable.
Additionally, lime-based mortar was employed for grouting cracks within the stone blocks.
These interventions ensured material compatibility with the original Roman construction
elements, including travertine and Roman concrete. The use of lime mortar also helped ensure
compatibility with ancient Roman construction materials such as travertine and Roman

concrete.

e The Alhambra, Granada, Spain

Figure 8: Repairs and restorations of the Oratory of the Partal Palace in The Alhambra, Spain.
Retrieved from https://www.europeanheritageawards.eu/winners/oratory-partal-palace-alhambra-spain/
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The Alhambra, a prime example of Nasrid architecture and one of the best-preserved Islamic
palatine complexes from the medieval period, remains a significant heritage site in the Iberian
Peninsula, constructed during the Islamic era (711-1492) [51]. Ongoing restoration initiatives have
focused on safeguarding its intricate Islamic and mudéjar elements. A notable restoration was
completed in 2017 on the Oratory of the Partal Palace, where lime mortars were employed to
stabilize the original structure. Lime mortar stripes were applied along accessible edges to
reinforce the brick wall fabric, while hydraulic mortar was injected into critical points prone to

potential detachment [51].

These interventions were pivotal in preserving the monument's plaster and masonry, ensuring
consistency with the materials used during the Nasrid period. This restoration effort earned the
Grand Prix Europa Nostra in 2019, highlighting the effectiveness of traditional techniques, like

lime mortar, in conserving the Alhambra's architectural legacy.

The case studies of the Tower of London, the Colosseum, and the Alhambra were selected for their
representation of diverse lithologies. Each site uses different materials thus, the Tower of London
features limestone and flint, the Colosseum includes travertine and Roman concrete, and the
Alhambra is primarily constructed from bricks and plaster. The compatibility of lime mortars with
these materials, especially in maintaining the original fabric and appearance, showcases lime's

versatility in preserving a wide range of historical construction materials.

These case studies also illustrate how lime mortars perform under different environmental
conditions. Such that, whereas The Tower of London faces heavy rainfall and humidity in a
temperate maritime climate, requiring breathable mortars to prevent moisture damage, the
Colosseum endures high levels of pollution, weathering, and seismic activity, necessitating lime

mortars for flexibility and environmental resistance. The Alhambra on the other hand, in a semi-
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arid Mediterranean climate, benefits from the ability of lime mortars to manage moisture
fluctuations and protect delicate architectural details. These examples highlight the ability of lime

mortars in adapting to different climatic challenges.

Lastly, the time periods represented by these monuments further emphasize lime mortars' enduring
importance. The Tower of London from the 11th century, the Colosseum from the 1st century AD,
and the Alhambra from the medieval Islamic era all demonstrate how lime mortars have been
consistently used over centuries. The continued application of lime mortars in modern
conservation underscores their historical relevance and effectiveness in preserving architectural

heritage from different eras.

Thus, lime mortars play a crucial role in the restoration and conservation of historic buildings. The
case studies of the Tower of London, the Colosseum, and the Alhambra are but a few cases of the
restoration of heritage structures with lime-based mortars. Their compatibility with traditional
building materials like stones and bricks makes them ideal for maintaining the original character
of historic buildings. Such that the lime mortars allow moisture to move through the structure,
helping to prevent damage while still providing support. By using lime mortars, conservators
ensure that repairs are compatible with the original construction methods and materials, preserving

both the structural integrity and historical significance of these sites.

3.2 Repair mortars

Repair mortars are a type of mortar designed specifically for the preservation and restoration of
historical masonry, intended to match the physical and chemical features of the original mortar
used in ancient buildings while ensuring compatibility and long-term durability. The major purpose

of the repair mortar thus is to preserve the masonry's structural integrity and aesthetic look while

26



acknowledging its historical and architectural significance. In designing a repair mortar, one must
take into account its purpose such as bedding, pointing, grout, render, plaster, flooring, and surface
repairs as well as the environmental exposure and the role the mortar plays in the masonry unit it

is found within [52].

In addition, during the design of a repair mortar, according to RILEM TC 203 [52], the
compatibility of the substrate and the repair mortar must be met in order to ensure that other
requirements such as durability, structural and environmental requirements are met while taking
into account the properties of the substrate as well. This indicates how important it is for a repair

mortar to be compatible with the historical material on which it is applied.
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Chapter 4:

Ground olive stones

The use of agricultural by-products in the construction industry has recently gained attention due
to their sustainability and cost-effectiveness [53]. Ground olive stones (GOS), a byproduct of the
olive oil extraction, have shown potential as an additive or a partial replacement for traditional
ingredients in mortar mixtures. However, they account for a significant amount of solid waste with
millions of tons of olive stones produced annually around the world, primarily in Mediterranean
regions where olive oil production is concentrated [54], whose disposal causes a major
environmental concern. However it is currently being used in biofuel production due to its high
calorific value which is around 17,000 kJ kg~!, and is being explored for use in water treatment

and in the construction industry [55].

Figure 9: Left- Unmilled olive stones, Right- Ground olive stone (100-300microns). Retrieved
from: www.bio-powder.com/en/olive-pit/

Agricultural or industrial wastes are incorporated into mortar mixes either in their raw state or

activated through calcination. According to a review by S. Blesson and A. U. Rao, calcined wastes
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have higher reactivity than uncalcined wastes, enabling early strength development of the binder
system [56]. Their research also indicates that agro-based wastes contain a high concentration of

silica, which makes them exhibit pozzolanic reactivity.

4.1 Properties of Ground olive tree stones added to mortars

Utilizing agricultural and industrial by-products such as GOS in mortar mixes is a type of green
construction practice that addresses the issue of waste disposal, while minimizing the use of natural

resources such as aggregates in construction and cutting down production cost as well.

However, before incorporating non-traditional materials or substituting part of the traditional
composition of mortars such as binder or aggregates with other materials such as agricultural
wastes in mortars, the material must have certain characteristics similar to those of the traditional
construction material so as to enable the replacement without compromising the integrity of the

mortar as well.

Ground olive stone (GOS), is a lignocellulosic substance with cellulose, hemicellulose, and lignin
as its main component, offers several benefits, such as affordability and availability, low density,
renewable nature, lack of related health risks, but with a problem of high moisture absorption [57].
It is the solid residue generated after olive oil extraction. In this thesis, the GOS is used to partially

substitute the natural quarts aggregates in varying portions in the synthesis of a repair mortar.

A mineralogical compositional analysis by [58] indicates that olive stone ash mostly consist of
silicon oxide Si0, and calcite CaCO; as their inorganic components. An energy dispersive X-ray

analysis by [59] also reveals Silicon and Calcium as the major chemical composition in olive stone
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waste with other elements found in lesser proportions. The presence of Silicon in olive stones is

also confirmed in a research by [60].

The effect of ground olive stones on the mechanical characteristics of mortars has been the subject
of'a number investigations. One important finding has been that adding olive stones usually results
in a lower mortar density and improve thermal insulation [61], but potentially compromise its
compressive strength. Ferreiro et al. [62] , for example, found that the amount of GOS used to
substitute fine crushed limestone aggregates decreased the mechanical properties of the cement
mortar as the proportion of GOS increased. Nevertheless, they also pointed out an appropriate
application range of 0-30% where the decrease in the strength of the mortar is not very significant
and is acceptable for application [62]. This is also confirmed in a research by Cheboub et al. [63]
where it was discovered that replacing natural sand with crushed olive kernel aggregates (COK)
in a self-compacting lightweight mortar decreased the tensile and compressive strengths, but

within the acceptable range limits as stated in the RILEM guidelines for lightweight building.

Although increasing the amount of GOS in a mortar mixture decreases certain properties like
workability and setting time, the mechanical strength of the mortar increases with an increase in
GOS content up to a certain limit as a partial replacement of sand as reported by Abdulwahid &

Al-Akhras [64].

Ground olive stones (GOS) have evidently attracted significant interest as a sustainable material
in the construction industry, particularly in cement-based mortars. However, there is a significant
gap in research regarding their use in lime-based mortars, which are essential for conservation
purposes. This thesis research therefore aims to address this gap by exploring the potential and
implications of incorporating GOS in lime-based mortars as partial replacement of quartz sand

aggregates for the conservation of built heritage.
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Chapter 5:
Materials and Methods

This research investigates the utilization of agricultural and industrial waste, specifically ground
olive stones (GOS), in the development of repair mortars for conservation purposes. The primary
objective is to replace a portion of the natural aggregates with GOS to produce a lightweight repair
mortar, while promoting sustainability without compromising the structural integrity of historical
materials. Lightweight concrete is generally defined as any type of concrete with an oven-dry
density below 2000 kg/m?® [65]. Lower density is beneficial for conservation projects, particularly
in historical structures, where reducing the overall weight of repairs can prevent further strain or
damage to aged or fragile heritage materials. Lightweight mortars can also be advantageous for
specific restoration applications where weight considerations are critical, such as repairing weak

or delicate sections of walls or structures that cannot support heavy materials.

GOS in this case, was used to partially replace quartz aggregates to produce a lighter mortar due
to its lower density compared to traditional rock mineral aggregates. Several studies on organic
waste materials, including GOS, have demonstrated their ability to lower the density of mortars
while maintaining acceptable performance. So the porous, fibrous nature of GOS may reduce the
overall density of the mortar mixture, and make it less heavier, a characteristic particularly

advantageous in works where lighter mortars can minimize additional stress on aged structures.

Studies involving other agricultural by-products like rice husk ash, palm oil clinker, and sawdust
as organic aggregates substitute have shown that replacing traditional aggregates with organic

materials can reduce the weight of mortar [62], [66], [67] . These studies demonstrated that the
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reduction in density is achievable because the organic materials generally have lower densities
than natural mineral aggregates. Though fewer studies have been conducted specifically on GOS,
research has indicated that organic waste materials from agriculture contribute to lighter
cementitious composites due to their lower bulk densities and porous structures. Since GOS are
organic, low-density materials, when used as a partial replacement for natural rock or rock mineral
aggregates in mortars, can significantly reduce the overall density of the mixture. Investigations
into GOS in concrete and mortar formulations have shown that they lead to lower density and

improved sustainability by replacing part of the natural aggregates.

To this end, seven different mortar mixtures were prepared. One mixture, devoid of GOS, serves
as the control sample. The remaining six mixtures incorporate varying proportions of GOS,
substituting 5% to 15% of the total volume of natural aggregate used, with a binder-to-aggregate

ratio of 1:3.

The properties of the GOS mortars are enhanced by mixing with a suspension of nano silica;
Nanoestel to improve their bonding and mechanical properties. Studies have shown that nano-
silica can significantly improve the properties of cementitious materials due to its high surface area
[68], and reactivity [69], which contribute to a denser microstructure and better bonding at the
micro-level. Nano-silica has high pozzolanic reactivity such that when added to a mortar, it reacts
with the calcium hydroxide (Ca(OH)2) produced during lime hydration to form additional calcium
silicate hydrate (C-S-H), which is the key binding phase in cementitious materials. This reaction
helps to fill in voids and improve the overall density and bonding of the mortar, helping to mitigate

potential weaknesses that could arise from the inclusion of GOS

In addition, nano-silica particles which are extremely fine, with a size typically less than 100 nm

help to fill in the tiny pores in the mortar matrix, leading to a denser and more cohesive material.
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The finer microstructure enhances the interfacial transition zone (ITZ) between the aggregate and
the binder, leading to improved bonding [70], [71]. This is particularly beneficial when using
alternative aggregates like GOS, where bonding might otherwise be weaker due to differences in
surface texture and composition compared to natural aggregates. Numerous studies have also
demonstrated that the addition of nano-silica can increase the compressive and tensile strength of

mortars due to the improved microstructure and better bonding within the matrix.

The mortar mixtures were prepared using distilled water and tested for consistency with the flow
table method. Subsequently, the mixtures were moulded into cubic specimens (5cm x Scm x Scm),
(5cm x 5cm x 2cm) and prism specimens (4cm x 4cm x16cm). The samples were then cured,

demoulded, and allowed to set for 28 days and 90 days, respectively.

The hardened cubic samples were subjected to tests for salt crystallization, colorimetry, and water
absorption by capillarity. Additionally, the prism specimens underwent mechanical strength
assessments, including flexural and compressive strength tests. Detailed methodologies and results

are discussed in the subsequent sections of this thesis.

5.1 Materials used in the mortar preparation

This section presents the characterization of the materials used in the production of the mortar

mixes that were studied experimentally.

5.1.1 Binder

The binder used in this study was a hydrated lime Calce Idrata Speciale CL70-S provided by

Unicalce S.p.A., located in Lecco, Italy being a product available on the national market and sold
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in paper bags. The physical and chemical composition of the binder as specified in the technical

sheet is indicated in Table 1.

Table 1: Physical and chemical composition of the hydrated lime

Description Fine solid powder
Colour White
Odour None

Total CaO + MgO > 85.0%
MgO <2.0%
Residual CO: <12.0%
Sulphates (SO42") <0.1%

Free Lime (CaO) 72.0 - 84.0%
Bulk Density (kg/m?®) 400-500
Solubility in water (Ca(OH)2) (g/1) 1.7

pH of Saturated Solution 12.5
Moisture Content <1.0%
Residue on 0.200 mm Sieve <2.0%
Residue on 0.090 mm Sieve <7.0%
Penetration (mm) 28-30

5.1.2 Quartz sand aggregates

The natural sand aggregates utilized in this study consist of a quartz sand aggregate, supplied by
CTS s.r.l., based in Altavilla Vicentina, Italy. This product, widely available in the Italian national
market, commercially distributed in plastic containers possesses an average grain diameter size of
0.1 to 0.3 mm. According to the technical documentation provided by the supplier, the quartzite is

devoid of organic matter, vegetative components, clay, and any friable materials. Furthermore, the
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petrographic analysis revealed an absence of impurities such as gypsum, anhydrite, amorphous
silica, and mica. Table 2 presents the detailed chemical and physical characteristics of the quartzite

as outlined in the technical sheet.

Table 2: Chemical and physical characteristics of quartzite

Chemical Composition (w/t%) Physical Characteristics

SiO: (Silicon Dioxide) 99.500 Colour Whitish
AlO; (Aluminium Oxide) 0.1200 Origin Natural
Fe20s (Iron Oxide) 0.017 Grain Rounded
TiO: (Titanium Dioxide) 0.028 Absolute density (g/cm?®)  2.65
CaO (Calcium Oxide) 0.23 Apparent density (g/cm®)  1.50

5.1.3 Ground Olive Stones (GOS)

The GOS was supplied by BioPowder.com based in Spain and is available and is sold in plastic

containers with grain sizes within 0.1 to 0.3mm.

5.1.4 Nano Estel

In order to enhance the properties of the GOS used in the mixture, Nano Estel was used. The Nano
Estel is a colloidal aqueous dispersion of nano-sized silica with consolidating and stabilizing
properties, suitable for application on natural stones, bricks, terracotta, mortars, and plasters [72].
This refers to a stable mixture where tiny silica particles, on the nanometre (nm) scale (typically
less than 100 nm), are evenly distributed or suspended in water, such that the particles are small
enough to remain suspended and dispersed, forming a colloid. Nano silica is normally used as a

consolidant to effectively strengthen deteriorated porous materials like stone, brick, terracotta and
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mortars. Their nano dimension allows them to penetrate into microscopic pores and structures. As
they aggregate, they bond with the material, filling in these voids and increasing the overall
strength and durability of the material, making them useful for applications such as materials

consolidation [73].

The commercial Nano Estel used in this research was provided by CTS s.r.L. in Altavilla Vicentina,
Italy. It is an inorganic consolidant which consists of an aqueous colloidal suspension of silica
nanoparticles, with an average size of about 20 nm, a silica content of 30% by weight and an
alkaline pH (approximately 10). Table 3 displays the consolidant's chemical and physical

characteristics as listed on the technical sheet.

It was applied diluted with distilled water in the ratio of distilled water to Nano Estel (2:1) dilution.
The diluted Nano Estel was subsequently incorporated into the GOS at a ratio of 0.35 relative to

the quantity of GOS.

Table 3: Chemical-physical characteristics of Nano Estel

Description Aqueous suspension of silica nanoparticles
Appearance Colourless liquid

Active matter content (w/t%) 30

Particle size (nm) <20

Density (g/cm?, at 20 °C) 1.2

Viscosity (mPa-s, at 20 °C) 6.0

pH 10 approx.
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5.1.5 Water

Distilled water was used throughout the experiment to eliminate impurities, minerals, and
contaminants that could affect the results. It ensures consistency and control in experimental
conditions, preventing unwanted chemical reactions and allows to isolate the effects of the
variables being tested. In this research, distilled water was used to prepare mortar mixtures to
accurately assess the properties and reactions of ground olive stones (GOS) and other components

without interference from impurities.

5.2 Methodologies in the preparation of test specimens

5.2.1 Mortar production

The first step in the preparation of mortars is the weighing of its constituents using a scale with
0.01g of precision. Seven different mixtures are prepared with varying percentages of GOS ranging
from (0 — 15%) of the total volume of aggregates used. Each mixture is identified by the amount

of GOS it contains. Hence the following mortar mixtures are eventually made;

e TQ-HL: 100% quartz aggregates

e POSS5-HL: 95% of quartz aggregates, 5% of GOS

e POSI10-HL: 90% of quartz aggregates, 10% of GOS

e POSI15-HL: 85% of quartz aggregates, 15% of GOS

e POSS5-HL-S: 95% of quartz aggregates, 5% of GOS + Nano silica
e POS10-HL-S: 90% of quartz aggregates, 10% of GOS + Nano silica
e POSI15-HL-S: 85% of quartz aggregates, 5% of GOS + Nano silica
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Each mixture is prepared by initially weighing all dry components; aggregates, hydrated lime
(binder), and GOS. The dry materials are manually mixed together in a bowl by hand, and water
is added until the desired consistency is achieved. The quantity of binder was kept constant across
all mixtures to maintain consistency. The quantity of GOS however, is inversely proportional to
the volume of the aggregates such that, as the GOS content increases, the amount of aggregate
decreases. In the mixtures containing diluted nano silica, the diluted nano silica is 0.35 of the
amount of GOS used. The reference mortar specimen (TQ-HL) is made without GOS, and is tested
for consistency with the Flow Table method according SIST EN 1015-3:2001 [74]. The rest of the
specimen are made with varying proportions of GOS and tested for consistency aimed at achieving
that of the reference specimen. Thus, Table 4 indicates the proportion of materials used in

preparing the mortar samples.

Mortar Composition (g)

Table 4: Type and quantity of materials (g) used to manufacture of mortar mix

Specimen Quartz Hydrated =~ Water Water to GOS Diluted
sand lime Binder Nano
ratio silica (ml)
TO-HL 718.50 85.20 149.10 1.75 0 0
POS5-HL 680.96 85.20 188.29 2.21 13.31 0
POSI10-HL 645.12 85.20 193.40 2.27 26.62 0
POS15-HL 609.28 85.20 195.96 2.30 39.94 0
POS5-HL-S | 680.96 85.20 159.30 1.88 13.31 4.50
POS10-HL-S | 645.12 85.20 159.30 1.88 26.62 9.45
POS15-HL-S | 609.28 85.20 159.30 1.88 39.94 14
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5.2.2 Testing Consistency of Wet Mortar Mixture

The wet mortar mixtures are subjected to the Flow table test, to determine the workability and
consistence of the freshly mixed mortar according to the SIST EN 1015-3:2001 standard before
being moulded. The principle behind the flow table test is to measure the workability or fluidity
of freshly mixed concrete by observing its ability to spread. This is achieved by allowing the
sample of mortar to flow freely when the confining truncated conical mould is removed, followed
by subjecting the flow table to a series of controlled jolts; 15 times in this case. This procedure is
repeated three times for each mortar mixture. The degree of spread, or flow, is measured after each
trial, and the average spread is calculated to provide a quantitative measure of the mortar’s
consistency. The reference mortar specimen, designated as TQ-HL, is prepared without the
addition of GOS and serves as a reference for the consistency test such that the other specimens
with varying proportions of GOS are prepared and subjected to the same consistency test, with the

objective of achieving a consistency similar to that of the reference specimen.

5.2.3 Moulding and Demoulding Mortars

After testing the consistency of the mortars, the mixtures were moulded into wooden moulds of
various dimensions for specific tests to evaluate their properties. The dimensions used were; Scm
x Scm x S5cm moulds for water absorption by capillarity test, Scm x S5cm x 2cm moulds for salt
crystallization and colourimetry tests, and 4cm x 4cm x 16cm moulds for mechanical tests (flexural

strength and compressive strength).

For each of the seven mortar mixtures, three samples were prepared in each of these dimensions,
resulting in a total of nine samples per mortar mixture. Consequently, a total of 63 samples were

produced.
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After filling the moulds with the fresh mortar, the mixtures were compacted and levelled off with
a trowel for a smooth and even surface as seen in Figure 10. The samples were then left uncovered
in the laboratory to set for about 7 days. The samples were later carefully demoulded and labelled

for identification.

The time interval from demoulding to the commencement of testing varied depending on the

specimen type, thus, 28 days for the cubic specimens and 90 days for the prism specimens.

a) b)
Figure 10: Curing of mortar samples - (a) — wet mortar mixture in a prism mould, (b) — dried
mortar samples in cube and prism moulds, (c) — labelled wet mortar in prism moulds

5.3 Characterization of mortars in the hardened state

5.3.1 Colorimetry assessment

After hardening for 28 days, the cubic specimens (5cm x Scm x 2cm) were tested for colorimetric
assessment according to UNI EN 15886:2010 [75]. This test provides an objective and quantifiable

measure of colour by detecting any changes in their appearance over time. “The method involves
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determining the colour of a surface through instrumental quantification, expressing the colour
numerically according to international standards set by the International Commission on
[llumination (CIE). The colours are represented within a "colour space," where any visible colour

is defined by three coordinates™ - [75].

The colour measurements were conducted using a PCE-CSM 7 portable colorimeter. For each
sample, data were collected from five distinct points: the top left corner, the top right corner, the
bottom left corner, the bottom right corner, and the centre. The average values of the L*, a*, and
b* coordinates were then calculated from these five points to evaluate the colour change in the

samples with varying concentrations of GOS. The total colour difference (AE) of the specimens in

the CIELAB colour space was evaluated by AE = \/(ALZ + Aa? + Ab2).

In the CIE colour space, the L* value represents the lightness component, ranging from 0 (black)
to 100 (white). The a* value denotes the red-green axis, where positive values indicate a shift
towards red and negative values indicate a shift towards green. The b* value represents the yellow-
blue axis, with positive values indicating a shift towards yellow and negative values indicating a

shift towards blue.
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Figure 11: Colorimetry assessment — (a) and (b) — Researcher taking colorimetric
measurements, (c¢) — a sample with indications on where measurements were taken

In this study, the colorimetric assessment was conducted to provide an objective and quantifiable
measure of colour stability in the specimens over time. This test is essential for evaluating the
impact of the varying concentrations of GOS on the colour properties of the mortars after the
hardening. The test was aimed at detecting any potential changes in appearance, which is critical
for assessing the aesthetic durability and performance of the mortar. The use of a portable
colorimeter and the subsequent analysis of the L*, a*, and b* coordinates from multiple points on
the surface enabled a reliable monitoring of colour variations to ensures that any deviations in

colour due to the addition of GOS are captured.
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5.3.2 Salt crystallization tests

After drying and hardening for 28 days, the cubic specimen (5cm x Scm x 2cm) were subjected to
salt crystallization test according to the SIST EN 12370:2000 [76] standard and modified in
accordance with the recommendations of RILEM TC 271-ASC [77], aiming to simulate real-world

conditions that may not be fully covered by one standard alone.

In this modified test, the SIST EN 12370:2000 standard, which prescribes full immersion of
samples in a salt solution and drying at 105°C, was adapted based on RILEM TC 271-ASC
recommendations to better simulate real-world conditions. The RILEM guidelines suggest partial
immersion, at approximately 10% of the sample’s length submerged allowing the solution to move
upward through capillary action, closely mirroring how salt-laden moisture rises gradually from
the ground in natural environments. Furthermore, RILEM specifies a lower drying temperature of
45°C, more representative of ambient conditions, to avoid potential sample alterations that could

result from higher drying temperatures.

These modifications yield a testing method that more accurately reflects the environmental
challenges the material will face over time, providing a nuanced and practical understanding of its
durability, particularly for applications in heritage conservation. By doing so, the testing process
is tailored to reflect the environmental conditions that the material is expected to face in actual use,

such as the temperature conditions and the salt accumulation processes.

The salt crystallization test was conducted to evaluate the resistance of the specimens to salt-
induced weathering, a critical factor in determining the long-term durability of materials used in

conservation and restoration. In particular, salt crystallization can lead to internal stresses due to
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the formation and growth of salt crystals within the pores of the material, which may result in

micro-cracks, granular disintegration, and eventual structural deterioration.

Soluble salts significantly impact the durability of porous building materials used to build much
of'the world’s architectural heritage, in as much as they are made from porous materials like stones
and mortars as well as bricks and ceramics which are vulnerable to salt damage [78]. Therefore, it
becomes crucial to understand how salts crystallize and damage these materials to predict and

enhance their durability.

Understanding how the specimens in this case withstand this form of weathering is essential for
predicting their performance in real-world conditions, especially in environments subject to saline
exposure. This is because it provides insights into the mortars’ behaviour and resilience when
exposed to environmental conditions similar to those in real-world settings. Thus, in many
historical buildings and structures, particularly those located in coastal areas, urban environments,

or regions with fluctuating moisture levels, materials are frequently exposed to saline solutions.

The saline solutions involved in the degradation of historical buildings includes a variety of
sulphates, chlorides, and nitrates, each stemming from different sources and exerting unique
impacts on the structural materials. Sodium chloride (NaCl), commonly sourced from marine
environments is highly soluble and can cause efflorescence [79]. Magnesium sulphate (M gS0.,),
often found in groundwater, forms crystals of ettringite and gypsum that may exert crystallization
pressures within the pores of stone and mortar, causing cracking, softening and degradation [80]

and spalling.

Spalling happens due to the growth in volume of expansive salts accumulating close to the masonry

surface, which creates pressure from compression, ultimately causing the material to break apart
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[81]. Gypsum crystals (CaSO, + 2H,0) mostly found in black sulphated crust, can form on
calcium carbonate surfaces through the “sulphation” reaction between sulfuric acid from SO»
atmospheric pollution and calcareous materials like limestone, marble and mortars. The formation
of gypsum within the mortar can result in swelling and ultimately lead to the development of cracks
and fissures. Under specific conditions, the pressure exerted during this process can become

sufficient to cause blistering or spalling of the adjacent brick or stone materials [81] .

Some of the mechanism by which soluble salts damage historical buildings is through the
processes of crystallization and hydration. Thus, salts dissolved in water can penetrate porous
building materials such as stone, brick, plaster, and mortar. When water evaporates, due to strong
insolation depending on the material porosity , salts may crystallize within the pores or at the
surface of the building. Depending on the rate of the evaporation, two phenomenon are likely to

occur: efflorescence and subflorescence.

Efflorescence occurs when water containing dissolved salts migrates to the surface of a porous
material. This migration is driven by capillary action, where the water moves through the micro-
pores of the material. So, as the water reaches the surface and encounters the air, it evaporates due
to environmental conditions such as sunlight or wind. The salts dissolved in the water are left
behind and crystallize on the surface, forming white, powdery deposits. While efflorescence is
primarily an aesthetic issue, it is a visible sign that salts and moisture are actively moving within

the structure [82].

Subflorescence, on the other hand, is a more destructive phenomenon compared to the
phenomenon of efflorescence, as it occurs below the surface of the material. In this process, the
saline solution travels less far through the capillary pores before the water begins to evaporate.

This early evaporation happens below the surface, leading to the crystallization of salts within the
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pores. Unlike efflorescence, subflorescence is not visible on the surface; however, the salt crystals
exert crystallization pressures within the confined spaces of the material's pores causing higher
damage to the material [83]. This pressure can, in fact, disrupt the internal structure of the material,
leading to spalling, micro-cracking, and eventual disintegration. The concealed nature of
subflorescence makes it particularly insidious, as significant damage can occur before any external

signs are evident.

Moreover, some salts are hygroscopic, which means they can absorb and retain water from the
surrounding environmental humidity. This ability causes cycles of dissolution and crystallization
that repeatedly imposes stress on the material's microstructure. Over time, these cycles can
significantly weaken the structural integrity of the material, making it susceptible to further

damage from other environmental factors like frost action.

Hence, if the material has poor resistance to salt crystallization, it can lead to a range of destructive
effects such as micro-cracking, granular disintegration, and surface scaling. Over time, these decay
can accumulate and result in significant structural damage or even loss of material. Therefore, by
assessing how well the specimens resist salt crystallization, the research can predict how the repair
mortar will perform in such environments. This knowledge is critical for choosing materials that
will endure in conservation efforts, ensuring the preservation of the structure while minimizing the

need for frequent repairs or replacements.

The specimens were initially dried and weighed until a constant mass was achieved. To ensure a
constant mass, the samples were first measured and then subjected to drying in an oven at a
temperature of (105 + 5) °C for 24 hours. Following this, they were cooled in a desiccator for
approximately 20 minutes before being weighed again. This cycle of drying, cooling, and weighing

was repeated three times (24 hours each cycle) until a constant mass was obtained.
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The criterion for achieving a constant mass was determined by calculating the difference between
the mass after cooling and the initial mass prior to heating. The procedure was continued until the
difference between two consecutive mass measurements, taken at an interval of 24 + 2 hours, did
not exceed 0.1% of the initial measurement. Table 5 indicates the mass of the samples measured
until a constant was achieved; IM: Initial measurements, M1: Measurement after 24 hours, M2:

Measurement after 48 hours, M3: Measurement after 72 hours.

Table 5: Mass (g) of specimen until a constant mass (not greater than 0.01% of the initial mass)

Specimen (IM) M1) M2) M3) 0.1% of Difference Difference Difference b/n
the LM bm IM & b/m M1 & M2 & M3
M1 M2 (Constant
mass)
TQ-HL-1 87.43 8729 87.28 87.27 0.09 0.14 0.01 0.01
TQ-HL-2 84.12 84 83.98 8398 0.08 0.12 0.02 0
TG-HL-3 89.79 89.67 89.66 89.66 0.09 0.12 0.01 0
POS5-HL-1 84.66 8438 84.39 84.37 0.08 0.28 -0.01 0.02
POS5-HL-2 80.26 7997 79.93 79.95 0.08 0.29 0.04 -0.02
POS5-HL-3 78.59  78.32 78.29 7832  0.08 0.27 0.03 -0.03
POS10-HL-1 76.61 76.17 76.16 76.17 0.08 0.44 0.01 -0.01
POS10-HL-2 78.58  78.15 78.12  78.14  0.08 0.43 0.03 -0.02
POS10-HL-3 83.67 83.19 83.14 83.17 0.08 0.48 0.05 -0.03
POS15-HL-1 69.88  69.33  69.29 69.27 0.07 0.55 0.04 0.02
POS15-HL-2 73.77 73.16 73.14 73.13  0.07 0.61 0.02 0.01
POS15-HL-3 74.03 7445 7339 7337  0.07 -0.42 1.06 0.02
POS5-HL-S-1 88.44 88.11 88.08 88.08 0.09 0.33 0.03 0
POS5-HL-S-2 88.51 88.15 88.13 88.11 0.09 0.36 0.02 0.02
POS5-HL-S-3 89.88 89.46 89.45 89.43 0.09 0.42 0.01 0.02
POS10-HL-S-1 82.37 81.79 8l.6 81.47  0.10 0.60 0.20 0.10
POS10-HL-S-2 87.38 86.8 86.64 86.62 0.09 0.58 0.16 0.02
POS10-HL-S-3 83.43 82.85 82.77 8271 0.08 0.58 0.08 0.06
POS15-HL-S-1 79.1 78.36  78.33 7831 0.08 0.74 0.03 0.02
POS15-HL-S-2 6649  65.78 65.72  65.7 0.07 0.71 0.06 0.02
POS15-HL-S-3  75.13 7439 7437 7434 0.08 0.74 0.02 0.03
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After drying to a constant mass, the samples were measured again before the start of the first cycle.
A sodium sulphate solution (Na.SO.) was prepared by dissolving 84 grams of sodium sulphate in
516 millilitres of distilled water, mixing it with a magnetic stirrer until all the salt was completely

dissolved. The solution was then placed in a water bath to maintain the temperature at (20 £+ 0.5)°C.

a) b) ©) d)

Figure 12: Preparation of a solution of sodium sulphate — (a) - Sodium Sulphate (Na2S04), (b) — 84
grams of Na2S0O4, (c) — 516 ml of distilled water, (d) — Solution of Na2SO4 in a water bath

The dried samples were then carefully placed in a plastic container positioned within a water bath
to maintain the solution’s temperature at (20 £+ 0.5)°C. The solution was carefully poured into the
container until it covered approximately 10% of the height of the samples from the bottom. This
was done to ensure contamination by capillary absorption of the salt solution from the bottom
surface, following the recommendations of RILEM TC 271-ASC. The container was then covered

to minimize evaporation, and the specimens were left to soak for 2 hours.
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Figure 13: Representation of how the specimen were contaminated with the sodium sulphate
solution while maintaining the temperature of the solution in a water bath

After soaking for 2 hours, the specimens were removed and then dried in an oven at 45°C for 8
hours. Subsequently, they were allowed to cool to room temperature for 12 hours, after which they
were weighed and photographed. A new solution was prepared, and the cycle was repeated 15
times, except for specimens that broke before the fifteenth cycle. The results, which is the relative
mass difference AM (mass loss or gain) are expressed as a percentage of the initial dry mass Md

and the number of cycles required to induce failure in cases where the specimen has disintegrated

Mg
or has broken into two or more pieces before the final drying, in the equation AM = % %X 100.
d

Where M is mass of the dried specimen in grams, after the 15th cycle, or the number of cycles

required to induce failure in cases where the specimen has broken into two or more pieces before

the final drying, and M, is the mass of the dried specimen with label before first cycle, in grams.
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Figure 14: Drying of the specimens after immersion

5.3.3 Water absorption by capillarity test

An assessment of the durability and performance of the mortar specimen in conditions where it
may be exposed to moisture was done by determining their water absorption by capillarity
according to UNI EN 15801:2010 [84]. This test was performed on the cubic specimen with
dimensions (5cm x Secm x 5cm) in the Diagnostics and Conservation of cultural heritage laboratory
at the Department of Biology, Ecology, and Earth Sciences, University of Calabria. The test was
done to understand the permeability and porosity of the repair mortar, which are critical factors in

determining its performance, particularly in environments exposed to water or high humidity.

The test procedure involves drying the samples to a constant mass, weighing them, and then
placing them on a saturated layer of absorbent paper about 1cm thickness, which is positioned at
the bottom of a container filled with distilled water. The samples are periodically weighed after
specific intervals to measure the amount of water absorbed by capillary action. The absorption is
calculated as a function of the increase in mass over time, allowing for the determination of the
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capillary absorption coefficient, which reflects the mortar's permeability and porosity with the

equation.

In this research, the samples were first dried to a constant mass in an oven at a temperature of 60
+ 2 °C until their mass change was less than 0.1% after two successive measurements in 24 hours
to ensure that the test starts with a completely dry sample. Once the samples were dried and cooled
to room temperature in a desiccator, they were weighed to determine the mass of the dried
specimen, which is the initial mass (m,) of the samples. The dried samples were then placed on a
saturated layer of absorbent paper about 1 0.5 cm thick, which was placed at the bottom of a flat

bottomed container filled with distilled water.

Figure 15: Set up for water absorption by capillarity test

The samples were left in this position and later weighed after 10, 20, 30 and 60 minutes and after
4, 6,24, 48, 72, 96, 128,152 and 176 hours. After the immersion time has elapsed, the samples
were removed from the saturated layer of paper, surface water was then removed using a damp
cloth, and the samples were weighed immediately. This is the wet mass (M;) of the sample. The
amount of water absorbed by the specimen through capillary action, calculated by the difference
between the wet mass at time (t; ) and the initial dry mass of the sample (m,) as a function of time

in relation to the samples’ surface area in contact with the water was expressed as Qi =
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[(mi - mO) / A]. The test ended when the variation between two consecutive weighing within a

24-hour period did not exceed 1% of the total mass of water absorbed by the specimen.

5.3.4 Mechanical tests

After hardening for 90 days, the prism specimen with dimensions (4cm x 4cm x 16cm) were
mechanically assessed to evaluate of their physical properties under various forces or loads to
assess its strength, durability, and structural performance. Two mechanical tests were performed;
compressive strength tests and flexural strength tests. These tests provide an understanding of how
well the mortars can withstand structural and environmental stresses. This is essential because, for
heritage materials and in the designing of repair mortars, it becomes vital to match or closely
approximate the mechanical properties of the repair material to that of the original materials to

ensure compatibility and to maintain the structural integrity of the heritage structure.

5.3.4.1 Flexural test

A flexural strength test is a method used to determine the ability of a material to resist deformation
under load. It measures the material's tensile strength when subjected to bending. In this test, a
sample (usually a beam) is supported at both ends while a force is applied at the midpoint. The
load is increased until the sample breaks, and the maximum force that the sample can withstand
before failure is recorded as its flexural strength. This test is usually used to evaluate the

performance of materials under bending stresses.

In this research, the flexural strength test was conducted with the prismatic specimens (4 x4 x16
cm) using three-point loading to determine the flexural strength of the hardened mortars at 90 days
in accordance with the EN 1015-11:2019 [85], standard at the Department of Engineering,

University of Calabria. During the test, a sample is positioned in contact with two support rollers,

52



and a concentrated load is applied at the midpoint of the sample. The load is then increased
uniformly at a rate of 0.20MPa/S, until failure occurs within a timeframe of 30 to 90 seconds.
Three samples were tested for each mortar specimen and the average value was presented as the

final flexural strength.

The flexural strength (f) corresponds to the maximum force recorded by the machine, and it was

determined with the equation: f = 1.5 X % . Where F is the is the maximum load applied to the

specimen, in kilo newton (KN), 1 is the distance between the support rollers, in millimetres (mm),
b is the width of specimen, in millimetres (mm), and d is the depth of the specimen, in millimetres

(mm).

Figure 16: Loading arrangement for flexural strength test
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5.3.4.2 Compressive strength test

Compressive strength is a measure of a material's ability to withstand axial loads that compress it.
The test involves applying a uniaxial load to a specimen until failure occurs, and the maximum
load per unit area is recorded as the compressive strength. This property provides insights into the

material’s capacity to resist crushing under applied forces.

In this research, the compressive strength of the specimen was determined using the half remains
of the samples after the flexural strength test according to the EN 1015-11:2019 [85], standard.
During the test, each sample was placed in the testing machine and compressed, with a load applied
at a rate 0of 0.20 MPa/s to ensure that failure occurred within a time frame of 30 to 90 seconds. The

compressive strength was then determined by dividing the maximum load recorded during the test
by the compressed area of the sample expressed in the equation; f = % , where F is the maximum

the maximum load applied to the specimen, in Kilo newtons (KN), and A is the area of the

compressed sample surface.

. G - |
Figure 18: Halved specimens after Figure 17: Loading arrangement of the
flexural strength test compressive strength test

54



Chapter 6:
Results

6.1 Consistency test by flow table

The workability of the wet mortar mixtures was evaluated by determining their consistency using
a flow table test. The flow table test is a standard method used to assess the workability and
consistency of fresh mortar mixtures by measuring how much the mortar spreads when subjected
to slight jolting. In the test, fresh mortar is placed into a cone mould on a table, which is then raised
and dropped 15 times from a set height. This action causes the mortar to spread, and the final
diameter of the spread is measured to determine its flow value. A larger spread indicates higher

workability, while a smaller spread suggests a stiffer, less workable mixture.

The flow values reported in this study are the averages of three measurements, each representing
the expanded diameter of the fresh mortar, measured with a ruler. Initially, all mixtures were
prepared using the same water content as the reference sample (TQ), but the paste was stiff and
not workable enough. To achieve workable consistency, additional water was added, especially for
the POS-HL samples as the GOS content increased. This is reflected in the increasing water/binder
ratios for the POS-HL series. On the contrary, the nano silica-modified samples (POS-HL-S series)
required less water to achieve similar workability, as seen by the lower, consistent water/binder

ratio of 1.88.
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Table 6: Flow values from consistency test

Specimen Water/Binder ratio Flow values
70 1.75 126.75
POS5-HL 2.21 127.5
POSI10-HL 2.27 127.83
POSI15-HL 2.3 127.5
POS5-HL-S 1.88 126.33
POS10-HL-S 1.88 126.5
POS15-HL-S 1.88 128.33

From the flow values in Table 6, it is evident that the specimens containing GOS and nano silica
required a constant water addition to maintain workability. Although the water-to-binder ratio in
these samples was higher than that of the reference sample (TQ), it was still lower than the ratio

required for the mixtures with GOS but without nano silica.

6.2 Colourimetry assessment

The colorimetry test was conducted primarily to ensure visual compatibility of the repair mortars
with GOS inclusion in comparison with the reference sample by monitoring their colour changes,
ensuring the long-term durability of the repair and its ability to blend seamlessly with the existing
structures, particularly when exposed to environmental factors. In heritage conservation and
restoration, aesthetic consistency is crucial, as visible differences in colour between the original
material and the repair mortar can detract from the historical and architectural integrity of the
structure. Therefore, colorimetry tests of repair mortars aid in achieving both functional and

aesthetic harmony in restoration projects.

The average values of the L*, a*, and b* coordinates calculated from five points on each of the

mortar specimen are presented in Table 7 below.
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Table 7: Colorimetric values of specimen from the colour assessment test

Specimen L* a* b*

TQ-HL 88.54 0.63533 2.48
POS5-HL 86.39 1.38933 5.95
POS10-HL 84.47 2.048 7.78
POS15-HL 84.18 2.32267 8.70
POS5-HL-S 86.99 1.18467 4.93
POS10-HL-S 84.18 2.23667 6.93
POS15-HL-S 83.34 2.65867 8.01

From the colorimetric values, the reference sample (TQ) exhibits an L* value of 88.54,
representing the lightest mortar among the test samples whiles POS15-HL-S with 15%
replacement with GOS and nanosilica results in an L* value of 83.34, representing the darkest
sample. Also, it is observed that as the GOS content increases, the a* values steadily increase,
signifying a stronger red tint in the mortars with GOS. The b* values which reflect the shift along
the blue-yellow axis, with positive values indicating a yellow hue, also show a clear trend as GOS

content increases indicating that the mortars are becoming more yellow as more GOS is added.

The colour difference (AL*, Aa* and Ab*) of the samples and the reference sample was analysed
by subtracting the L*, a*, and b* values of the sample from the L*, a*, and b* values of the refence

sample and expressed as the delta values.
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Table 8: Colour difference (AL*, Aa*, Ab¥*)

Specimen AL* Ada* Ab*
POS5-HL -2.15 0.75 3.47
POS10-HL -4.08 1.41 5.30
POS15-HL -4.37 1.69 6.22
POS5-HL-S -1.57 0.55 2.45
POS10-HL-S -4.37 1.60 4.46
POS15-HL-S -5.20 2.02 5.53

Colour difference

AL* HAa* Ab*

A Values
O
|
I
N
|
I
I

POS5-HL POS10-HL POS15-HL POS5-HL-S POS10-HL-S POS15-HL-S

Figure 19: Graphical representation of the colour difference

From the data above, it is observed that all specimens have negative AL* values, indicating that
they are darker than the reference sample. The darkening effect increases as GOS content
increases. For example, POS15-HL (-4.37) is darker than POS5-HL (-2.15). Meanwhile the nano
silica-modified specimens (POS-HL-S series) generally show a smaller reduction in lightness
compared to the POS-HL. For example, POS5-HL-S has a AL* of -1.57, which is lighter than

POSS5-HL at -2.15.
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An important exception to the overall trend is observed in the AL* value of POS15-HL-S. Thus,
while the other nano silica-modified samples show less darkening compared to their non-modified
samples, POS15-HL-S has a significantly more negative AL* value (-5.20), indicating that it is

darker than even the corresponding non-modified sample POS15-HL (-4.37).

In addition, all specimens show positive Aa* values, meaning they shift towards the red spectrum
compared to the reference sample. This red shift increases slightly with the addition of more GOS.
For example, POS15-HL has a Aa* of 1.69, while POS5-HL has a Aa* of 0.75. The nano silica-
modified samples once again have slightly lower Aa* values than their non-modified counterparts,
indicating a smaller shift towards red. For example, POS15-HL-S has a Aa* 0f2.02, while POS15-

HL has 1.69.

Lastly, all the specimens exhibit positive Ab* values, indicating a shift towards the yellow
spectrum compared to the reference sample. The yellow shift increases as the GOS content rises.
Such that, POS15-HL has a Ab* of 6.22, compared to POS5-HL at 3.47. The POS-HL-S series
generally have smaller Ab* values compared to the POS-HL equivalents. For instance, POS15-

HL-S has a Ab* of 5.53, compared to POS15-HL at 6.22.

The total colour difference (AE) between the reference sample and each of the other specimen with

GOS, which is the geometrical distance between their positions in the CIELAB colour space was

evaluated by AE = \/(AL> + Aa? + Ab?). This provides a numerical value representing the

overall colour difference between the reference sample and each of the other specimens with GOS.
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Table 9: Total colour difference (AE)

Specimen Delta values
TQ-HL, POS5-HL 8.63
TQ-HL, POS10-HL 23.34
TQ-HL, POS15-HL 30.32
TQ-HL, POS5-HL-S 4.37
TQ-HL, POS10-HL-S 20.74
TQ-HL, POS15-HL-S 30.87

Total colour difference

35
30
25
20
15

AE Values

10

TQO-HL, POS5- TQO-HL, TO-HL, TQ-HL, POS5- TO-HL, TQO-HL,
HL POS10-HL POS15-HL HL-S POS10-HL-S POS15-HL-S

Samples

Figure 20: Graphical representation of the Total colour difference AE

From the data in Table 9 and Figure 20 above, it is observed that as the GOS content increases
from 5% to 15% in the POS-HL series, the total colour difference (AE) increases significantly. For
POSS5-HL, the AE is 8.63. The value jumps to 23.34 for POS10-HL and the highest value at 30.32
in the case of POS15-HL. The POS-HL-S series however, tend to have lower AE values compared
to their unmodified counterparts, especially for lower GOS content. For example: POS5-HL-S has

a AE of 4.37, which is significantly lower than the 8.63 of POS5-HL. POS10-HL-S has a AE of
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20.74 which is also slightly lower than the 23.34 of POS10-HL. However, at 15% GOS content,

the POS15-HL-S sample has a slightly higher AE value of 30.86 compared to its unmodified

counterpart POS15-HL which has a AE value of 30.32.

6.3 Salt crystallization tests

The results of the accelerated salt weathering tests are reported in this section. All the samples

were subjected to 15 cycles of wet and dry cycles of salt crystallisation test. However, some

samples disintegrated before the 15" cycle. Table 10 reports the mass of the specimens (in grams)

after each cycle, prior to the start of the next cycle. For specimens that fractured before the start of

the subsequent cycle, their final recorded mass is shown, and they are excluded from further

measurements. These instances are denoted by “#0”, indicating that no measurements were taken

after the cycle in which the specimen broke.

Table 10: Mass (g) of specimen after wet and dry cycles of salt crystallization

Specimen

TQ-HIL-1
TQ-HL-2
TG-HL-3
POS5-HI-1
POS5-HL-2
POS5-HL-3
POS10-HI-1
POS10-HL-2
POS10-HL-3
POS15-HI-1
POS15-HL-2
POS15-HL-3
POS5-HIL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3

Md: Mass
before 1st
cycle
87.25
83.97
89.64
84.46
80.03
78.38
76.39
78.26
83.38
69.57
73.4
73.64
88.17
88.23
89.45
81.24
86.65
82.66

Mass
1st

(M1)

90.77
87.18
92.46
88.01
83.06
81.08
79.32
81.55
86.98
73.37
77.45
77.62
89.72
89.601
91.23
83.601
88.69
84.54

after
cycle

Mass after
2nd  Cycle

(M2)

94.22
90.35
95.2

90.91
85.51
83.36
81.71
84.09
89.26
76.18
80.09
80.5

90.99
90.58
92.54
86.48
90.5

86.13
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Mass
3rd

(M3)

96.44
92.37
97.94
93.73
87.4

85.75
83.98
86.51
91.33
78.71
82.15
82.84
93.08
92.16
94.81
89.03
92.82
88.38

after
cycle

Mass
4th

(M4)
97.19
93.3
99.09
94.81
88.89
87
85.42
87.76
92.96
79.38
83.23
83.8
94.64
93.59
96.18
89.91
93.94
89.4

after
cycle

Mass
5th

(M5)
95.93
91.23
97.56
92.61
86.85
85.04
82.89
85.09
90.04
75.82
80.29
80.61
93
92.32
94.51
87.18
91.49
87.18

after
cycle

Mass after
6th  cycle

(M6)
97.96
94.36
100.67
9541
90.03
88.27
86.61
89.47
94.88
80.62
84.22
84.97
95.98
95.07
97.75
90.52
93.96
90.18

Mass after
7th  cycle

(M7)
97.96
94.41
101.16
96.27
90.43
88.67
87.25
90.24
95.88
80.76
85.13
85.81
96.37
95.6
98.08
90.57
94.2
90.14



POS15-HL-S-1 78.58 80.57 81.84 88.83 84.75 83.15 86.07 86.96

POS15-HL-S-2 65.83 67.47 68.51 70.02 70.87 69.52 71.7 72.53
POS15-HL-S-3 74.63 76.49 77.54 79.22 80.07 78.78 81.31 82.11
Specimen Mass after Mass after Mass after Mass after Mass after Mass after Mass after Mass after
8th cycle 9th cycle 10th cycle 11th cycle 12th cycle 13th cycle 14th Cycle 15th cycle
(MS) (M) MO M1 M12) (13 (Ml (M)
TQ-HL-1 98.04 98.32 96.74 96.3 95.62 94.06 90.05 89.07
TQ-HL-2 94.38 94.21 92.74 91.62 88.58 85.76 79.77 79.05
TG-HL-3 101.34 101.56 100.15 101.45 100.94 96.03 94.79 80.84
POS5-HIL-1 96.23 96.19 93.61 92.97 90.3 87.21 87.04 83.39
POS5-HI.-2 90.26 90.11 86.22 86.22 78.19 61.36 58.24 57.4
POS5-HL-3 88.36 88.15 85.54 78.58 77.32 73.27 #O #O
POS10-HL-1 86.86 86.97 84.36 82.85 80.37 71.93 #0O #O
POS10-HL-2 90.2 90.27 87.06 83.84 82.79 76.87 #O #O
POS10-HL-3 95.78 95.77 92.68 88.95 84.3 #0O #0O #O
POS15-HL-1 80.34 80.03 76.5 68.17 61.93 33.68 #O #O
POS15-HL-2 84.47 84.23 78.2 69.2 #0 #0 #0O #O
POS15-HL-3 85.38 85.17 82.3 78.5 70.52 #HO #O #O
POS5-HL-S-1 96.15 95.63 90.16 68.1 #0 #0O #0 #O
POS5-HL-S-2 95.31 94.74 90.29 93.8 93.32 86.08 58.24 66.99
POS5-HL-S-3 97.74 93.37 90.43 83.83 #0 #0 #0O #O
POS10-HL-S-1 90.06 89.45 85.77 80.69 66.01 16.71 #O #O
POS10-HL-S-2 93.55 91.93 71.88 #0 #0 #0O #0O #O
POS10-HL-S-3 89.41 88.94 85.51 83.34 #0 #O #O #O
POS15-HL-S-1 86.45 86.11 68.07 80.42 #0 #0O #0O #O
POS15-HL-S-2 72.2 69.61 83.64 71.69 67.02 #O #O #O
POS15-HL-S-3 81.95 81.86 79.86 71.26 #0 #0O #0O #O

The results, in accordance with SIST EN 12370:2000, are expressed as the relative mass difference
(AM), representing the mass loss or gain as a percentage of the initial dry mass (Md) and the
number of cycles required to induce failure in cases where the specimen has disintegrated or has

broken into two or more pieces before the final drying are calculated with the equation AM =
Mp_
% X 100. where M f represents the final mass of the specimen after a given cycle, and Md is

d

the initial dry mass.

Table 11: AM : Relative mass difference (%) (Mass loss or mass gain)

Specimen AM1 (%)  AM2 (%)  AM3 (%)  AM4 (%)  AM5 (%)  AMG (%)  AM7 (%)  AMS (%)
TQ-HL-1 4.03 7.99 10.53 11.39 9.95 12.28 12.28 12.37
TQ-HL-2 3.82 7.60 10.00 11.11 8.65 12,37 12.43 12.40
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TG-HL-3
POS5-HL-1
POS5-HL-2
POS5-HL-3
POS10-HL-1
POS10-HL-2
POS10-HL-3
POS15-HL-1
POS15-HL-2
POS15-HL-3
POS5-HL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3
POS15-HL-S-1
POS15-HL-S-2
POS15-HL-S-3

Specimen
TQ-HL-1
TQ-HL-2
TG-HL-3
POS5-HI-1
POS5-HL-2
POS5-HL-3
POS10-HL-1
POS10-HL-2
POS10-HL-3
POS15-HL-1
POS15-HL-2
POS15-HL-3
POS5-HL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3
POS15-HL-§-1
POS15-HL-S-2
POS15-HL-S-3

3.15
4.20
3.79
3.44
3.84
4.20
4.32
5.46
5.52
5.40
1.76
1.56
1.99
292
2.35
2.27
2.53
2.49
249

AM9 (%)
12.69
12.19
13.30
13.89
12.60
12.46
13.85
15.35
14.86
15.04
14.75
15.66
8.46
7.38
438
10.11
6.09
7.60
9.58
5.74
9.69

6.20 9.26 10.54
7.64 10.98 12.25
6.85 9.21 11.07
6.35 9.40 11.00
6.96 9.94 11.82
7.45 10.54 12.14
7.05 9.53 11.49
9.50 13.14 14.10
9.11 11.92 13.39
9.32 12.49 13.80
3.20 5.57 7.34
2.66 4.45 6.08
3.45 5.99 7.52
6.45 9.59 10.67
4.44 7.12 8.41
4.20 6.92 8.15
4.15 13.04 7.85
4.07 6.36 7.66
3.90 6.15 7.29

AM10 (%) AM11 (%)

10.88 10.37

10.44 9.11

11.72 13.17

10.83 10.08

7.73 7.73

9.13 0.26

10.43 8.46

11.24 7.13

11.15 6.68

9.96 -2.01

6.54 -5.72

11.76 6.60

2.26 -22.76

2.33 6.31

1.10 -6.28

5.58 -0.68

-17.05 #0

3.45 0.82

-13.37 2.34

27.05 8.90

7.01 -4.52
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AM12
9.59
5.49
12.61
691
-2.30
-1.35
5.21
5.79
1.10
-10.98
#0
-4.24
#0
5.77
#0
-18.75
#0
#0
#0
1.81
#0

8.84
9.65
8.52
8.50
8.51
8.73
7.99
8.98
9.39
9.46
5.48
4.64
5.66
7.31
5.59
5.47
5.82
5.61
5.56

(o)

12.30
12.96
12.50
12.62
13.38
14.32
13.79
15.88
14.74
15.39
8.86
7.75
9.28
11.42
8.44
9.10
9.53
8.92
8.95

AM13 (%)
7.81
213
7.13
3.26
-23.33
-6.52
-5.84
178
#0
-51.59
#0
#0
#0
244
#0
-79.43
#0
#0
#0
#0
#0

AM14 (%)

3.21

12.85
13.98
13.00
13.13
14.22
15.31
14.99
16.08
15.98
16.53
9.30

8.35

9.65

11.48
8.71

9.05

10.66
10.18
10.02

-5.00

5.75
3.05

-27.23

#0
#0
#0
#0
#0
#0
#0
#0

-33.99

#0
#0
#0
#0
#0
#0
#0

13.05
13.94
12.78
12.73
13.71
15.26
14.87
15.48
15.08
15.94
9.05
8.02
9.27
10.86
7.96
8.17
10.02
9.68
9.81

AM15 (%)
2.09
-5.86
-9.82
1.27
-28.28
#0
#0
#0
#0
#0
#0
#0
#0
24.07
#0
#0
#0
#0
#0
#0
#0



The data presented in

Table 12 below provides the average relative mass difference (AM) for each mortar mixture over
the cycles of salt crystallization. This relative mass difference represents the mass loss or gain as
a percentage of the initial dry mass, and it helps evaluate the durability of the different mortar
mixtures under salt crystallization according to the SIST EN 12370:2000 standard. The average
values were calculated for specimen that had at least two samples not broken. The reported average
values after each cycle however are based only on the specimens where at least two samples
remained intact, ensuring that the averages reflect the performance of specimens that have not

completely disintegrated.

Table 12: Average values of the relative mass difference (%)

Cycle Specimen

TQ-HL POS5-HL.  POS10-HL POS15-HL.  POS5-HL-S POS10-HL-S POS15-HL-S
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M1 3.67 3.81 4.12 5.46 1.77 2.52 2.51
M2 7.26 6.95 7.16 9.31 3.11 5.03 4.04
M3 9.93 9.86 10.00 12.52 5.34 7.88 8.52
M4 11.02 11.44 11.82 13.76 0.98 9.08 7.60
M5 9.14 8.89 8.41 9.28 5.26 6.12 5.66
Mo 12.32 12.69 13.83 15.34 8.63 9.65 9.13
M7 12.52 13.37 14.84 16.20 9.10 9.75 10.29
M8 12.61 13.15 14.01 15.50 8.78 9.00 9.83
M9 12.73 12.98 14.69 15.15 6.74 7.93 8.34
M10 11.02 9.23 10.94 9.42 1.90 -2.67 6.90
Mi11 10.89 6.02 7.42 -0.38 -7.58 0.07 2.24
M12 9.23 1.09 4.03 -7.61 #0 #0 #0
M13 5.69 -8.86 -3.81 #0 #0 #0 #0
M14 1.32 -12.09 #0 #0 #0 #0 #0
M15 -4.53 -14.77 #0 #0 #0 #0 #0

From the data, it is observed that in the initial phase (Cycles 1-4), all mortar mixtures, including

the reference sample TQ-HL, experienced an increase in mass due to salt accumulation. The

64



highest mass increase occurs in the POS15-HL sample (15% GOS), which had a AM of 5.46%
after the first cycle and reached 13.76% after the 4th cycle. The nano silica-modified mortars
(POS5-HL-S, POS10-HL-S, and POS15-HL-S) show relatively smaller mass increases in the first
four cycles. For instance, POS5-HL-S only increased by 1.77% after the first cycle, compared to

3.67% in the reference sample.

After the 5th cycle however, all the specimen experience a mass loss. Interestingly, after the 6th
cycle, all specimens begin to gain mass again, likely due to further accumulation of salts within
the damaged mortar structure, as new salts may form during repeated wet-dry cycles. For example,
POS15-HL increases its mass from 9.28% in the 5th cycle to 15.34% after the 6th cycle, and
POS10-HL increases from 8.41% to 13.83%. The nano silica-modified specimens also follow this
trend. POSS5-HL-S sees an increase in mass from 5.26% in the 5th cycle to 8.63% after the 6th

cycle.

The mass gain continues through cycles 7 to 9, with all specimens showing moderate increment.
For instance, TQ-HL rises from 9.14% (cycle 5) to 12.73% after the 9" cycle. POS10-HL also
rises from 8.41% after cycle 5 to 14.69% after the 9™ cycle and POS15-HL-S increases from

5.66% (cycle 5) to 9.83% (cycle 9).

After the 10th cycle, the majority of specimens begin to experience severe mass loss. This is
especially true for GOS-modified specimens, which show negative values indicating mass loss and
the breakage of one sample from the specimen. For example, POS5-HL drops sharply to -14.77%
by the 15th cycle as one of its samples broke after the 13" cycle, and POS10-HL disintegrates

before reaching the final cycle with one of its samples breaking after the 13" cycle.
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Nano silica-modified samples, such as POS5-HL-S, also experience mass loss, though less severe
than their unmodified counterparts, with POS5-HL-S showing a mass loss of -7.58% by the 11th
cycle. But none of them survived beyond the 11th cycle, as all the samples had disintegrated or

broken apart.

It can be observed that even though the TQ-HL sample survived all 15 cycles, it suffered
considerable damage, dropping from 12.73% (cycle 9) to 11.02% (cycle 10), ending at -4.53% by
the 15th cycle. POS5-HL, with only two intact samples, also experienced significant mass loss,
dropping from 12.98% (cycle 9) to 9.23% (cycle 10), and eventually to -14.77% by the 15th cycle.
Specimens containing higher GOS content like the POS10-HL and POS15-HL, and all nano silica-
modified samples disintegrated before the 15th cycle. These trends are graphically presented

Figure 21 below.
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Figure 21: Graphical representation of the relative mass difference (%)

6.4 Water absorption by capillarity

The following section presents the results from the water absorption by capillary action test done
on the cubic specimen to assess the permeability and porosity of the repair mortar. The test ended
after 7 days when the variation between two consecutive weighing within a 24-hour period did not
exceed 1% of the total mass of water absorbed by the specimen. The samples were removed from

the saturated layer of paper after specific time intervals and weighed immediately.
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Specimen

TQ-HL-1
TQ-HL-2
TQ-HL-3
POS5-HL-1
POS5-HL-2
POS5-HL-3
POS10-HL-1
POS10-HL-2
POS10-HL-3
POS15-HL-1
POS15-HL-2
POS15-HL-3
POS5-HL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3
POS15-HL-S-1
POS15-HL-S-2
POS15-HL-S-3

Specimen

TQ-HL-1
TQ-HL-2
TQ-HL-3
POS5-HL-1
POS5-HL-2
POS5-HL-3
POS10-HL-1
POS10-HL-2
POS10-HL-3
POS15-HL-1
POS15-HL-2
POS15-HL-3

Mo
(ti=0)
207.32
199.23
200.66
187.43
194.18
196.12
178.48
175.76
176.83
164.54
172.38
173.25
197.94
198.99
195.99
189.50
188.97
185.07
175.49
179.60
178.18

M7

(ti=24hrs)

231.09
222.44
224.14
210.38
215.62
220.61
207.48
200.84
201.66
193.66
202.77
204.25

Table 13: Mass of specimen (g) at time (ti)

M1
(ti=10mins)
215.83
209.97
210.07
194.40
199.63
203.08
183.27
179.09
179.72
166.85
174.38
175.69
205.65
205.87
202.67
195.68
194.78
190.74
182.40
186.58
185.30

M8
(ti=48hrs)

231.62
223.17
224.85
211.06
216.33
220.85
208.01
201.33
202.12
194.63
203.53
205

M2
(ti=20mins)
218.91
213.39
213.76
196.61
201.31
205.4
186.28
181.56
182.48
167.91
175.8
177.70
207.80
207.78
204.53
197.25
196.24
192.16
184.36
188.36
187.11

M9
(ti=72hrs)

231.66
223.34
224.87
211.28
216.59
221.02
208.44
201.75
202.53
195.52
204.2

205.67
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M3
(ti=30mins)
222.39
216.30
216.54
198.19
202.55
207.13
188.94
183.88
184.79
168.43
176.81
179.36
209.28
209.17
205.9
198.38
197.27
193.2
185.92
189.81
188.59

M10
(ti=96hrs)

231.91
223.47
225.09
211.5

216.99
221.25
209.22
202.46
203.29
196.81
205.2

206.87

M4
(ti=60 mins)
228.32
220.65
221.40
200.92
204.66
209.86
194.03
187.96
188.62
169.35
179.03
182.83
212.75
212.34
209.02
201.02
199.76
195.59
189.33
193.04
191.63

Ml11
(ti=128hrs)

231.95
223.65
225.24
211.68
217.16
221.52
209.53
202.8

203.62
197.45
205.74
207.22

M5
(ti=4hrs)
230.40
221.80
223.55
208.05
211.56
217.09
205.92
198.21
198.72
180.08
196.92
200.97
218.39
218.46
215.24
207.55
206.51
202.17
198.43
201.90
200.58

MI12
(ti=152hrs)

232.07
223.66
225.25
211.81
217.34
221.58
209.87
203.09
203.96
197.94
206.22
207.72

M6
(ti=6hrs)
230.47
221.87
223.56
208.95
212.98
218.27
206.79
199.47
200.15
187.88
200.42
202.81
219.30
219.50
216.39
209.36
208.49
204.19
200.26
203.97
202.64

M13
(ti=176hr
s)

232.18
223.74
225.3
211.88
217.42
221.65
210.09
203.33
204.12
198.27
206.51
208.03



POS5-HL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3
POS15-HL-S-1
POS15-HL-S-2
POS15-HL-S-3

220.39
220.77
217.76
211.99
211.42
207.18
202.46
206.48
204.95

221.66
222.01
218.87
213.5

212.75
208.59
204.37
208.35
206.88

222.2

222.54
219.42
214.19
213.46
209.27
205.46
209.56
208.08

222.49
223.09
219.83
214.71
213.94
209.8

206.38
210.15
208.73

223.11
223.63
220.31
215.24
214.49
210.31
206.76
210.77
209.35

223.68
223.96
220.89
215.78
211.3

210.88
207.43
214.93
209.86

223.94
224.27
221.17
216.04
211.56
211.12
207.77
215.31
210.22

The amount of water absorbed by the specimen through capillary action per unit area, calculated

by the difference between the wet mass at time (¢; ) and the initial dry mass of the sample (m,) as

a function of time in relation to the samples’ surface area in contact with the water was expressed

as Qi =

[(mi- m0) / A].

Table 14: Qi - Amount of water absorbed by specimen per unit area at time (ti) in (g/cm?)

Specimen

TQ-HL-1
TQ-HL-2
TQ-HL-3
POS5-HI-1
POS5-HL-2
POS5-HL-3
POS10-HI-1
POS10-HL-2
POS10-HL-3
POS15-HI-1
POS15-HL-2
POS15-HL-3
POS5-HIL-S-1
POS5-HIL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3

M1
(ti=10mins)

3404
429.6
3764
278.8
218
2784
191.6
133.2
115.6
924
80
97.6
308.4
275.2
267.2
247.2
2324
226.8

M2
(ti=20mins)

463.6
566.4
524
367.2
285.2
371.2
312
232
226
134.8
136.8
178
394.4
351.6
341.6
310
290.8
283.6

M3

(i=30mins)

602.8
682.8
635.2
4304
334.8
4404
418.4
324.8
3184
155.6
1772
2444
453.6
407.2
396.4
355.2
332

3252

M4
(i=60mins)

840

856.8
829.6
539.6
419.2
549.6
622

488

471.6
1924
266

383.2
5924
534

521.2
460.8
431.6
420.8

M5
(ti=4hrs)

923.2
902.8
915.6
824.8
695.2
838.8
1097.6
898
875.6
621.6
981.6
1108.8
818
778.8
770
722
701.6
684

M6
(ti=0hrs)

926
905.6
916
860.8
752
886
1132.4
948.4
932.8
933.6
1121.6
1182.4
8544
8204
816
794.4
780.8
764.8



POS15-HL-S-1
POS15-HL-S-2
POS15-HL-S-3

Specimen

TQ-HL1
TQ-HL-2
TQ-HL-3
POS5-HL-1
POS5-HL-2
POS5-HL-3
POS10-HL-1
POS10-HL-2
POS10-HL-3
POS15-HL1
POS15-HL2
POS15-HL-3
POS5-HL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3
POS15-HL-S-1
POS15-HL-S-2
POS15-HL-S-3

276.4
279.2
284.8

M7
(ti=24hrs)

950.8
928.4
939.2
918
857.6
979.6
1160
1003.2
993.2
1164.8
1215.6
1240
898
871.2
870.8
899.6
898
884.4
1078.8
1075.2
1070.8

354.8
3504
357.2

M8
(ti=48hrs)

972
957.6
967.6
945.2
886
989.2
1181.2
1022.8
1011.6
1203.6
1246
1270
948.8
920.8
915.2
960
951.2
940.8
1155.2
1150
1148

4172
408.4
4164

M9
(ti=72hrs)

973.6
964.4
968.4
954
896.4
996
1198.4
1039.6
1028
1239.2
1272.8
1296.8
970.4
942
937.2
987.6
979.6
968
1198.8
1198.4
1196

M10
(ti=96hrs)

983.6
969.6
977.2
962.8
9124
1005.2
1229.6
1068
1058.4
1290.8
1312.8
1344.8
982
964
953.6
1008.4
998.8
989.2
1235.6
1222
1222

553.6
537.6
538

M11
(ti=128hrs)

985.2
976.8
983.2
970
919.2
1016
1242
1081.6
1071.6
1316.4
1334.4
1358.8
1006.8
985.6
972.8
1029.6
1020.8
1009.6
1250.8
1246.8
1246.8

917.6
892
896

M12
(ti=152hrs)

990
977.2
983.6
975.2
926.4
1018.4
1255.6
1093.2
1085.2
1336
1353.6
1378.8
1029.6
998.8
996
1051.2
893.2
1032.4
1277.6
1413.2
1267.2

990.8
974.8
978.4

M13
(ti=1706hrs)

994.4
980.4
985.6
978
929.6
1021.2
1264.4
1102.8
1091.6
1349.2
1365.2
1391.2
1040
1011.2
1007.2
1061.6
903.6
1042
1291.2
1428.4
1281.6

To determine the capillary water absorption curve, the calculated values of Qi were plotted on a

graph as a function of the square root of time (\t). Prior to plotting the curve, the average Qi values

were calculated for each specimen. Additionally, the time intervals, originally recorded in minutes
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and hours, were converted into seconds before calculating the square root of the time values for

accurate analysis of the water absorption curve.

Table 15: Determination of the capillary water absorption curve Qi (g/cm?) / \t

Absorption = TQ-HL POS5- | POS10- | POSI15- POS5- POS10- POS15-

time (\'t) HL HL HL HL-S HL-S HL-S
Mo (ti=0) O 0 0 0 0 0 0 0
M1 24.49 382.13 258.4 146.80 90 283.60 235.46 280.13
(ti=10mins)
M2 34.64 518 341.2 256.67 149.87 362.53 294.80 354.13
(ti=20mins)
M3 (i 42.43 640.27 401.86 | 353.87 192.40 419.07 337.47 414
=30mins)
M4 60 842.13 502.80 @ 527.20 280.53 549.20 437.73 543.07
(ti=60mins)
M5 120 913.87 786.26 | 957.07 904 788.93 702.53 901.87
(ti=4hrs)
M6 146.97 915.87 832.93  1004.53 1079.20 830.27 780 981.33
(ti=6hrs)
M7 293.94 939.47 918.40  1052.13 | 1206.80 880 894 1074.93
(ti=24hrs)
M8 415.69 965.73 940.13  1071.87  1239.87 928.27 950.67 1151.07
(ti=48hrs)
M9 509.12 968.80 948.80  1088.67 | 1269.60 949.87 978.40 1197.73
(ti=72hrs)
M10 587.88 976.80 960.13  1118.67 1316.13 966.53 998.80 1226.53
(ti=96hrs)
M1l 678.82 981.73 968.40 | 1131.73  1336.53 988.40 1020 1248.13
(ti=128hrs)
M12 739.73 983.60 973.33  1144.67 1356.13 1008.13 | 992.27 1319.33
(ti=152hrs)
M13 795.99 986.80 976.27 | 115293  1368.53 1019.47 | 1002.40 | 1333.73

(ti=176hrs)

The data in Table 15 shows the capillary water absorption curve, illustrating the Qi values (water
absorbed per unit area) over time for the different specimens. From the data, it can be observed
that all specimens show a gradual increase in Qi (g/cm?) values over time as water absorption
continues. The rate of increase is more rapid during the early stages (10 to 60 minutes), and it

slows down as time progresses (after 6 hours).
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(g/cm?)

Q i

The TQ-HL reference sample has the highest initial water absorption rate at 382.13 g/cm?/~t, while

g/em?/\t, POS10-HL with 146.80 g/cm?/Nt and POS15-HLwith 90.00 g/cm?/~t. This indicates that

values with the value of POS5-HL-S at 283.60 g/cm?/Nt (higher than POS5-HL but lower than

that of the TQ), POS10-HL-S at 235.46 g/cmz/\/t (higher than POS10-HL but lower than that of

Capillary water absorption curve Qi (g/cm?)

/Nt
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Figure 22: Graphical representation of the capillary absorption curve

the GOS-modified samples show lower initial absorption rates. POS5-HL with a value of 258.40

as the GOS content increases, the initial water absorption decreases, with the highest GOS content

POS15-HL showing the lowest water absorption initially.

Meanwhile the nano silica-modified samples on the other hand show varying initial absorption
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the TQ), and POS15-HL-S at 280.13 g/cm?/\'t (higher than POS15-HL, but lower than that of the

TQ).

At 60 minutes, the reference sample (TQ-HL) continues to have a high absorption value (842.13
g/cm?At), but the GOS-modified specimens show a substantial increase with POS5-HL at 502.80
g/em?At, POS10-HL at 527.20 g/cm?At, and POS15-HLat 280.53 g/cm?/At. Similarly, the nano
silica-modified samples continue to absorb water with POS5-HL-S at 549.20 g/cm?/\t, POS10-

HL-S at 437.73 g/cm?/Nt, and POS15-HL-S at 543.07 g/cm?/\t.

By 176 hours, it can be observed that the GOS-modified samples absorb more water than the
reference sample except POS5-HL. Thus, POS5-HL has a Qi value of 976.27 g/cm?At, whilst
POS10-HL has 1152.93 g/cm?At, and POS15-HLat 1368.53 g/cm?At. The nano silica-modified
samples also show high absorption after 176 hours such that POS5-HL-S has a Qi value of
1019.47g/cm?/At, POS10-HL-S with 1002.40g/cm?/\t, and POS15-HL-S at 1333.73g/cm?/~t all of

which are greater than the value of TQ-HL which is at 986.80g/cm?/~t.

6.5 Mechanical Tests

The hardened specimen were mechanically tested to evaluate their flexural strength and

compressive strengths. The results is presented in this section.

6.5.1 Flexural strength test results

The test results indicated below in Table 16 is a representation of the point of failure; in this case
cracks at a given load. In essence the specimen are subjected to a uniformly increasing pressure

until it eventually breaks, the maximum load the specimen endures until it breaks is recorded. The
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sample’s flexural strength is then recorded in Mega Pascal (MPa) with the expression:
f=15X %. Where 1 is the distance between the axes of the support rollers, in millimetres
(mm), b is the width of specimen, in millimetres (mm), d is the depth of the specimen, in

millimetres (mm) and F is the maximum load applied to the specimen, in Kilo newtons (kN).

Table 16: Flextural strength test results

Specimen l(mm) b(mm) d(mm) F(kN) f{(MPa)
TQ-HL-1 100 40 40 0.52 1.22
TQ-HL-2 100 40 40 0.41 0.96
TQ-HL-3 100 40 40 0.45 1.05
POS5-HL-1 100 40 40 0.41 0.96
POS5-HL-2 100 40 40 0.45 1.05
POS5-HL-3 100 40 40 0.34 0.80
POS10-HL-1 100 40 40 0.16 0.38
POS10-HL-2 100 40 40 0.27 0.63
POS10-HL-3 100 40 40 0.30 0.70
POS15-HL-1 100 40 40 0.27 0.63
POS15-HL-2 100 40 40 0.29 0.68
POS15-HL-3 100 40 40 0.30 0.70
POS5-HL-S-1 100 40 40 0.20 0.47
POS5-HL-S-2 100 40 40 0.20 0.47
POS5-HL-S-3 100 40 40 0.27 0.63
POS10-HL-S-1 100 40 40 0.21 0.49
POS10-HL-S-2 100 40 40 0.21 0.49
POS10-HL-S-3 100 40 40 0.21 0.49
POS15-HL-S-1 100 40 40 0.16 0.38
POS15-HL-S-2 100 40 40 0.13 0.30
POS15-HL-S-3 100 40 40 0.16 0.38

The average value is of the three samples tested for each mortar specimen is presented as the final

flexural strength of the specimen.
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Table 17: Flexural test strength results

Samples Flexural strength (MPa) Stand. Deviation
TO-HL 1.08 0.13
POS5-HL 0.94 0.13
POS10-HL 0.57 0.17
POS15-HL 0.67 0.04
POS5-HL-S 0.52 0.09
POS10-HL-S 0.49 0.00
POS15-HL-S 0.35 0.04
1.20
1.00
0.80
©
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Figure 23: Graphical representation of the flexural strength test

From the results, it can be observed that the reference mortar (TQ-HL), serving as the benchmark
for comparison, demonstrated the highest flexural strength of 1.08 MPa. The addition of GOS

caused a reduction in flexural strength compared to the reference sample, with POS5-HL achieving
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0.94 MPa, which closely matched the control sample. As GOS content increased, the flexural
strength declined more significantly, with POS10-HL and POS15-HL exhibiting values of 0.57

MPa and 0.67 MPa, respectively.

Meanwhile mortars modified with nano silica (POS-HL-S series) showed even further reductions
in flexural strength compared to the GOS-only specimens. POS5-HL-S recorded a flexural strength

of 0.52 MPa, while POS10-HL-S and POS15-HL-S exhibited 0.49 MPa and 0.35 MPa,

respectively.

6.5.2 Compressive test results

The compressive strength test was conducted to evaluate the load-bearing capacity of the repair
mortars. This test is critical in the design of repair mortars in verifying their ability to provide
sufficient strength to support structural loads and maintain the durability and integrity of the
repaired sections. This test also assesses the compatibility of the repair mortars with the original
materials in the heritage structure, as mismatched compressive strength could lead to differential

stresses, cracking, and compromised structural stability.

In this case, the test was aimed at determining the influence the inclusion of GOS and nano silica
on the mechanical performance of the mortars. Similar to the flexural strength test, the compressive
strength test was done by subjecting the samples to an increasing uniform load of compression

until the point where the samples break or crack. The maximum load under which the sample
breaks was recorded and the compressive strength was determined by the expression; ; f = 2 in
MPa.

The final compressive strength value of each specimen was determined by the average value of

the three samples tested for each mortar specimen as seen in Table 19 below.
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Specimen

TQ-HL-1
TQ-HL-2
TQ-HL-3
POS5-HL-1
POS5-HL-2
POS5-HL-3
POS10-HL-1
POS10-HL-2
POS10-HL-3
POS15-HL-1
POS15-HL-2
POS15-HL-3
POS5-HL-S-1
POS5-HL-S-2
POS5-HL-S-3
POS10-HL-S-1
POS10-HL-S-2
POS10-HL-S-3
POS15-HL-S-1
POS15-HL-S-2
POS15-HL-S-3

Table 18: Determination of Compressive stregth of specimen

1
(mm)

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

b

(mm)

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

d(mm) A
(mm?2)

40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
40 1600
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Fc-
(kN)

2.88
2.82
2.50
1.61
1.84
1.60
1.11
1.82
1.12
0.73
0.91
0.75
0.66
0.86
0.62
0.57
0.79
0.72
0.59
0.36
0.46

A fcompr,A
(MPa)

1.80
1.76
1.56
1.01
1.15
1.00
0.69
1.14
0.70
0.46
0.57
0.47
0.41
0.54
0.39
0.36
0.49
0.45
0.37
0.23
0.29

Fc-
(kN)

2.96
2.68
2.84
2.20
2.29
1.66
1.11
1.18
1.34
0.80
0.55
0.71
0.68
1.14
1.00
0.82
0.95
0.84
0.57
0.34
0.57

B fcompr,B
(MPa)

1.85
1.68
1.78
1.38
1.43
1.04
0.69
0.74
0.84
0.50
0.34
0.44
0.43
0.71
0.63
0.51
0.59
0.53
0.36
0.21
0.36

(Average)
feompr,
(MPa)
1.83
1.72
1.67
1.19
1.29
1.02
0.69
0.94
0.77
0.48
0.46
0.46
0.42
0.63
0.51
0.43
0.54
0.49
0.36
0.22
0.32



Table 19: Compressive strength of Specimens

2.00
1.80
1.60
1.40
T 120
[a
=
= 100
&
c
g 080
&
2 060
o
S 040
€
o
0.00
TQ-HL POS-HL-5 POS-HL-10 ~ POS-HL-15  POS-HL-S-5  POS-HL-S-10  POS-HL-5-15
Specimen
Figure 24: Graphical representation of the Specimens’ compressive strength
Samples Compressive strength (MPa) Stand. Deviation
TO-HL 1.74 0.08
POS5-HL 1.17 0.19
POS10-HL 0.80 0.17
POSI5-HL 0.46 0.07
POSS5-HL-S 0.52 0.13
POS10-HL-S 0.49 0.08
POSI5-HL-S 0.30 0.07
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Similar to the flexural strength test results, the results of the compressive strength reveal the
reference mortar (TQ-HL) as the sample with the highest compressive strength of 1.74 MPa. The
POS-HL series showed a reduction in compressive strength as GOS content increased, with POS5-
HL achieving 1.17 MPa, POS10-HL recording 0.80 MPa, and POS15-HL showing a significant
decline to 0.46 MPa. The nano silica-enhanced mortars (POS-HL-S series) demonstrated even
lower compressive strengths compared to the GOS-only specimens, with POS5-HL-S, POS10-

HL-S, and POS15-HL-S recording values of 0.52 MPa, 0.49 MPa, and 0.30 MPa, respectively.

Chapter 7:

Discussion

7.1 Consistency by flow table test

The consistency test, which measured the workability of the mortar mixtures using a flow table,
provides insights into the impact of GOS and nano silica on the workability of the fresh mortars.
The results revealed that mortar workability decreased with the increase of GOS content. In mortar
mixes with GOS, the fresh mortar became very stiff and more water was added to achieve a

workable mortar.

e Effect of GOS on Workability:
The results from the test show that water demand increase with GOS. Such that the POS-HL series
show an increasing water-to-binder ratio as the GOS content rises: POS5-HL: 2.21, POS10-HL:
2.27, POS15-HL: 2.30. These values are significantly higher than the reference sample which has

a water-to-binder ratio of 1.75 indicating that as the proportion of GOS increases, the mortar
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requires more water to achieve similar workability, a result in line with the work of Kerrai.et.al
[86] whose research showed that the demand for water increased with the additive contents (Olive
waste). This could attributed to the porous and organic nature of GOS as indicated by Barreca and
Fichera, who mentioned that the high relative content of hemicellulose in the olive stone retards
the cement hydration process [61], hence its tendency to absorb more water for ensuring proper
hydration of the mortar mixture. This absorption reduces the available free water in the mortar
mix, making the paste stiffer and less workable if additional water is not added. The consistency
observed with the initial water content same as that of the TQ highlights the increased water
demand caused by GOS’s absorbent nature. The rising water-to-binder ratio for the POS-HL series

demonstrates that GOS demands more water to maintain workable consistency.

e Effect of Nano Silica on Workability (POS-HL-S Series):
The results indicate a reduced water demand in the mortars containing both GOS and Nanosilica.
The POS-HL-S series show a lower and consistent water-to-binder ratio of 1.88 across all GOS
content levels. This ratio is notably lower than the water-to-binder ratios in the POS-HL series,
where the ratios rise with increasing GOS content. This suggests that the inclusion of nano silica

helps maintain workability with less water, despite the presence of GOS.

Nano silica acts as a pozzolanic material [87] and has a high surface area [88], which contributes
to better particle packing and enhances the water retention capacity of the mix [89]. This leads to
reduced water demand even in the presence of GOS. So the nano silica effectively might have
counteracted the porous nature of GOS, allowing the mortar to achieve similar workability with

less water.

Hence, while the POS-HL series without nano silica progressively needed more water to reach

workable consistency as the GOS content increased, the POS-HL-S series (with nano silica)
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consistently maintained a lower water-to-binder ratio, suggesting that the inclusion of nano silica
in GOS-modified mortars enhances their workability without the need for excessive water, as

observed in the GOS-only samples, promoting workability with less water.

7.2 Colourimetry assessment

The colourimetry assessment was conducted to examine the visual compatibility of repair mortars
modified with GOS and nano silica in comparison with the reference sample. The aim was to
monitor colour changes in samples containing GOS in comparison with the reference sample,
ensuring that the modified repair mortars blend seamlessly with existing heritage structures,
particularly when exposed to environmental factors. This analysis considers how GOS and nano
silica influence the lightness (L*), redness/greenness (a*), and yellowness/blueness (b*) of the

mortar specimens.

e Effects of GOS on L* (Lightness)
The reference sample (TQ) exhibits an L* value of 88.5, representing the lightest mortar among

the test samples. The following observations summarize the impact of GOS and nanosilica:

— POSS5-HL: Replacing 5% of the quartz aggregate with GOS reduces the L* value to
approximately 86.4, indicating a slight darkening of the mortar.

— POS10-HL: At 10% GOS, the lightness decreases further to 84.5, confirming that
additional GOS leads to darker mortars.

— POSI15-HL: A 15% replacement with GOS results in an L* value of 84.18, representing the

darkest sample in the POS-HL series. In comparison to lower GOS content samples like

81



POSS5-HL (L* = 86.39), POS15-HL is noticeably darker, further supporting the trend that
higher GOS content results in reduced lightness.
For the nano silica-modified counterpart (POS15-HL-S), the L value* drops further to 83.34,
making it darker than the unmodified POS15-HL and the darkest sample. This shows that while
nano silica helps to reduce darkening at lower GOS contents (as seen with POS5-HL-S and POS10-

HL-S), it may not have the same lightening effect when the GOS content is as high as 15%.

The overall darkening effect can be attributed to the natural colour of GOS particles, which are
darker than quartz aggregates. Hence as more GOS is incorporated, the lightness of the mortar
decreases, regardless of whether nanosilica is added such that the higher the GOS content, the
more significant the influence of its colour on the overall lightness of the mortar. These results
demonstrate that increasing GOS content consistently reduces the brightness of the mortars, with

nanosilica having little to no impact on the lightness.

e Effect of GOS on a* (Green-Redness):
The a* values provide insights into how the red or green tones of the mortars are affected by the
addition of GOS, with positive a* values representing a shift towards red and negative a* values
indicating a shift towards green. The results demonstrate that the addition of GOS has an influence
on the redness of the mortar specimens. The reference sample has an a* value of approximately
0.64, indicating a very slight shift towards the red side of the green-red axis. As the GOS content
increases, the a* values steadily rise, signifying a stronger red tint in the mortars, as seen in the

following samples:

— POSS5-HL: With 5% GOS, the a* value rises to approximately 1.39, indicating a noticeable

shift toward red.
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— POS10-HL: With 10% GOS, the a* value increases further to 2.05, suggesting that the
mortar is becoming increasingly redder.
— POSI5-HL: At 15% GOS replacement, the a* value reaches approximately 2.3,
demonstrating a significant red tint in the mortar, and the strongest red hue among the POS-
HL samples.
POSS5-HL-S: The inclusion of nanosilica in POS5-HL-S does not alter the red tint significantly,
with an a* value of 1.18, which is lower compared to that of POS5-HL. POS10-HL-S and POS15-
HL-S maintain high a* values that are slightly consistent with those of the POS samples without

nanosilica.

— POSS5-HL-S: With a* value of 1.18 lower than that of POS5-HL

— POSI10-HL-S: With a* value of 2.24 slightly higher than that of POS10-HL

— POSI15-HL-S: With a* value of 2.66 which is higher than POS15-HL
Thus, the presence of nanosilica has little to no effect on the redness of the mortar, while increasing
GOS content progressively intensifies the red tint. While nano silica can mitigate the redness at
lower GOS levels, its effect is less pronounced at higher GOS concentrations, where the redness

becomes more dominant.

The increase in a* values can be explained by the reddish-brown hue of the GOS particles, which

become more prominent as the GOS content increases.

e Effect of Ground Olive Stone on b* (Blue-Yellow Axis):
The b* values indicate the shift of the specimens on the blue-yellow axis, where positive b* values
correspond to a yellow tint, and negative b* values indicate a shift towards blue. The results

demonstrate that the addition of GOS increases the yellow tint in the mortar, while nano silica
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reduces this effect to varying degrees. The reference sample in this case has a b* value of

approximately 2.48, indicating a slight yellow tint and serves as the baseline for comparison.

As the percentage of GOS increases, the b* values also rises, indicating that the mortars are

becoming more yellow as more GOS is added as seen in the progressively higher b values®.

— POSS5-HL: The 5% GOS sample shows a significant increase in the b* value of about 5.95,
demonstrating that even small amounts of GOS lead to a noticeable yellowing of the
mortar.

— POSI10-HL: At 10% GOS, the b* value reaches approximately 7.78, indicating a significant
yellowing of the mortar.

— POSI15-HL: With 15% GOS, the b* value rises further to approximately 8.70, showing a
strong yellow tint.

The POS-HL-S series, show lower b values* compared to their non-modified counterparts,

indicating that nano silica helps to reduce the yellow tint to an extent.

— POSS5-HL-S has a b* value of'4.93 which is lower than the value of POS5-HL.

— POSI10-HL-S with a b* value of 6.93 also lower than POS10-HL.

— POSI15-HL-S has a b* value of 8.01 which is also lower than POS15-HL.
In all cases, the b values* for the nano silica-modified mortars are lower than those for the GOS-
only specimens, indicating that nano silica mitigates the yellowing effect. However, at higher GOS
content (15%), the yellow tint remains strong even with nano silica, as indicated by the b value*
of 8.01 for POS15-HL-S, which is only slightly lower than the unmodified POS15-HL. Hence, the

presence of nanosilica in the mortar samples does not appear to mitigate this effect very much.
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However, higher GOS content results in stronger yellowing tint of the mortars likely owing to the

natural colour of the olive stone particles.

e Effects of GOS and nano silica on the colour difference
The colour difference (denoted as AL*, Aa*, and Ab*) refers to the deviation in the L*, a*, and b*

values between the GOS modified mortar samples and the reference sample.

As GOS content increases, the AL* values become more negative, indicating that the GOS-
modified mortars are darker than the reference sample. The higher the GOS content, the more
pronounced the darkening effect. Nano silica helps mitigate this darkening effect at lower GOS
levels (POS5-HL-S has a AL* of -1.57 compared to -2.15 for POS5-HL), but this effect diminishes
at higher GOS content, as seen with POS15-HL-S (AL* = -5.20), indicating that it is darker than
even the corresponding non-modified sample POS15-HL (-4.37). This indicates that at higher GOS
content (15%), the inclusion of nano silica does not lighten the sample as much as it does in the
lower GOS content specimens (like POS5-HL-S or POS10-HL-S). In fact, it seems to amplify the
darkening effect, possibly due to an interaction between the higher GOS content and nano silica at
this concentration, which could affect the light-reflecting properties of the specimen. This suggests
a potential non-linear relationship between GOS content and nano silica modification, particularly
in terms of lightness (AL*), where at higher GOS concentrations, the addition of nano silica may

not mitigate darkening as effectively as it does at lower concentrations.

In addition, as GOS content increases, the redness increases as well (positive Aa* values). This
shift towards the red axis is a result of the natural coloration of the olive stone particles. Nano

silica reduces the redness for lower GOS content (as seen in POS5-HL-S), but at higher GOS
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content, the redness intensifies even in the presence of nano silica (e.g., POS15-HL-S has a Aa*

0f 2.02, more than POS15-HL's 1.69).

Furthermore, GOS significantly increases yellowness, as seen from the progressively higher Ab*
values with increasing GOS content. Nano silica reduces this yellowness across all GOS content
levels, though the effect diminishes a little at higher GOS contents. For instance, POS15-HL-S is

still quite yellow with a Ab* of 5.53, though less than POS15-HL's 6.22.

e Effects of GOS and Nano silica on the Total Colour difference (AE).
The Total Colour Difference (AE) is a key metric used to quantify the overall difference in colour
between two samples, combining the variations in lightness (L*), redness/greenness (a*), and
yellowness/blueness (b*). In this case, the AE is calculated to compare each of the GOS and nano
silica-modified samples with the reference sample. Such that a higher AE value indicates a greater

overall colour difference.

In the POS-HL series, as GOS content increases, the total colour difference (AE) rises, indicating
that the specimens become increasingly different from the reference sample in terms of
appearance. While the POS-HL-S series with nano silica generally shows lower AE values
compared to their GOS-only counterparts, indicating that nano silica helps reduce the total colour
difference. However, at higher GOS content (POS15-HL-S), the AE value remains high (30.86),
even slightly higher than that of POS15-HL (30.32). This suggests that at high GOS levels, nano

silica is less effective in mitigating the overall colour difference.

The results highlight several significant trends when comparing the different mortar specimens
containing GOS and Nano Silica to the reference sample providing insights into the visual and

aesthetic implications of introducing GOS into the mortar mixtures, which is crucial for heritage
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conservation. Thus, the reference sample which is the lightest among all specimens, indicate a
higher light reflectance, while the samples containing GOS tend to darken progressively as the
GOS content increases. This darkening trend is evident in both the unmodified and nano silica-
modified mortars. As the GOS percentage rises from 5% to 15%, the mortars become progressively

darker, with the POS15-HL-S specimen (with 15% GOS and nano silica) being the darkest of all.

Also, the introduction of GOS leads to noticeable changes in the redness and yellowness of the
mortars. Such that as the GOS content increases, the mortars shift towards a redder and yellower
hue compared to the reference sample. This is reflected in the positive Aa* and Ab* values across
the specimens. Mortars with nano silica tend to exhibit slightly lower redness and yellowness

compared to their unmodified counterparts.

The total colour difference (AE), which represents the overall visual difference between the
specimens and the reference sample, increases as more GOS is added. This suggests that higher
GOS content creates a more distinct visual deviation from the original material. However, the nano
silica-modified samples generally show smaller total colour differences at lower GOS content
levels. This effect diminishes at 15% GOS, where the nano silica-modified sample exhibits a
slightly higher total colour difference than the unmodified sample, indicating a potential limit to

nano silica’s ability to mitigate colour differences at higher GOS levels.

Despite these differences, the colour variance remains subtle enough to maintain aesthetic
harmony, ensuring compatibility of the GOS modified repair mortar with the appearance of the
reference samples. The concept of "aesthetic harmonization" in historic masonry repair refers to
the goal of making repair mortars visually compatible with the original structure [90]. This
compatibility is not limited to colour; it also includes factors like texture, surface finish, and the

overall visual effect of the new mortar alongside aged materials. Successful harmonization
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maintains the aesthetic integrity of the original structure, so the new materials blend with the old,

making repairs less noticeable and preserving the historical character of the site.

In this case, despite slight colour differences with the GOS-modified samples, they still appear
visually cohesive enough to meet aesthetic harmonization requirements. It is common for some
colour variance to occur, especially as the most historical mortars undergo exposure to
environmental factors over time. Therefore, as long as the new mortar is not excessively different
in appearance, these subtle differences should not detract from the harmony with the original

structure.

7.3 Salt Crystallization tests - Results

The salt crystallization tests subjected various mortar specimens to 15 cycles of wet and dry
conditions, simulating the stress that occurs in real-world environments where salts crystallize
within building materials, leading to potential structural degradation. The test results provide
insights into the durability of mortars modified with GOS and nano silica under these aggressive

conditions.

In a 15-cycle salt crystallization test, mortars modified with GOS and nano silica were evaluated
against a reference sample (TQ-HL) to assess durability under wet-dry conditions. The reference
mortar (TQ-HL) showed initial mass gain but significant mass loss after the 10th cycle as indicated
in Figure 26, maintaining structural integrity despite an average -4.53% mass difference by the

15th cycle (Figure 25), highlighting its relative durability.
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Figure 26: TQ samples after the 10th cycle showing signs of exfoliations

Figure 25: TQ samples after the 15th cycle showing significant material loss at the end of the test

GOS-modified mortars (POS-HL series) exhibited higher initial mass gain, indicating greater salt
absorption due to increased porosity from GOS. The fact that the POS-15-HL had the highest mass
increase indicate its high porosity, hence its ability to adsorb more water by capillary action which
in this case contains salts. However, they experienced rapid degradation in later cycles, with
specimens containing higher GOS disintegrating sooner; POS15-HL completely failed by the 12th
cycle (Figure 27) , with an average of -7.61% mass loss, showing GOS's detrimental impact on

salt resistance.
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Nano silica-modified mortars (POS-HL-S series) performed better initially by reducing water and
salt absorption, showing lower initial mass gain than GOS-only mortars possibly due to the fact
that some of the pores may have been filled by the nanosilica which is known to have a filler effect

in mortars thereby reducing the amount of salt solution accumulated.

Figure 27: POS-15-HL after the 12th cycle showing a complete disintegration

Despite this, none survived past the 11th cycle without disintegration of some of it samples;
POS10-HL-S, for instance, showed an average mass loss of 0.07% by the end of the 11™ cycle
with the las of it sample disintegrating after the 12™ cycle (Figure 29). While POS-5-HL-S with an
average mass loss of -7.58 after the 11™ cycle with the last of its sample completely disintegrating

at the end of the 14" cycle (Figure 28).
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Figure 29: POS-10-HL-S after the 12th cycle completly disintegrated

Figure 28: POS-5-HL-S after completely disintegrated after the 14th cycle

Although nano silica improved early durability, it ultimately did not prevent long-term damage.
This could be attributed to the reduced pore sizes in the nano silica modified samples, as opined
by Benavente.et.al who mentioned that the salt crystallization pressure is greater materials with
smaller pores, than in those with larger pores, causing minerals to precipitate deeper below the

stone's surface, forming subflorescence [78].

In comparison, while the GOS-only samples absorbed more salt and deteriorated faster, the nano

silica-modified specimens delayed mass loss but still failed over time. Thus, GOS reduces
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durability under salt exposure, and while nano silica provides some short-term improvement,

though neither modification surpasses the reference sample’s resistance to salt weathering.

e Performance of the Reference Sample (TQ-HL):
With the TQ-HL serving as the baseline for comparison, the results indicate it experienced
consistent mass gain during the initial cycles while showing early signs of tiny salt crystallisation
on the surface (efflorescence) and minor blisters as early as after the 3™ cycle (Figure 30) , peaking

at around 12.73% after the 9th cycle just before it starts to lose weight after the 10% cycle.

Figure 30: TQ samples showing signs of minor blistering and tiny salt crystals on its surface
after the 3" cycle of the salt cystallization cycle

However, it suffered significant mass loss in the later cycles, particularly after the 10th cycle,
where the mass difference dropped to 11.02%, ultimately ending at -4.53% by the 15th cycle.
Despite the initial signs of efflorescence on the reference samples and the subsequent blistering

and detachments, all TQ-HL samples survived all 15 cycles, with the substantial reduction in mass
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due to material loss. This suggests that even traditional mortar is vulnerable to prolonged salt

crystallization, leading to structural weakening.

Figure 31: Visible detachment on the TQ-HL samples after the 5th cycle of the salt crystallisation test

e Effect of GOS on the Durability of Mortar (POS-HL Series):
All the just GOS-modified specimens (POS5-HL, POS10-HL, POS15-HL) experienced mass gain
during the initial cycles, similar to the TQ-HL sample. This mass gain is attributed to salt
accumulation within the pores of the mortar as the salts crystallized during the wet and dry cycles.
As the GOS content increased, so did the mass gain. For example, POS15-HL showed the highest
mass increase, with 5.46% after the 1st cycle and peaking at 16.20% by the 7th cycle, compared

to 12.52% for the reference sample in the same period.

However, after the 5th cycle, all GOS-modified specimens began to lose mass, with more severe
mass loss as the cycles progressed. For example: POS5-HL dropped from 13.37% in the 7th cycle
to 9.23% after the 10th cycle, and by the 15th cycle, it had a final relative mass difference of -

14.77% as a result of significant structural degradation. POS10-HL also followed this trend,
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disintegrating before the 15th cycle, with one of its samples breaking after the 13th cycle, leaving
it with a mass loss of -3.80% by the 13th cycle. POS15-HL experienced the worst degradation,
with a sharp drop in mass starting from the 10th cycle, ending with -51.59% by the 12th cycle

when it disintegrated.

The high water demand of GOS due to its absorbent and porous nature likely contributed to its
poor performance under salt crystallization stress. The increasing mass gain in the early cycles
indicates that GOS allowed for more salt solution accumulation, which, while contributing to
short-term mass gain, exacerbates long-term structural damage. The fact that the specimens with
higher GOS content (like POS15-HL) disintegrated earlier suggests that increased GOS makes the
mortar more porous, hence its ability to absorb more water by capillarity which in this case

contains salt, thereby reducing the mortar's resistance to salt crystallization.

e Effect of Nano Silica on Durability (POS-HL-S Series)
The POS-HL-S series, modified with both GOS and nano silica, showed improved initial
performance compared to the GOS-only specimens, but they also ultimately disintegrated before
completing all 15 cycles. The nano silica-modified specimens exhibited lower initial mass gain
compared to their non-modified counterparts. For example: POS5-HL-S gained only 1.77% after
the 1st cycle, compared to 3.81% for POS5-HL. Similarly, POS10-HL-S and POS15-HL-S showed
less mass gain in the early cycles, suggesting that nano silica helps limit the absorption of moisture
and salts in the initial stages. Unlike the reference samples, the POS-HL-S series did not show
early signs of tiny salt crystals on the mortar surfaces and showed no signs of blisters in the early

cycles.
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Figure 32: POS-HL-S series showing no signs of suffering the salt weathering test after the
3rd cycle as compared to the TQ-HL below

Figure 33: TQ-HL showing early signs of blistering after the 3rd cycle.

Despite their improved performance in the initial cycles, the POS-HL-S specimens eventually

began to lose mass.

None of the nano silica-modified samples survived beyond the 11th cycle, for, POS5-HL-S
survived until cracking after the 10" cycle (Figure 34) with 1.90% average relative mass
difference, and completely disintegrating by the 11" cycle. POS10-HL-S followed a similar

trajectory, with mass loss accelerating after the 7th cycle, and by the 12th cycle (Figure 35), it had
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dropped to -18.75%, disintegrating shortly after. POS15-HL-S also saw early failure, disintegrating

after the 12th cycle (Figure 36) with a mass loss of -13.37%.

Figure 34: POS-5-HL-S after the 10th cycle

Figure 35: The last sample of POS-10-HL-S disintegrating after the 12th cycle

Figure 36: The last sample of POS-15-HL-S disintegrating after the 12th cycle
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The inclusion of nano silica clearly improved the mortar's resistance to salt crystallization in the
initial stages by reducing moisture absorption but did not offer sufficient protection under
prolonged or extreme conditions. As suggested by La Russa et. al. [91], the durability of stone
under salt crystallization is influenced by environmental conditions and pore size distribution,
which controls fluid movement within the material, with smaller pores leading to greater pressure

from growing salt crystals, increasing the potential for damage.

In this context, the nano silica may have contributed to increased mortar durability by partially
filling pore spaces, thereby reducing initial salt solution uptake. However, this pore-filling effect
may have also hindered the complete evaporation of the solution, leading to salt crystallization
within the mortar’s pore network. After extended exposure to salt crystallization cycles, this
internal crystallization likely exerted pressure on the pore walls, eventually causing deterioration

and disintegration of the mortar.

e Comparison Between GOS-Only and Nano Silica-Modified Specimens
The observed differences in durability between the POS-HL and nano silica-modified series under
salt crystallization stress likely stem from the ways in which GOS and nano silica affect the pore
structure and behaviours of the mortars. The POS-HL series, with increasing GOS content, tends
to have a more open pore structure. While this initially allows for rapid absorption of the salt
solution, it also leaves the material more vulnerable to salt crystallization pressures as salts
accumulate and crystallize within these larger, interconnected pores. As the crystallization cycles
progress, these stresses cause structural breakdown, leading to mass loss and disintegration. Hence
the possible reason for the higher initial mass gain but severe mass loss and disintegration in later

cycles. The higher the GOS content, the faster the specimens disintegrated under salt
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crystallization stress with just two samples of lower GOS content mortar (POS-5-HL) surviving

until the 15 cycle.

The nano silica-modified mortars on the other hand displayed less initial mass gain and improved
durability in the early cycles, but they still failed to survive beyond the 11th or 12th cycle. Nano
silica modifies the pore structure by acting as a filler, reducing the initial intake of the salt solution.
This effect likely contributed to the lower initial mass gain and improved durability in early cycles,
as nano silica reduces the accessible pore space for salt solution ingress. However, this partial
filling of pores can also trap moisture and salts within the mortar structure, hindering the complete
evaporation and migration of salts out of the material. When salts crystallize within these partially
filled pores, the pressures exerted on the pore walls become concentrated, which can still lead to

damage under prolonged cycles, as seen in the mortars’ failure beyond the 11th or 12th cycle.

The salt crystallization test results highlight the varying degrees of resistance to salt weathering
among the different mortar specimens. The reference mortar demonstrated the highest resilience
throughout the test, surviving all cycles whereas the GOS-modified mortars, particularly those
with higher GOS content, exhibited more pronounced degradation, with many disintegrating

before the completion of the test.

This indicates that the inclusion of GOS, while potentially offering environmental benefits and
reducing the density of the mortar, tends to reduce its resistance to salt crystallization due to it
porous characteristics. Nano silica-modified mortars performed better than GOS-only samples,
with delayed mass loss and slightly extended durability, suggesting that nano silica enhances
bonding and stability against salt crystallization. However, even nano silica-modified mortars

ultimately succumbed to prolonged salt exposure.
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Therefore, although GOS-modified mortars may be viable for reducing environmental impact and
lightening the mortar, they may exhibit weaker performance in environments subjected to salt
weathering. And while the inclusion of nano silica provides some level of improvement, it does

not fully prevent the damage caused by salt crystallization.

7.4 Water absorption by capillarity

The water absorption by capillarity tests were aimed at evaluating the permeability and porosity
of the mortar specimens which are crucial characteristics for mortars used in the conservation and
restoration of heritage structures. The test compared traditional repair mortars composed of 100%

quartz aggregates with new designs incorporating GOS and nano silica.

The reference specimen demonstrated a moderate rate of water absorption in the initial stages of
the test reaching a near-saturation point after approximately 24 hours, with minimal further water
absorption after that time. This behaviour indicates the mortar's relatively low capillarity limited
porosity. Meanwhile water absorption for POS5-HL, POS10-HL, and POS15-HL increased in
direct proportion to the amount of GOS included. POS15-HL exhibited the highest level of water
absorption while POS5-HL absorbed less water than POS15-HL, but still more than the reference
mix, indicating that even a small percentage of GOS increases water absorption. The increased
water absorption in the GOS-modified specimens suggests that GOS introduces additional porosity

into the mortar matrix, allowing for greater capillary action.

Meanwhile, when nano silica was added to the GOS-modified specimens, the water absorption
behaviour changed noticeably. Nano silica, known for its fine particle size and high surface area,

can fill the micro-pores within the mortar, reducing overall permeability. This effect is evident in
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the reduced water absorption observed in POS5-HL-S, POS10-HL-S, and POS15-HL-S compared
to the non-silica mortars. For instance, POS15-HL-S absorbed less water than POS15-HL,
indicating that nano silica blocked some of the capillary pathways, reducing the overall porosity
of the mortar. This suggests that the combination of GOS and nano silica provides a balance
between porosity and reduced capillary action, which could be beneficial for applications requiring

both breathability and moisture resistance.

In comparison with the reference sample, the following observation can be made from the data:

e Effect of GOS: The inclusion of GOS increases water absorption across all specimens. The
higher the percentage of GOS, the greater the water absorption, reflecting the increased
porosity of the material.

e Effect of Nano Silica: Nano silica effectively reduces water absorption by filling pores in
the mortar matrix. The nano silica-modified specimens show a lower water absorption rate,
indicating reduced permeability. This suggests that nano silica can improve the material’s
resistance to water absorption while maintaining the benefits of GOS.

e Material Performance: POS15-HL, with 15% GOS, absorbed the most water, indicating
high permeability and porosity. However, POS15-HL-S, with both GOS and nano silica,
demonstrated a balance between increased porosity and reduced permeability.

The test showed that the reference sample reaches near-saturation more quickly and absorbs less
water overall than the GOS-modified samples. This reinforces its suitability for applications where
lower permeability is necessary. However, the higher long-term absorption of GOS-modified
mortars suggests their use in heritage conservation could improve the breathability of structures,

provided the environment is not excessively wet.
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The results reveal the trade-offs between breathability and moisture resistance. The traditional
repair mortars, while effective in preventing excessive moisture absorption, may not allow the
structure to "breathe" as efficiently. On the other hand, the GOS-modified mortars, especially those
with higher GOS content, offer enhanced breathability but require careful consideration of the
environment's moisture levels to avoid potential damage from prolonged exposure to water. The
incorporation of nano silica shows a promising balance of these characteristics, reducing overall
water absorption while maintaining the benefits of GOS in enhancing breathability, hence offering
an effective solution to mitigate some of the permeability issues and providing a more balanced
approach to moisture management in restoration projects and heritage conservation applications

where both permeability and durability are essential.

7.5 Mechanical tests

The flexural and compressive strength tests provided insights into the mechanical performance of
the mortar specimens, which are critical for assessing their suitability for built heritage
conservation. The reference sample (TQ-HL), made of 100% quartz aggregates, consistently
exhibited the highest flexural and compressive strengths. In the flexural strength tests, the inclusion
of GOS led to a reduction in strength as the GOS content increased, with the highest performance

observed in POS5-HL, which closely matched the reference sample.

The decline in flexural strength was more pronounced in samples with higher GOS content, such
as POS10-HL and POS15-HL, possibly due to the increased porosity introduced by the GOS. The

addition of nano silica further reduced flexural strength across all GOS-modified samples,
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suggesting that while nano silica improves durability by reducing permeability, it may negatively

impact tensile properties when combined with GOS.

In the compressive strength tests, a similar trend was observed. The reference sample achieved the
highest average compressive strength of 1.74 MPa, while the GOS-modified mortars showed
progressively lower strengths as the GOS content increased. The POS5-HL sample demonstrated
moderate compressive strength, but as GOS content increased to 15%, the strength dropped
significantly, indicating that higher GOS content might have introduced voids and reduced the

mortar's ability to bear axial loads.

The nano silica-modified mortars exhibited the lowest compressive strengths, which could be
attributed to changes in the stress distribution within the mortar matrix due to a combination of
factors related to the challenges of achieving uniform dispersion of nano silica in the presence of

GOS, which introduces additional porosity and structural discontinuities in the matrix.

In a review by AlTawaiha.et.al, it was opined that even though adding nano-silica to concrete
mixtures decreases porosity and enhances its pozzolanic interaction with calcium hydroxide,
leading to the production of CSH and improved mechanical performance, researchers however
caution the against the use of excessive amounts of nano-silica, as it may cause particle aggregation
within the cement matrix, weakening the bonds in its internal structure [92]. However, the
reduction in mechanical strength observed in this study cannot be attributed to an excessive use of
nano-silica, as it was applied in a diluted form. The Nano Estel was diluted with distilled water at
aratio of 2:1 and subsequently incorporated into the GOS at a ratio of 0.35 relative to the quantity

of GOS.
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Another research by Dilbas.et.al, [93], emphasized that the strength of concrete is primarily
influenced by the strength of its aggregates, the cement matrix, and the interfacial transition zone
(ITZ) between them. Their research revealed that, after 28 days of curing, mortar mixes
incorporating recycled aggregates and silica fume demonstrated a significant reduction in
compressive strength compared to natural aggregate concrete. They attributed this short-term
reduction to the presence of cracks and impurities in the recycled aggregates, which hinder the
effectiveness of silica fume as these impurities weaken the bond between the cement matrix and
the aggregates, thereby diminishing the pozzolanic and filler effects of silica fume. Despite the
initial decrease in compressive strength, the researchers concluded that the healing and
densification properties of silica fume could, over time, improve the strength and durability of the

concrete.

In this research, the samples containing GOS and nano silica exhibited decreased mechanical
strength, despite the known filler effect of nano silica. This outcome can be explained by
considering the findings of studies such as that by Dilbas.et al. [93], which emphasize the impact
of impurities and cracks within recycled aggregates on the performance of concrete. GOS, as a
recycled organic material, likely introduces inherent porosity, into the mortar matrix. This
characteristic disrupts the bond between the aggregates and the cementitious matrix, potentially

weakening the overall structure.

Although nano silica is known for its pozzolanic and filler effects, which reduce porosity and
improve the bond between the binder matrix and aggregates, its effectiveness in this case may have
been limited by these structural deficiencies introduced by the GOS aggregates in this case, whose
porous nature could have contributed to a weaker interfacial transition zone (ITZ) between the

aggregates and the binder matrix, diminishing the ability of nano silica to effectively strengthen
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the structure. Furthermore, these flaws can act as stress concentration points, reducing both

flexural and compressive strength, aligning with the research findings of Dilbas.et.al. [93].

Additionally, if nano silica is not uniformly distributed within the matrix, particle aggregation may
occur, further weakening the internal bonds and contributing to the reduction in mechanical
strength as indicated by Li et al [94]. Li et al. noted that the uneven distribution of nano silica
within the matrix can lead to particle aggregation, weakening internal bonds and reducing
mechanical strength. In their study, despite containing the same quantity of nano-particles, NTCI
(a concrete mix with 1% nano-TiO: by weight of binder) showed superior flexural fatigue
performance compared to NSC1 (a concrete mix with 1% nano-SiO2 by weight of binder). This
difference was then attributed to the specific surface area of the nano-particles. The study indicated
that nano-SiO: has a larger specific surface area than nano-TiO., making it more difficult to achieve
uniform dispersion within the cement paste, thus increasing the likelihood of particle aggregation

for nano-Si0., weakening the cement matrix and adversely affecting its mechanical performance.

The explanation provided by Li et al. can be applied to understand the decrease in mechanical
strength of the POS-HL-S series in this research. The reduction in mechanical strength can be
attributed to a combination of factors related to the challenges of achieving uniform dispersion of
nano silica in the presence of GOS, which introduces additional porosity and structural
discontinuities in the matrix. Nano silica is highly effective at enhancing concrete's mechanical
properties when evenly distributed, as it reacts “pozzolanically” with calcium hydroxide to form
calcium silicate hydrate (C-S-H), which densifies the cement matrix. However, as noted in Li et
al.'s study, nano silica has a very high specific surface area, making it challenging to disperse

uniformly in the matrix, especially when combined with porous materials like GOS. As a result,
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the nano silica particles are more likely to aggregate, forming clumps that can act as stress

concentration points within the mortar matrix.

These aggregated nano silica particles create weak zones that disrupt the matrix's integrity,
reducing the ability of the material to resist mechanical stresses. This effect is similar to the
observations in Li et al.'s study, where concrete with nano-SiO: exhibited lower flexural fatigue
performance compared to nano-TiO- due to the larger specific surface area of nano-SiO., which
led to increased particle aggregation. In the case of POS-HL-S mortars, the combined effects of
GOS-induced porosity and nano silica aggregation might have weakened the interfacial transition
zone (ITZ) and reduced the bond strength between aggregates and the cement paste, further

contributing to the decline in mechanical performance.

Therefore, the decrease in mechanical strength of the GOS- and nano silica-modified specimens
can be attributed to the same principles identified by Li et al.—the challenges of dispersing nano
silica uniformly and the formation of particle aggregates that weaken the matrix—compounded by

the possible additional porosity and discontinuities introduced by GOS.
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Chapter 8:

Conclusions

This research investigated the potential for incorporating Ground Olive Stones (GOS) as a
sustainable alternative to traditional aggregates in the production of repair mortars for the
conservation of built heritage. Grounded in the need for sustainable practices in the construction
and restoration industry, the study focused on determining whether agricultural waste, particularly
GOS, could be effectively utilized without compromising the structural integrity of historical
materials. This research aimed to explore the potential of incorporating GOS as a sustainable

alternative to traditional aggregates in lime-based repair mortars for built heritage conservation.

To achieve this aim the study investigated the effects of varying proportions of GOS on various
properties of the mortars, including workability, colorimetric properties, water absorption by
capillarity, and durability against salt crystallization. Nano-silica was also introduced in some
mixtures to enhance the properties of GOS-containing mortars. The findings of this research
contribute to the ongoing search for sustainable building materials that can effectively balance the

preservation of heritage structures with issues of environmental concerns.

The primary objective of this research was to evaluate the viability of using GOS as a partial
replacement for natural quartz aggregates in repair mortars while ensuring that the performance
characteristics of the mortars remained compatible with the requirements of conservation This was
pursued through the preparation and testing of seven different mortar mixtures with varying
proportions of GOS from 5% to 15% as partial replacements for quartz aggregates. Additionally,

nano-silica was introduced into some formulations to enhance their properties.
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The study set out to first evaluate the workability of mortars containing GOS. The consistency
tests conducted via the flow table method indicated that the inclusion of GOS increases the
mortar’s water demand, as GOS-modified samples showed higher water-to-binder ratios, which
points to reduced workability. Nano silica, however, helps to maintain workability by reducing
water demand, particularly in lower GOS-content samples. This suggests nano silica can
counteract the stiffening effect of GOS due to its high surface area and pozzolanic activity, aiding

in particle packing and water retention

Secondly the colorimetric analysis revealed that increasing the GOS content led to darker mortars
with noticeable shifts towards red and yellow hues. As GOS content rises, the mortar darkens and
shifts towards red and yellow hues, primarily due to the natural colour of GOS particles. Nano
silica mitigates these effects at lower GOS levels, although at 15% GOS, nano silica’s impact on
colour reduction diminishes, potentially due to limitations in its ability to counteract the high
pigmentation of GOS. However, the colour differences between GOS-modified samples and the
reference sample remain within acceptable limits for aesthetic harmonization, ensuring

compatibility with historical materials while avoiding a stark visual deviation

In addition, investigating the impact of GOS on the durability of the mortars, through an
accelerated weathering specifically in terms of salt crystallization resistance, revealed that GOS-
modified samples, especially at higher GOS content, absorb more salt and are more susceptible to
structural breakdown under cyclic salt crystallization stress. Nano silica helps improve early-cycle
durability by limiting initial salt and water absorption, but it does not fully prevent disintegration
under prolonged exposure. Mortars with lower GOS content performed better, but the results

indicated that careful optimization of the GOS proportion is crucial to ensuring durability. The
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introduction of nano-silica showed potential for enhancing the durability of these mortars, though

its effect on salt crystallization resistance requires further investigation.

Also, the assessment of the water absorption by capillarity properties of the synthesised repair
mortars indicated that GOS increases the porosity and water absorption capacity of the mortars,
which could enhance breathability but also increases vulnerability to moisture. Nano silica reduces
permeability by filling micro-pores, balancing the need for breathability and moisture resistance.
The results indicate that GOS-modified mortars with nano silica could be suitable for applications
where both breathability and moderate water resistance are required, though they may not be ideal
for highly salt-exposed environments. The trade-off between porosity and durability must be

carefully considered in conservation applications of repair mortars containing GOS.

Lastly, the mechanical tests conducted on the mortar specimens indicated that the inclusion of GOS
in the repair mortars resulted in a progressive decline in mechanical strength as the GOS content
increased. This decline is likely attributed to the increased porosity introduced by GOS, which
weakens the bond between the aggregates and the cement matrix. Notably, the POS5-HL sample
exhibited mechanical properties closest to the reference sample, indicating that lower GOS content

balances sustainability with performance.

While nano silica is known for its pozzolanic and filler effects, its effectiveness was limited in the
GOS-modified mortars possibly due to challenges in achieving uniform dispersion. The high
specific surface area of nano silica increased the likelihood of particle aggregation, forming weak
zones that may have compromised the matrix. These aggregated particles, combined with the
porosity from GOS, possibly disrupted the interfacial transition zone (ITZ), reducing both flexural
and compressive strengths The findings align with previous research, which highlights that

impurities and weak ITZs in recycled aggregates hinder the effectiveness of nano silica. This
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underscores the need for optimizing mix designs and dispersion techniques to balance mechanical

performance with sustainability in repair mortars for heritage conservation.

The use of agricultural waste such as GOS in lime-based mortars aligns with the growing emphasis
on sustainable construction materials. By partially replacing traditional quartz aggregates with
GOS, this research contributes to the reduction of waste and the promotion of a circular economy.
However, the findings also underscore the importance of balancing sustainability with
performance. In that, while GOS offers environmental benefits, its impact on the durability of
repair mortars, particularly in saline environments, must be carefully considered to ensure that the

long-term preservation goals of heritage conservation are not compromised.

Furthermore, the long-term performance of the mortars in real-world environments needs to be
evaluated. Exposure to varying environmental conditions such as temperature fluctuations,
humidity, and biological growth could affect the durability of GOS-based mortars in ways that

were not captured in this study.

However, this research at least represents a significant step towards the development of sustainable
repair mortars for heritage conservation. The incorporation of GOS as a partial replacement for
quartz aggregates in lime mortars presents both opportunities and challenges such that while GOS
contributes to sustainability by reducing the reliance on natural aggregates and repurposing
agricultural waste, it also introduces complexities related to workability, aesthetic compatibility,
and durability, hence the need for careful formulation and optimization of GOS-containing mortars

to ensure that they meet the specific requirements of conservation projects.
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Appendix

Table 20: Decription of salt damage type according to ICOMOS International Scientific
Committee for Stone (ISCS), [1].

Specimen TQ-HL
Before
accumulation
After
accumulation

Specimen | Main categories | Detailed damage and | Extent of damage | Remarks

of damage alteration type or alteration
TQ-HL 1. Surface a. Efflorescence a. Extensive | The TQ samples showed early signs of
change b. Blistering b. Extensive | surface change with tiny salt crystals on
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2. Loss of
cohesion

3. Cracking

c. Disintegration

d. Splitting

c. Limited

d. Limited

the surface of the surface ofthe samples.
And early sign of blistering. The sample
eventually disintegrated in the final

cycles.
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Specimen

POS-5-HL

Before
accumulation
After
accumulation
Specimen | Main categories | Detailed damage | Extent of damage | Remarks
of damage and alteration type | or alteration
POS-5-HL 1. Surface | a. Efflorescence a. Not so | These samples showed less salt crystallized
change | b. Blistering extensive on the surface in the early cycles. But one
2. Loss of | c. Disintegration | b. Extensive of it samples completely disintegrated
cohesion | d. Splitting c. Extensive before the end of the 15" cycle
3. Cracking d. Limited
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Specimen | POS-10-HL

Before

accumulation

After

accumulation

Specimen Main categories | Detailed  damage | Extent of damage | Remarks
of damage and alteration type | or alteration
POS-10-HL 1. Surface a. Efflorescence a. Extensive There were some salt deposition on
change b. Blistering b. Limited the surface, after the second cycle.
2. Loss  of | c. Disintegration c. Extensive There were also some blistering after
cohesion | d. Splitting e. Extensive the 2" cycle and eventually,
3. Cracking | e. Fragmentation f. Extensive disintegration and fragmentation of
all its samples before the last cycle
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Specimen

POS-15-HL

Before
accumulation
After
accumulation
Specimen Main categories | Detailed  damage | Extent of damage | Remarks
of damage and alteration type | or alteration
POS-15-HL 1. Surface | a. Efflorescence a. Limited There was some light salt deposition on
change | b. Blistering b. Limited the surface, after the second cycle.
2. Loss of | c. Disintegration c. Extensive There were also some blistering after the
cohesion | d. Splitting e. Extensive 2 cycle and eventually, cracks,
3. Cracking | e. Fragmentation f. Extensive disintegration and fragmentation of all

its samples before the last cycle
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Specimen

POS-5-HL-S

Before
accumulation
After
accumulation
Specimen Main categories | Detailed damage | Extent of damage | Remarks
of damage and alteration type | or alteration
POS-5-HL-S 1. Surface | a. Efflorescence a. Extensive There was some salt deposition on the
change | b. Blistering b. Limited surface, after the second cycle.
2. Loss of| c. Disintegration | c. Extensive There were also some blistering after the 3™
cohesion | d. Splitting e. Extensive cycle and eventually, disintegration of all its
3. Cracking | e. Fragmentation | f. Extensive samples before the last cycle
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Specimen

POS-10-HL-S

Before
accumulation
After
accumulation
Specimen Main categories | Detailed  damage | Extent of damage | Remarks
of damage and alteration type | or alteration
POS-15-HL-S 1. Surface | a. Efflorescence a. Extensive There was some salt deposition on the
change b. Blistering b. Limited surface, after the second cycle.
2. Loss of | c. Disintegration c. Extensive There were also some blistering after the
cohesion | d. Splitting e. Extensive 2" cycle and eventually, disintegration
3. Cracking | e. Fragmentation f. Extensive of all its samples before the last cycle
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Specimen | POS-15-HL-S
Before
accumulation
After
accumulation
Specimen Main categories | Detailed damage | Extent of damage | Remarks
of damage and alteration type | or alteration
POS-15-HL-S 1. Surface | a. Efflorescence a. Extensive There was some salt deposition on
change | b. Blistering b. Limited the surface, after the second cycle.
2. Loss of | c. Disintegration | c. Extensive There were also some blistering after
cohesion | d. Splitting e. Extensive the 2" cycle and eventually,
3. Cracking | e. Fragmentation | f. Extensive disintegration of all its samples before
the last cycle
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