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Synopsis
The thesis is divided into four chapters,

Chapter 1. Introduction: Gives an overview of the objectives of the research while providing extensive
insight into the state of the art regarding lime. Issues such as the history of binders, the chemical and
physical properties of materials, the different types and recipes developed over the years, and the different
types of additives that have been researched to date to make mortars and plasters more durable and resistant

will be examined.

Chapter 2. Materials and Research Methods: This section discusses and illustrates the materials and

methodologies that have been used to develop the Doctoral project.

Chapter 3. Results: The analytical results obtained through the course of the experiment are reported and
interpreted here. Due to the experimental nature of the research into new mortars and plasters, the chapter
has been subdivided into multiple subsections that will respectively deal with: providing a chemical and

physical analysis of the starting materials

Chapter 4. Conclusions and Future Prospects: This last chapter summarizes the results obtained in the
previous Chapter 3, providing considerations and thoughts based on the previously elaborated data.

Furthermore, it is proposed to evaluate possible improvements and future investigations.



1. Introduction

The effects of climate change are visible today all over Europe. The magnitude and speed with which these
phenomena are occurring day after day is as alarming as it is dangerous, not only for environmental
sustainability but also for the continuity of our cultural heritage. To counter the lack of attention of the
masses to these current issues, the ‘European Green Deal’ was born, a set of political initiatives proposed by
the European Commission with the overall goal of achieving climate neutrality in Europe by 2050'. Even
though Cultural Heritage is constantly being damaged due to environmental change, it was not explicitly
mentioned in the Green Deal. At the same time, however, a coordination group composed of experts from
the Member States was established following the Work Plan for Culture 2019-2022. The purpose of the
group was to examine the contributions of Cultural Heritage to the Green Deal and to identify
shortcomings and threats related to heritage in the context of climate change. These investigations resulted
in the ‘European Cultural Heritage Green Paper’, a document demonstrating the relevance of Cultural
Heritage in achieving these ambitious objectives of the European Green Deal, developed by Europa Nostra
in collaboration with ICOMOS and Climate Heritage Network with the help of the European Heritage
Bank Institute®. If the European Green Deal combines several general solutions aimed at limiting the global
temperature rise, which is fundamental for the preservation of biodiversity and a vast number of cultural
places and buildings, also the cultural heritage itself, as expressed in the above-mentioned ‘European
Cultural Heritage Green Paper’, can hide several solutions useful for the achievement of this ambitious
goal. In a context such as Europe, characterized by a great interdependence between people and their
environment, climate change would lead to drastic changes in people's lifestyles and consequently in their
relationship with their Cultural Heritage'?. This sphere and the goods that are part of it are capable not
only of providing alternative solutions aimed at shaping a healthier and more environmentally sustainable
social and economic reality but also connecting people to the places they inhabit, increasing their sense of
inclusion and belonging. The wide variety of cultural assets that features Europe should help to develop a
line of thinking where cultural legacies are not only celebrated for the message they carry, but that even
production techniques take on the importance they deserve. This should stimulate the development of a
more flexible mindset that deviates from today's quick and easy construction solutions and searches for
materials and methodologies that can be used to implement the durability of new works and reduce their

environmental impact**. The responsibility for climate change weighs on all societies and the demoscopic



research ‘Sustainable Buildings: the Perception of Italians’ is a clear example of this, showing how the
majority of the Italian population today is aware of and sensitive to sustainability issues starting with the
built environment. The research, commissioned by GBC Italia, conducted by Eumetra, and presented by
Professor Renato Mannheimer last 14 December in Rome during the event “The responsibility for change
for the wellbeing of people’, observed an acknowledgment of the active role that the building field plays in
environmental sustainability, including the intentions of private individuals themselves to make their
buildings more efficient’. Suffice it to say that a property built on these intentions could be able to reduce
CO, emissions by up to 40%, construction water consumption, waste produced during
construction/demolition, save on total energy consumption and much more. Consequently, as this
attention is paid by citizens to private real estate, this should be a fundamental aspect that concerns all
building realities, on all possible scales, territory, cities, suburbs, and neighborhoods, to identify a new
building culture aimed at sustainability. In this vision, the construction and real estate supply chains play a
fundamental role, as their actions substantially influence the achievement of sustainable development
goals, and the presence of a growing eco-sustainable market can only be a good omen®”. As of 2023,
economic growth in the construction sector in Italy (2023-2024) has slowed down as Italy's GDP grew only
+0.7% in 2023, after two years (2021-2022) of strong expansion (+12.3%). Negative factors included high
inflation, rising interest rates, geopolitical tensions, and global uncertainty curbed consumption (+1.2% vs.
+4.8% in 2022) and investments (+0.9% vs. +11.4% in 2022). Italian exports, though, remained stable
abroad, also due to the difficulties of Germany, its main trading partner. The construction sector, in
particular, played aleading role between 2021 and 2023, where it recovered most of the losses of the decade-
long crisis, thanks to incentives such as the Superbonus and public investments of the PNRR. The demand
for housing, although downsized, remains significant, with more than 2 million families intending to
change their homes. The construction sector faces a critical phase, with signs of recovery in public
investment, but difficulties in the private market and credit. Demographic and economic challenges call
for strategic interventions to support businesses and households, promoting urban regeneration and
measures to combat inequality. The NRP represents a unique opportunity for the development and
modernization of Italy. Its implementation requires effective management of resources, adherence to
deadlines, and optimal coordination between entities and businesses®. This overview demonstrates not
only the presence of very good prospects for a revival of the construction economy but also the necessity of
aiming for an economic reality in the construction sector aimed at environmental sustainability, a goal that
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can be achieved by updating the knowledge gained from cultural heritage research and applying it in the
construction sector. It is on this perspective that the project of this thesis is based: to exploit the knowledge
of ancient building materials to devise and develop innovative and eco-sustainable materials for the building
industry. Traditional, non-cementitious mortars have been the main object of study with the aim of
improving their properties and durability and designing them for use in the modern environment®.
Traditional mortars are one of the cornerstones of studies about built Cultural Heritage, an essential feature
of ancient masonry in historical architecture, urban and rural European buildings, from antiquity to the
present day. Their field of application is quite vast as they can serve as structural elements, protective layers
for the masonry, decorative elements, binding agents for mosaic tiles, or, if painted, for frescoes or painted
murals”'% The importance of mortars, however, is not always reflected in the attention they deserve in acts
of prevention and maintenance, even though they too are an integral part of the built Cultural Heritage.
Thanks to academic and research areas of interest, traditional building methods and materials have recently
been re-evaluated as valuable alternatives to everyday restoration solutions. Numerous projects have
focused on traditional know-how, with the aim of reducing the environmental impact of the interventions,
often caused by the excessive use of industrial chemical materials and implementing solutions that are more
compatible with ancient masonry. The first noticeable attempt was made in 1981 with the support of
ICCROM (International Centre for the Study of the Preservation and Restoration of Cultural Property)
to define a strategy for the study of ancient mortars and repair mortars. The same interest has also been
expressed in Spain for more than a decade. Various research groups from the CSIC (mainly those working
at the Eduardo Torroja Institute), together with other researchers from Spanish universities (Navarra,
Seville, etc.), have been working on various noticeable projects'>'®. The majority of studies on ancient
mortars from built heritage and archaeological sites have focused on the characterization and identification
of their components from a qualitative perspective, intending to establish a chronology for the
construction in question. Additionally, considerable time and effort have been dedicated to the
comprehensive examination of mortar deterioration processes and the impact of such alterations on
adjacent materials. Presently, research is being conducted into implementing durability, properties and
studies on ancient mortars (experience has already been gained with stone materials) and suggesting new
mortars to preserve traditional and archaeological masonries. Based on sustainable and durable approaches.

It is therefore right to mention the company Mapei S.p.A, with whom this project has been possible. As a



company in the vanguard of building products, it provides many researchers to study the building

technologies of the past and then re-propose them in an improved and modern guise.

1.1 Research Objective

The main objective of this doctoral project, in collaboration with Mapei S.p.A., is to design new mortars
and plasters to protect traditional masonry and guarantee greater durability, particularly in coastal areas...
In terms of durability, structures that have survived for centuries are the most sustainable. It can be
reasonably deduced that an increase in knowledge of traditional buildings, their materials, and techniques
could result in contributing the innovation throughout the construction industry. The heritage of
historical and archaeological sites is inextricably linked to the use of ancient masonry, particularly mortar.
This material, frequently disregarded, must be accorded the utmost attention in restoration works, not only
to ensure the preservation of the structural and aesthetic values of buildings but also to safeguard historical
technological skills and cultural identity. The renovation of existing buildings and the restoration of
historical architecture represent an appropriate approach to reducing the impact of buildings from a
circular economy perspective. Furthermore, this approach could prove beneficial in promoting the
maintenance and life extension of existing buildings. In recent restoration and renovation work, the use of
non-compatible and non-durable integration mortars has been demonstrated to present significant
challenges, particularly in terms of compatibility with existing masonry structures. It is not uncommon for
historic masonry to be treated without the requisite preparation, and pre-packaged industrial mortars are
frequently selected on the building materials market without the benefit of appropriate criteria. Although
traditional mortars generally show limited durability, multiple studies have shown that many
archaeological and traditional materials have proven to be able to withstand the test of time and can
therefore be used as models for the tradition-inspired approach to conservation™*. It is therefore
imperative that urgent efforts should be made to reduce the environmental impact of existing buildings,
both during their use and in their maintenance and repair. This can be achieved by utilizing natural
products and waste materials as aggregates and additives, thereby reducing the carbon footprint associated
with the production and distribution of these materials. Based on this evidence, the project, aimed at
sustainable and practical aspects, studies innovative mortar formulations for durable materials based on

natural hydraulic binders'**#.



Lime, a natural material that has been used throughout history as a binder in the production of mortars,
interior plasters, foundations, floors, walls, and decorative elements (30; 26; 10), is often regarded as a 'green
product’ due to its minimal environmental impact and the absence of toxic substances in its composition.
Furthermore, lime presents several advantages. It can be produced locally, providing a convenient and
sustainable option. It offers breathability to walls, creating an environment conducive to healthy growth.
Its antiseptic properties ensure a healthy environment. Its low modulus of elasticity allows for self-healing,
preventing the need for frequent maintenance in contrast with the higher levels of resistance shown by
Portland cement®. Additionally, its low thermal conductivity enhances the thermal capacity of walls,
reducing energy consumption. Traditional masonry is a characteristic element of monumental
construction, including archaeological areas, and mortars and plasters play a key role in both the stability
of the structures and the protection of the surfaces themselves. Mortars and plasters have been used
extensively in civil engineering and architectural construction, and their compatibility with ancient mortars
has led to their recent reintroduction in restoration work®. Architectural heritage is typically exposed to
climatic and environmental factors, such as temperature and humidity, which play a key role in its
deterioration. Mortars and plasters, being directly linked to the load-bearing structures of a building,
represent the interface between physical assets and climate in an open physical system. Since the wide range
of deterioration phenomena of natural and anthropic origin to which they are subject, mortars and plasters
are often considered "sacrificial materials”. In the present research mortars with less environmental impact
and greater compatibility with ancient building materials are produced with a focus on durability in coastal
environments. The system constituted by the building and its surrounding climate must be considered as
a whole. In particular, the coastal environment can be considered extremely harmful to building materials.
The presence of soluble salts acts in different ways leading to physical degradation such as micro and
macrocracking; loss of cohesion or adhesion; salt accumulation, scaling, disintegration; erosion; and color
alteration®. Cement-free hydraulic mortars and plasters, widely used in construction throughout history,
play a fundamental role both in the stability of structures in dry and humid environments and the
protection of surfaces as they constitute an important interface between the built structure and the
environment. Mortar formulations have been modified with several additions throughout history to
prevent deterioration, not always with noticeable results. To achieve better effectiveness of durability in
recent years several studies have focused on the use of additives to improve the water-repellent behavior of
mortars, as well as their resistance against degradation by soluble salts**?”. The study of mortars is a difficult
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task due to the complexity of the mixture, even the smallest changes in individual components or the dosage
of mortar can affect the properties of the final product. Mortars are man-made building materials
composed of one or more inorganic binders, whose main function is to bind the grains of the inert mass
through various chemical transformations, one or more aggregates, which are added to give the mortar mass
volumetric stability during the drying stages and to increase the mechanical strength, and water, which is
necessary to mix the various components. In addition, other elements, known as additives, are often added
to mortars to give the final product-specific characteristics®*. To achieve better effectiveness of durability
in recent years several studies have focused on the use of additives to improve the water-repellent behavior
of mortars, as well as their resistance against degradation by soluble salts**3**. Interestingly, there is also
evidence of the use of a wide range of natural organic additives (plant fibers and extracts, animal fats, milk,
casein, egg yolk, linseed oil, etc.) to improve and optimize the properties and performance of lime-based
materials***, In addition to this evidence for the rediscovery of traditional mortars, we can add the fact that
lime-based binders have recently been re-evaluated in the field of heritage conservation, thanks to their
many advantages over cement-based mortars: low environmental impact; the possibility of local
production; absence of toxic substances; good breathability and thermal capacity; high compatibility when
applied to traditional masonry*. Based on this vision, which is also more attentive to the aspects of
sustainability, the project proposes to study new formulations based on natural air and hydraulic binders,
which are considered "green” binders due to their lower environmental impact during production and their
high compatibility, also with the addition of pozzolanic, hydraulic materials and also salt modifiers and
inhibitors, which can limit the damaging effect that soluble salts have on masonry, particularly in coastal

and lagoon environments such as Venice**.



1.2 State of Art — History of Lime

Throughout history, lime products have been a fundamental element in the building industry. The history
of lime begins in ancient times, in the Stone Age when traces of burnt lime and several kilns for the
production of quicklime were found'**?¢**_ The first binders derived from calcination processes of
natural stones, generically called cementitious, were chalk and air lime. Their discovery was probably coeval
and can be imagined to have the same origin as that of terracotta, being also linked to the discovery of fire.
Given the fact that chalk was easier to obtain than lime, due to the lower firing temperature, it is likely that
it initially found greater application. Indeed, the earliest known example of the systematic use of a
cementation reaction in construction is related to the use of gypsum in the support of the decorative
frescoes of Cata Huyuk in Asia Minor, dating back to 9000 BC**°. The oldest known artifact made of lime
is a concrete used in a pavement found in 1985 in Yiftah in southern Galilee (Israel), dated to 7000 BC.
This pavement, which is very compact with a hard, smooth surface, was made of lime and stone and placed
on a uniform base of sandy clay. The first traces of the use of lime in construction can be found in the
monumental buildings of ancient Egypt. Prof. Sir Flinders Petrie unearthed samples of plaster in the
pyramids and temples, some of which are still intact. Three-capped lime putty, 3/4 inch thick, on laths of
reed and with a plaster finish from hair was also observed. A plaster of lime plaster was sometimes used in
the masonry of the pyramids, to fill joints and level cavities. This was also used over the sculpture to provide
a surface for coloring This archacological discovery superseded the previous discovery, a 25 cm thick fat-
lime concrete terrace found in Lepenac Vir, Serbia, dating back to 5600 B.C. Egyptians. A mural, found
in Thebes dating back to 1950 BC. Shows an early example of lime-based mortar and conglomerate in
Egypt. The discovery of a binder with hydraulic behavior, i.e. capable of setting and hardening even in an
underwater environment, goes back to the Phoenicians. As is well known, they had a very advanced
civilization and are credited with various inventions such as metal smelting, the first alphabet, etc. The
Phoenicians are also credited with the preparation of lime binders. Water cisterns, plastered with hydraulic
mortars, have been found in Jerusalem and date back to the reign of Solomon (10th century BC) and the
hand of Phoenician workers. The Greeks used lime-based binders extensively; it is therefore worth
mentioning the magnificent wall paintings of the Palace of Knossos in Crete, made with a double layer of
lime plaster and clay base, dated around 1500 B.C. In Greek temples, it was also not uncommon to find

traces of lime putty, in particular, for the outer covering of temples, even if they were built of marble, as

10



well as colored plaster floors. Pliny himself mentioned a mixture of lime putty with milk and saffron applied
in the temple of Elis'*****?¢. The Romans greatly improved the technology of producing air lime by firing
good quality limestone and carefully slaking the resulting quicklime, which was then mixed with clean sand.
In Rome, examples of plastering could often be found, being the most common external finish of private
houses, which was, however, mostly destroyed in Nero's fire in 64 A.D and subsequent reconstruction.
Pliny the Younger himself quoted ‘no builder should employ lime that has not been worked for three years’.
Vitruvius*>>">2, They only knew of aerial lime, i.e. lime capable of setting in contact with air, while natural
hydraulic lime, which is also capable of setting under water, was unknown. The Romans were, however,
able to make hydraulic mortars by adding pozzolana to the mix. Like the Greeks and Phoenicians before
them, they were not unaware that certain volcanic deposits, when ground and mixed with sand and aerial
lime, provide a mortar that not only has mechanical strength higher than those obtained with lime alone
but also the property of resisting the action of both fresh and seawater. To formulate hydraulic mortars,
the Romans mainly used red or purple volcanic tuffs, found in various places (around the Bay of Naples,
on the island of Santos, or the dark-colored volcanic earth from the island of Thera, and, later, deposits of
Rhine trass, a volcanic tuff from southern Germany). It follows that the main binder of the Roman period
was in fact “calcestruzzo”, concrete, a mortar made from slaked lime, sands, cocciopesto, pozzolanic sands,
fired brick fragments, in its different variants. This practice probably predates the use of volcanic materials:
there is evidence from the Minoan civilization of Crete (circa 1700 BC) of the use of adding crushed pottery
residues to lime mortars to improve their mechanical strength, impermeability, and durability. The
popularization of Roman technology was facilitated by the publication around 13 B.C. of ‘De architecture’
by the architect and engineer Marcus Vitruvius Pollonius. This work constitutes an extremely detailed
source of information regarding Roman construction methods and is considered de facto the world's first

example of industrial standards*>>>%.

Following the fall of the Roman Empire, like the rest of the arts and learning, the art of building underwent
agreatimpoverishment, and the knowledge of mortars was lost for the most part, such as hydraulic mortars:
in the medieval period, castles and cathedrals were erected with simple traditional lime mortar, which
survived the test of time not so much because of the properties of the mortar itself, but rather because of
the large size of the buildings and the shrewdness of the builder himself. During the Middle Ages, many of
the kiln-building caveats were neglected and there was a return almost everywhere to the upright type of

country kiln, without a brick lining, generating much ‘vincorto’, i.e. uncalcined stone, sunk into the ground
11



in areas suitable for using two loading levels, that of the stone above and that of the wood and lime discharge
below, or again to the sloping kiln. The consequence of the rudimentary nature of many of these kilns was
ageneral decline in lime quality. It was only later, in the 14th century, with the adoption of still intermittent
but brick and wood-fired kilns, and in the 18th century, grate-fired with charcoal, that the quality successes

of Roman times were restored 59554,

The phenomenon of the revival of the arts and interest in classical literature during the Italian Renaissance
led to a revaluation and intense study of the ancient arts of plaster and stucco. In the hands of Raphael and
other eminent representatives, stucco work quickly caught on in Italy. Further improvements took place in
the following centuries, and especially between the 17th and 19th, with the various innovations introduced
in lime manufacturing technology, with the replacement of wood with coal for firing and the discovery of
new sources of materials with pozzolanic behavior for making hydraulic mortars. In any case, during these
centuries the general level of quality remained very variable, and the standards achieved in Roman times
were, as a rule, no longer achieved. Cement remained the undisputed construction binder for much of the
20th century. The oil crisis of the 1970s underlines, perhaps for the first time, the fragility of Portland, at
least from an energy point of view, due to the enormous number of resources needed for its production.
Then from 2000, words like ‘Environmental Sustainability’ ‘Ecological Architecture,” and ‘Conservation
of Cultural Heritage’ became central themes in the economic and political agendas of the most developed

countries: lime reappeared as one of the possible solutions to these problems**>%*,

Today, lime, by virtue of the lower demand for energy in production, the healthiness imparted to buildings
and the compatibility with the historical building, is proposed to us as the building binder of the third
millennium, with that ‘freshness” and ‘capacity to amaze’ that only an extraordinary material can boast,

after centuries of hard and tireless work!%2¢2%46:47,53,55
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1.3 Lime: characteristics, production and processing

The raw material for the manufacture of aerial lime is limestone with a calcium carbonate (CaCQOs) content
of more than 95%. The main quality of the lime rock is its purity and high calcium carbonate content; it is
well known that aerial lime is all the better the whiter the limestone for calcination?%44"53, The rock must
be bright white, homogenous, without earthy veins, alterations or patinas with a fine-grained and tightly
packed structure that can be saccharoidal or microcrystalline. The impurities that can be found derive from
the presence of magnesium carbonate and siliceous or clayey fractions associated with limestone. These lead
to a decrease in the technical qualities of the binder and therefore must not normally exceed 10% of the
total volume. If the ferruginous impurities give the lime a yellowish or pinkish tint, a certain content of clay
minerals produces a limited hydraulicity with greyish coloring to more or less deep blue or hazelnut shades,
green tones if the natural rock is rich in chlorites. A particular type of limestone extraction derives from the
exploitation of coarse debris deposits found within riverbeds at the exit of the watercourse from hills and
mountains. The cultivation of river gravel is characteristic of many Apennine and Alpine streams; in the
area of the Brenta and Piave (Veneto region) are extracted pebbles composed of pure limestone and sizes
ranging between 5 and 30 cm in diameter that give a lime of excellent quality. The extraction in bed allows
to use a material already crushed and of adequate size to the cooking techniques, avoiding long operations

of splitting and selection from possible earths levels already eliminated by the running waters!®*»#3¢¢1,

1.3.1 Lime production

The first operation in the lime production cycle, limestone is calcined in suitable molds at a temperature

between 900 and 950°C. This causes the endothermic decomposition of calcium carbonate'®**% (1):
(1) CaCO; + 42,52 Kcal/mol — CaO + CO,

During this phase calcium oxide or lime (CaO) is formed with a weight loss of about 44%, which
corresponds to a decrease in volume in the calcareous mass of about 20%. The characteristics of the final
product depend on several factors; among these, the most important is the compactness of the rock, which
can limit the decomposition reaction that proceeds progressively from the outside to the inside of the rock
fragments. The temperature in the furnaces reaches about 1100 °C to allow complete calcination even of
the inner parts of large rock fragments. The temperature should not exceed the indicated values, only with

a constant and "sweet” cooking the calcium oxide crystals remain small and therefore have a high active
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surface area necessary to carry out the subsequent hydration operations correctly and completely. Above
the optimum temperature values, a large crystal structure of quicklime is gradually created with reduced
reactivity; in these cases, hydration is completed with difficulty and lime can cause blooms or detachments

in the mortars even after taking®”5¢5%¢16>6,

1.3.2 Quenching

The quicklime, to be used, must undergo a quenching process, from which is obtained a plastic and

workable product that in the presence of air tends to harden'>?¢#¢47:57:6¢:68 (2) ;

(2) CaO +H,0 ~ Ca(OH), + 15,6 kcal/mol

The quenching reaction is therefore exothermic, whose product consists of calcium hydrate, also known as
slaked lime or hydrated lime. The products coming out of the traditional ovens are never perfectly
homogeneous and therefore the well-cooked quicklime blocks must be separated from the unbaked or
overbaked fractions. The clods of good quality are recognized because light and white or whitish with a
fairly compact consistency, although of a mealy appearance; are free of hard, uncooked nodules or heat-
reduced parts such as heavy and very dense clods resulting from excessive temperature. When the slaking of
selected parts is carried out with ordinary systems, this can also be done on-site, the lump lime is placed
inside containers called baths, where it is mixed with water to obtain hydrated or slaked lime. When slaking
quicklime, different products can be obtained depending on the amount of water that is added during the
slaking process and the purity of the lime itself. When slaking is undertaken with an excess of water
(approximately 3/4 times the amount used for quicklime), a dense, oily paste known as slaked lime is
obtained (Conversely, when an even higher quantity of water is used, limewater, a diluted aqueous

suspension of calcium hydrate, is obtained)*#757-¢0616¢-68,

The slaked lime yield of an aerial lime is expressed as the volume of fresh slaked lime obtained by slaking a
given mass of quicklime and is expressed in m*/ton. The different types of lime that can be distinguished

are as follows:

= Fat lime, where the yield is greater than 2.5m?/ton;

* Lean Lime, where the yield ranges between 1.5 and 2.5 m*/ton.
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1.3.2.1 Fat Lime

Fat lime can be obtained if quicklime that does not contain magnesium or carbonate filler due to poor
baking is slaked. Fat limes are derived from the purest limestones, exhibit high plasticity (ease of workability
in construction applications), longer setting time (especially when thicker applications) and good water
solubility (it dissolves when exposed to moisture). A "fat lime" is designated as such due to its propensity to
undergo a substantial volume increase upon contact with water, reaching a two- to three-fold increase in
size. Notably, the hardening of this substance occurs exclusively in the presence of carbon dioxide present
in the ambient atmosphere. The best fat limes have a calcium hydrate (Ca(OH),) content greater than 90%,
which is also the reason behind their white hue. The closer said content is to 100%, the purer (and fatter)
the lime is. On the contrary, lean lime can be obtained if quicklime that does contain magnesium or
carbonate filler due to poor baking is slaked. Lean lime is derived from impure limestones (i.e. with a CaO
content of less than 94%) or poorly fired limestones (where there is the presence of uncooked parts or
overcooked parts). MgO is one of the most frequent impurities in lime and its presence contributes to the
thinness of the lime; moreover, MgO is formed earlier than CaO (the decomposition temperature of
magnesium carbonate is lower than that of calcium carbonate) at the end of the lime firing process, MgO
will be overcooked and will therefore hydrate more slowly than CaO. Fat limes are mainly used to produce
lime mortars for plastering, as a base for distemper and matrix in concrete, used for white washing plastered

surfaces and other industrial applications®»*3357:6166:65,

1.3.2.2 Lean (Poor) Lime

On the contrary, a lean lime can be obtained if quicklime that does contain impurities due to poor baking
such as carbonate filler, clay impurities and MgO is slaked. Lean lime is derived from impure limestones
(where the CaO content is less than 94%) or poorly fired limestones (where there is the presence of
uncooked or overcooked parts). The reduced content of calcium oxide (CaO) along with the presence of
MgO, silica, alumina and iron oxide contribute to the poor performance of the final product. Magnesium
oxide (MgO) is one of the most prevalent impurities in lime, and its presence contributes to the thinness of
the final product. In fact, MgO is formed earlier than CaO during the process of lime firing due to the
lower decomposition temperature of magnesium carbonate (350 °C) in confront to that of calcium
carbonate (>825 °C). Consequently, MgO gets overcooked and shows a lower rate of hydration compared
to CaO. Lean limes are defined by grayish/yellowish shades and require a longer slaking time due to the
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impurities which also affect the setting and hardening, making it unsuitable for structural applications but

rather for temporary structures*3%57.61.66.68,

1.3.2.3 Hydraulic Lime

Hydraulic lime is a mixture of silica, alumina and iron oxide combined together with calcium oxide. This
composition enables it to set and harden without the presence of carbon dioxide (CO,), producing a lime
suitable for use in underwater or damp environments. Hydraulic limes are capable of setting and hardening
both underwater and in low-oxygen conditions. When mixed with water, it forms a thin paste; however,
precise water management is required to prevent hardening prior to use. The classification of hydraulic

lime is based on its clay content, which influences its hydraulic (water-setting) properties.

= Feebly hydraulic limes: show a clay content less than 5-10% and their setting time is the longest
among the others (taking about 21 days to fully set) they are suitable for applications in damp
locations and less critical construction work;

* Moderately hydraulic lime: they exhibit a clay content between 10-20%, capable of setting in just
7 days are often applied in moderately damp areas and for more substantial structures;

* Eminently hydraulic lime: They have the highest content of clay (20-30%) which makes them

suitable for wet areas and significant construction work.

The versatility of hydraulic lime in conditions where traditional lime is inadequate is a significant
advantage, rendering it valuable for foundation work, underwater applications and structures exposed to
high levels of moisture. Hydraulic lime is available in three different grades; NHL 2, NHL 3.5 and NHL 5.
The NHL stands for Natural Hydraulic Lime. The number relates to compressive strength in MPa
(Megapascals) or N/mm®* at 28 days. These grades were historically associated with the terms feebly
hydraulic, moderately hydraulic and eminently hydraulic respectively. These terms refer to each grade's

degree of hydraulicity, that is their ability to set under water without exposure to air*>*”73,
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1.3.2.4 Magnesian lime

During the project, in addition to carbonate-based limes, other types of limes, i.e. magnesian limes, were
studied and used for specimen preparation. Limes known as “magnesian” or “dolomitic” are named after
dolomitic limestones. Dolomite is a compound of magnesium and calcium carbonates (CaMg(CO3),) that
is formed by the substitution of Mg atoms in the alternating layers of Ca in the normal calcium carbonate
structure (Ca(COs3)) and this is coupled to a change of bond strength and a displacement of atoms. As a
result of this, dolomite is harder and denser than normal calcite, although the substitution process often
remains incomplete, so not all dolomitic limestones contain the same amount of (CaMg(COs),) 7. In
natural environments, the presence of carbon oxides can make minerals that contain MgO or CaO undergo

carbonation reaction:

(3) CaO + CO2 — CaCOs;+ 179 k]/mole;
(4) MgO + CO2 — MgCO; + 118 kJ/mole.

In nature it is difficult to find pure oxide minerals, most commonly these are found as a chemical
combination of calcium and magnesium oxides with other oxides forming a silicate matrix. Magnesium
and calcium are the only common elements capable of forming stable carbonate minerals and it’s usually a
process occurring on geologic time scales”. Similarly, normal limestones may contain small percentages of
calcium and magnesium carbonates, this time separated into their respective forms Ca(COs)) and
magnesite (MgCOs). Depending on the proportion of magnesite, different types of magnesian limestones

can be identified:

e High calcium limestone-0-5 MgCOs content%);
® (Magnesium limestone-5-35 MgCOs content%);
® (Dolomitic limestone-35-46 MgCO; content%) (American Society for Testing and Materials,

1976)

In contrast to traditional lime production, magnesian limestones must be calcined between a temperature
of 510°C and 750°C, a considerably lower range than calcitic limestones, and may follow only one or two

steps:

(5) CaMg(COs), + heat = Cao*MgO + CO;
(6) CaMg(CO:s), + heat = CaCO5*MgO + CO;
17



(7) CaCO5*MgO + CO, + hear = Cao*MgO + CO;

If the process follows reaction Eq.3, the dolomite will be fully calcinated at 750°C, while if it follows the
two steps described in Eq.4 and S, the first will occur at about 510°C and the second at 900°C™7. Since
each limestone has its composition, it will require specific firing temperatures that will have to be
determined by testing to avoid the formation of overburnt material that could cause problems during
quenching. Extinguishing also exhibits two different behaviors depending on the type of lime, magnesia
(MgO) combines with water in a more time-consuming manner than CaO, and the presence of impurities
or overburnt parts contributes to the increase of the extinguishing time”*”¢””. A further distinction can be
observed in the extent of carbonation of the hydroxide, which in the case of magnesium lime does not
exceed 60% (in contrast to 95% in calcium hydroxide). This reaction does not strictly depend on the
concentration of carbon dioxide (CO,) but also on the ambient temperature. Despite this, magnesian limes
can develop good binding power and good mechanical strength even before its carbonation, thanks to its
characteristic fibrous and microcrystalline structure. The presence of overburnt parts may lead to delayed
extinguishing compared to the majority of the mortar matrix, causing expansion fractures. To ensure
complete hydration, magnesium lime is usually quenched in an autoclave at pressures between 1.7-7atm

with a temperature ranging between 115-165°C7+77%,

1.3.3 Mortar production

In construction, lime is used to form mortars, a fundamental backbone of building industry whose origins
go back a long way in history*****°. A mortar is a mixture of lime and sand made plastic by the addition of
water and one or more other substances to give the blend specific properties. When hydrated lime or slaked
lime is mixed with sand and water, for the application enlisted earlier, they undergo a specific exothermic

reaction (8):
(8) Ca(OH)2 + CO2 — CaCOs3 + H20

This type of mixture at the same time as the above-mentioned reaction (6) takes place, in which carbon
dioxide (CO,) reacts with lime dissolved in water, undergoes a contraction where it assumes a certain

consistency while some of the water evaporates®™*!. The traditional classification of binders is based on their
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property to harden the mortar mixture in air or in contact with water; from this comes the subdivision into
air-bound, class that includes gypsum and air lime, and hydraulic binders, including cement and its
derivatives. For certain intrinsic characteristics, hydraulic lime may assume an intermediate position, where
some types demonstrate properties similar to those of aerial binders while others have better hydraulic
properties. Mixtures of binders with water are defined as pastes (fluxes if particularly fluid) while those
containing granules of different stone-origin measurements are defined mortars (if made of binder, water
and granules such as sand) or concrete (if they are made up of larger stone granules like gravel or

Stones)10’12’26’29’46’67.

1.3.3.1 Magnesian Mortars and Hydromagnesite

As with lime mortars based on calcium oxide (CaO), the same process of carbonation of hydrated lime,
obtained from limestones with varying amounts of magnesium carbonate, such as dolomite, can produce
mixtures defined as ‘magnesian mortars’ (CaMg(COs),)"*”. In this kind of mixtures, the bond that
develops within the matrix during the curing phase, i.e. in the presence of MgO, Mg(OH), and moisture,
gives rise to a new phase called hydromagnesite (Mgs(COs (OH),-4H,0). From the calcination of dolomitic
limestones, the main products obtained are calcium and magnesium oxide and hydroxide, as exposed
earlier, and multiple studies have already researched about both the process of carbonation of MgO and the
sorption of CO, by MgO and Mg(OH), at high temperatures in order to explain the formation of
hydromagnesite””**>%, An earlier study™, has demonstrated that the carbonation process of the phase
occurring during curing made by: Magnesium Oxide (MgO) + Carbon Dioxide (CO2) + Water (H2O), is
highly dependent on the CO, concentration and environmental temperature. This knowledge has been
deepened by another research made by Dheilly** which used Mg(OH), directly to assess the development
of both microstructure and strength in cured lime paste mortars at ordinary temperatures. The study was
able to demonstrate, regardless of temperature that in moist air atmosphere MgO converted into

hydromagnesite (9):

From the results, it could be observed that the presence of Mg(OH), in lime mortars helped enhancing the
mortar strength and this was supported by SEM investigations which shown that empty spaces between

sand grains are more easily filled when the lime is a pure Mg(OH), paste. The presence of hydromagnesite
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was found to be capable of enhancing the development of binder between sand grains, providing the reason

behind the improved mortar cohesion and the cause behind the increase in strength”7%%,

1.3.3.2 Porcelain Mortars

There is another type of mortar on which this research has focused, the so-called porcelain mortar. This
type of mortar is often referred to in the jargon of the old Ligurian masters as "porcelain” or "purselana” in
the context of building materials. The first traces found date back to the second half of the 16th century
and were characterized by an exceptional consistency and whiteness, despite constant contact with
seawater. These mortars are the subject of much debate, both as regards their origin and the methods used
to produce them, except for the presence of potassium alum, a compound widely used at the time to dye
fabrics for tanning leather. This alum was extracted from the Tolfa Mountains in the second half of the
15th century, along with kaolin, another main ingredient in porcelain mortars. There is no scientific
evidence that the combination of calcinated kaolin and potassium alum contributed to the toughness of
the mortar although the famous French builders and architect Loriot and Rondelet experimented with

these properties®> ™.

1.4 Inert materials (aggregates)

The term 'aggregate’ is defined as a component of mortar and can be further subdivided into the following
categories: sand aggregate (coastal and river sand), crushed stone, natural and artificial materials with
pozzolanic behavior, and hardened mortar fragments. Aggregates can be divided into two macro-categories:
those that do not react chemically when in contact with lime (i.e. aggregates) and those that interact in the
carbonation reaction of lime (i.e. reactants). Sand is one of the most utilized materials in the production of
plaster. It is derived from clastic sedimentary rocks, obtained through the erosion of rocks, including
sandstone, a sedimentary rock. It typically consists of granules between 2 and 0.063 mm in size and is
composed of materials such as calcite, feldspars, quartz (characteristic of light sands) magnetite, and
hematite (present in dark sands). This specific material is only mechanically integrated into the mortar
matrix and does not engage in any chemical interactions with the other components. The function of these
materials is to form a skeleton for the mortar, which undergoes a reduction in volume during the setting

and hardening process due to the formation of a new crystalline arrangement as the water evaporates from
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the mixture. The distribution of this shrinkage over the surface of the individual granules serves to prevent
the formation of cracks or detachments between the crystals, as any stresses would otherwise be
accommodated by the surrounding material. Sand, a product derived from the disintegration of compact
rock through the action of waves, currents and weathering, plays an essential role in the production of
mortars. Riverside sands are the optimal choice, whereas those originating from marine sources are less
suitable due to their NaCl content. Mortars are best composed of sands with compact, non-friable grains.
Silica sands with a high quartz content are highly recommended, as the greater the angularity and coarseness
of the grains, the more effective the binding between the materials in the mixture. Crushed stone is
composed of sharp-edged stone chips and fragments, obtained from hard rock through the process of
crushing. The most suitable rocks are those that are more compact and resistant, including limestones,
granitic or siliceous rocks. Natural pozzolan is a volcanic rock that is found in various locations throughout
Italy, including Lazio, Campania, and Sicily. Pozzolan is composed as follows: aluminum oxide, silicon
dioxide and a small percentage of other oxides such as iron oxide. In particular, the metastable glassy
structure allows pozzolana to react with hydrated lime, forming rapidly, even at room temperature, a
product that is both hydraulically soluble and insoluble, similar to those characteristic of hydraulic
binders***. Similarly, they are capable of hardening in both air and in moist environments, or in submerged
conditions. A substantial body of research has demonstrated that pozzolan has recently been employed
extensively as a substitute for Portland cement due to its superior attributes, including cost-effectiveness,
reduced heat emission, reduced permeability, and enhanced chemical resistance’®. Another recent
addition to the field of aggregates which caught our attention were the hollow glass microspheres, namely
(HGMS). These nearly perfect engineered spherical bubbles of thin glass shells range approximately around
50 microns in size, exhibiting a really low density (0,1 up to 0,4 g/cm?) and are typically used as a functional
filler in anti-humidity paints thanks to their light weight and strength. Being a rather newborn material, its
properties made us select it as a suitable filler for the mortar specimens, with the hope of achieving light but

still hard structures capable of handling high humidity environments™?”.
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1.4.1 Additives

As was said previously, additives are additional materials that are mixed along with binders and inerts in
order to achieve specific properties both in the fresh mortar and in the hardened one. Among the most
common additives in mortars, pozzolana is certainly the best known, its properties make it possible to take
and harden mortars in an underwater environment”?-***_Its limited availability in North-East Europe has
made it necessary to search for alternative elements that can be inserted into the mortar composition. In
order to increase the hydraulic properties of mortars, Smeaton introduced iron and calcined mortar into
the mortar mixture, his research was later verified by Faujas de St. Fond and Daudin in 1797 and 1808

respectively'®

. During this period of experimentation and development of various theories, researchers
chose to keep the ideas established by Vitruvius and Pliny. While the Romans worked mainly with
pozzolana, it is known that they also used some artificial materials: brick powder, tile powder or ceramic
powder produced a less permeable mortar. Belidor, a staunch follower of Vitruvius, recommended flakes
and flakes of stone from a blacksmith’s forge and Raffineau de Lille suggested and preferred crushed bricks.
Vicat later improved this by recommending the use of burnt clay or crushed bricks, supported by John'®.
In 1830-38, Charles W. Pasley conducted many experiments on countless artificial additives for hydraulic
mortar, such as crushed gypsum, crushed flint, pure alumina, iron flakes from a goldsmith, and various
metal oxides and carbonates. While the popular and common additives, such as iron filings, were tested in
alaboratory, organic vernacular additives, natural ingredients found locally and used instead of lime due to
prohibitive costs and scarcity, were proving equally adequate'™'®. A model of the popularity and
continued use of organic materials has emerged over the centuries. Blood has been the 'organic’ one that
has been used continuously for almost 2000 years. Eggs, egg whites and milk were almost equally popular,
only experiencing brief periods of disuse. The treaties which mentioned organic additives were less
technical in nature and lacked laboratory testing programs. However, the long-standing use of these organic
additives has demonstrated the properties they impart. The key works ranged from those of Hugh Plat in
1594 to those of Joseph Moxon and Richard Neve in 1703 and 1726, respectively, to those of George
Burnell in 1850. Accelerated setting time was achieved through fig juice, molasses increased hardness, and

cheese served as a thickener, to name some elements of the pantry®*?>19>1%,

As in the past times, nowadays different types of materials are being tested as supplementary additives for

the production of mortars, to modify and improve certain characteristics to make them more useful in the
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application field. While many studies are still researching about past mortars composition (both lime-based
and cement-based) others are focusing their efforts into developing new products to enhance mortars
properties such as the mechanical strength, resistance to degrading agents, breathability and much more.
One of the latest, most popular theme of research is the study of new solutions to limit the effect of soluble
salts on building materials. Being the city of Venice, a backbone of Italian Cultural Heritage, and many
other built entities, located in lagoon or coastal environments, the actuality of the issue of soluble salt decay

becomes rather clear, as enlisted in numerous studies®*>

107112 As some of the previous enlisted studies, one
of the latest solutions against the presence of soluble salts in buildings is the use of salt crystallization
inhibitors. Other fields also make use of inhibitors, such as oil extraction, to limit carbonates and sulphates
deposits, in water desalination plants to reduce saline accumulation (Chernozhukov et al., 1969; Thabet et
al., 2023). These additives can work in different ways depending on their nature: they can either inhibit the
growth of the salt crystal during nucleation or solubilize the early formed crystals preventing the
crystallization at the beginning stage'>'**. Another kind of inhibitor acts instead on the pressure between
the growing crystal and the inner pore surface of the building material. It creates a thin polymeric layer that
takes the place of the saturated solution, making contact between the pore and the crystal core and deleting
the amount of pressure exerted by the salt. It is therefore mandatory to introduce Chitosan, a product
widely used for agricultural and biomedical purposes as antibacterial and antioxidant'*"". Among the
qualities of Chitosan such as: non-hydrophobicity, environmentally friendly and biodegradability it
participates, together with CaCOs in the formation of durable and hard mollusk shells in nature'® and its
functional groups makes it able to react with salts of different nature. These were the reasons it was chosen
to be tested as a potential additive for this thesis. Thanks to recent research, it has been discovered that some
inhibitors, such as Sodium Ferrocyanide, are able to modify the morphology of the salt crystal, affecting
both nucleation and growth by anchoring themselves on the active crystal growth points, and limiting their
growth'®. Thus, Sodium Ferrocyanide was selected as a suitable candidate for experimentation. Multiple
studies have tested these kinds of inhibitors on previous research with more or less good results. A study by
Lubelli et al. from 2007, tested two different inhibitors on salted Spanish limestone, Czech sandstone and
Dutch brick, namely Sodium Ferrocyanide and DTPMP (Diethylenetriamine Penta or methylene
phosphonic acid). These two inhibitors gave different results as the first was highly effective on sodium
chloride (NaCl) while the second was influenced by the nature of the substrate but still rather effective,

making DTPMP the third inhibitor chosen for testing.
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A problem was highlighted during the research: the limit of the spray application of both products on the
specimens which may have limited the action against soluble salts'**. Another study was carried out on the
basis of this issue, a work about the effectiveness of crystallization inhibitors and consolidation of plaster
in marine environments made by Renso M. in 2020'". The solution proposed was the application of said
products by brush, to allow a longer reaction time and a deeper penetration in the matrix of the specimens
but still some limitations could be found. Therefore, this work proposes to mix the inhibitors inside the
mixture of the fresh mortar as a standard additive to enable a more homogeneous distribution of the latter

on the cured mortar.
1.4.1.1 Metakaolin

The development of building materials that offer technical and environmental benefits represents a
significant challenge for the new millennium. Supplementary cement materials (SCM) are finely ground
solid materials that are used to replace part of the clinker in a concrete or cement in a concrete mixture.
Thermally activated clays, in particular kaolinic clays, have recently been re-evaluated as a source of
additional cement materials to reduce CO, emissions and energy consumption from cement production'**
122, These materials include metakaolin (MK), a pozzolanic addition, classified as a new generation of
additional cement material. Most metakaolin is commonly used in the Portland cement industries as an
additive to improve the compressive strength of cement. The use of metakaolin in cement-based systems
offers, in addition to technical advantages, significant environmental benefits. According to Smiley et al
(1998)"*, replacing 8.1% cement with metakaolin and adding a little more water, the compressive strength
of modified portland cement is the same as that of unmodified after seven days, and higher than that of
unmodified cement after 28 days (73.3 MPa to 64.4 MPa)'*. Metakaolin is distinctive in that it is not a by-
product of an industrial process and is not wholly natural; it is derived from a naturally occurring mineral
and is manufactured expressly for cementation applications. The production of metakaolin typically
involves heat treatment, specifically the calcination of kaolin clay within a specified temperature range.
Metakaolin is an additive that is employed to enhance the physical characteristics of Portland cement,

which is obtained through the calcination of kaolin'*7%7.
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2. Research strategy and Materials

This PhD project lasted three years, during which periods of research and experimentation alternated with
the purpose of deepening the knowledge about suitable solutions for the main objective. This process was
oriented towards the development of new mortar formulations that have a number of characteristics, such
as durability, resistance to weathering agents and, in particular, resistance to the crystallization of soluble
salts and freeze-thaw. One of the most important aspects, in addition to those already mentioned, was to
study those aspects of mortars that are often overlooked, such as the workability of the mix, specific weight,
thixotropy and spreading. These aspects, observed during the experience at Mapei S.p.A., led us to consider
a vision that focuses on the application aspects, as well as the physical-mechanical aspects of mortars.
Understanding the properties of fresh mortars makes it possible to identify which application contexts are
most suitable for which formulation. Freshly mixed mortars were analyzed according to these terms, during
the first hour after mixing, determining specific weight variation (EN-1015/6'**) and consistency variation
(EN-1015/3"’) together with the thixotropy test. Once the necessary analyses had been carried out, the
fresh dough was poured into special moulds, whose dimensions varied from cubic shapes to parallelepipeds
depending on the requirements required by the standards for tests on hardened mortars. The maturity
times were then chosen systematically for each series, up to 28 days for Series 1 and 2 and 90 days total for
successive series, a choice motivated by the search for a product based on traditional kicks and therefore
requiring longer maturation times than others. An exceptional case was series 3, which was analyzed by
XRD analysis during the maturation phase, to verify the formation of characteristic elements in the
formulations and to evaluate their carbonation. The tests that were carried out following the maturation
of the samples could be divided into two main groups: analyses concerning the behavior towards water
(Water capillary absorption (EN-15801'); Water vapor permeability (UNI-EN 1015/19"*') and those
concerning the resistance of mortar to degradation agents or mechanical force (Resistance to Soluble Salts
UNI EN 12370 Resistance to Freeze/ Thaw UNI EN 12371'%; Flessive/ Compressive strength resistance
EN-1015-11"*). For this purpose, the project featured a variety of formulations, different both in the main
components and additives selected. In order to simplify the whole process, a block diagram is granted in

order to have a more complete view of the entire PhD and the choices that determined the sample series

(Fig.1).
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Figure 1 Block Diagram for the whole research project
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2.1 Binders

During the course of studies, different types of binders were studied to evaluate the best alternatives for the
development of new mortars and plasters, with particular attention on the resistance against freeze-thawing
and soluble salt crystallization. After the first experiments with premixed products by Mapei S.p.A, as
exposed before, the need for more natural materials was found, therefore, the following experimentations

of the research featured non-premixed mortars but more natural starting materials (Tab.1):

Table 1 listing of binder materials used during the project

Binder type | Name/Producer Characteristics
A premixed mortar powder for macroporous dehumidifying
plasters, free from cement, composed of natural hydraulic
Premixed Mape Antique Eco | lime (NHL 3.5 and NHL 5), natural sands, special additives
remixe
Risana, Mapei S.p.A | and microfibers. It is a mortar designed for indoor/outdoor
plastering, used on wet masonry walls containing water
soluble salts'®.
Mape-Antique Rinzaffo is a premixed cement-free rinzafto
Premixed Mape Antique composed of lime and Eco-Pozzolana, natural sands, special
remixe
Rinzaffo, Mapei S.p.A | additives and microfibers, which needs to be combined with
Mape-Antique MC'.
MC is a premixed mortar powder for macroporous
Mane Ani MC dehumidifying plasters, also free from cement, composed of
ape Antique ,
Premixed II)\/[ _ ;1 N lime and Eco-Pozzolana, natural sands, special additives and
apei S.p.
pet>-p microfibers, with very low emission of volatile organic
substances'¥’.
NHL 3,5; (Ca(OH),:15-65%; Ca,O,Si: 10-45%; CaCOs: 10-
White lime Lafarge
Natural 4096".
Hydraulic NHL Palladio Hazelnut-coloured lime suitable for interior and exterior
Lime decorative plasters, for use in the restoration sector as a binder
Grigolin and for dehumidifying applications'?.
Natural Hydrated Lime Hydrated lime super ventilated by Grigolin S.p.A (CaCOs> 98
Lime CL 80 Grigolin %). (CaO + MgO = 80%; average particles diameter 0.1pum)**.
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M . Ervdrated M ) Magnesia hydrated lime by Grigolin S.p.A, (CaCO3+MgCO;
agnestan ydrated Maghesian > 98%) (CaO + MgO = 85%, MgO = 30%; average particles
Lime Lime Grigolin ]
diameter 0.1um)™".
Hydrated lime paste by Fassa Bortolo S.r.l. Specific weight: ca.
Slaked Slaked lime Fassa
1.300kg/m?; average particle diameter inferior to 0,1mm
Lime Bortolo S.r.l
(CaCo3 < 4%)"2.
2.2 Aggregates/inert

For the production of different mortar formulations, different types of aggregates were chosen. The choice

of each was driven by the search for materials that were as little processed and or treated as possible, so as

not to influence the processes taking place during the setting and curing phases of the mock-ups.

2.2.1 Sand Ticino Vaga

The sand is part of the VAGA WET SANDS, siliceous aggregates washed, calibrated and dedusted for use

in mortars, concrete and bituminous conglomerates. Siliceous sand with Particle size from 0,1 mm to 0,9

mm (Category 0/1 mm according to EN 12620 "Concrete aggregates”; Category 0/1 mm according to EN

13139 "Mortar aggregates”)'*. Ideal for on-site preparation of finishing mortars and fine plaster; also used

in floriculture and nurseries and for all applications requiring extra-fine natural sand (Fig.2).

Figure 2 Package of Ticino VAGA siliceous sand’.
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2.2.2 Crushed brick powder “CBP”

The cocciopesto San Marco Terreal used as an inert aggregate in the production of samples was produced
starting from the grinding of terracotta bricks brand San Marco Terreal. The powder obtained has a particle

size of 0,1-0.2um.

2.3 Additives

In the experimental phase, three chemical saline growth inhibitors/modifiers were selected for testing:

Chitosan, DTPMP and Sodium-Ferrocyanide, whose characteristics are enlisted below (Tab.2).

Table 2 Product specifics for salt inhibitors/modifiers

Chitosan
HO Substance Poly(D-glucosam‘lr‘le)
B ) Deacetylated chitin
HO O
p OH Producer Sigma-Aldrich
00
OH NH> Formula C12H24N209
A
HO NH,
- —n » N. CAS 9012-76-4

Molecular weight:573.20; Off white to beige and faint brown to light brown appearance (powder/chips);
Deacetylation: = 75.0 % (Kjeldahl method); Viscosity: 200 - 800 cps'*“.

DTPMP - Dietylenetriaminepentakis

9 Substance Dietylenetriaminepentakis
P-OH
9 ( (I)H Y Producer Sigma-Aldrich
HO—E’—\ N N \/\N/—I?—OH
OH 9 k('? OH Formula C9H28N3015P5
P~OH P~OH
OH OH N. CAS 15827-60-8
145

Molecular weight:573.20; Yellow to very dark yellow to very dark brown appearance (liquid/viscous
liquid); Titration: ~ 50 % (Kjeldahl method); Refractive index N20/D: 1.468-1.478; Water content: ~ 35
%; Phosphorus 31 NMR Spectrum structure confirmed'®.
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Sodium-Ferrocyanide

N Sub Sodium Ferrocyanide
N |’| N ubstance decahydrate 298.0%
N ~
| Z i
// F e4.\\ 4Na* - 1 OH2 0 Producer Sigma-Aldrich
N= | ’ | SN Formula CG6FeNG6Na4 - 10H20
N 146 N. CAS 14434-22-1

Molecular weight: 484.06; Faint yellow to yellow appearance (powder/crystals); Redox Titration: > 98.0
% (Permanganate titration method); Chloride (Cl) < 0.20 %; Sulphate (SO4*) < 0.20 %'¥.

2.3.1 Metakaolin

Kaolin powder with a high degree of purity (98%) produced by Al.Fe Natura (Fig.3), was selected for the
production of metakaolin in a laboratory setting through the application of heat treatment, which involves
the calcination of kaolin clays within a specified temperature range. The thermal transformation of
kaolinite, which has been the subject of a substantial body of research, demonstrated that the heating and
cooling parameters, including temperature, heating and cooling rates, and environmental conditions, exert
a considerable influence on the dehydroxylation process. A review of the literature on metakaolin reveals
that the peak area of amorphous phase bands in the FTIR spectrum of kaolin calcined at 700 °C or 650 °C
for 30-60 minutes is greater than that obtained at 800 °C. Given that elevated temperatures result in the
formation of inert material, the decision was taken during this project to calcinate the kaolin in a muffle at

a temperature of 650°C for a total of 60 minutes.
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Figure 3 Package for kaolin powder used for calcination

2.4 Mock-ups Production

To ensure maximum reproducibility of the mock-ups, the mixtures have been mixed with a 120-mm triple
helix-whip, threaded shM14, mortar mixer paddle. The mixing of the components was carried out
following the scheme suggested by Mapei S.p.A to allow a homogeneous distribution of different

components, consisting of:
30 seconds mixing at slow speed » 30 seconds pause » 1 minute slow speed

This was chosen as it refers to an optimal methodology to ensure, thanks to the pause time, that every small
fraction of the powder is going to be well hydrated, establishing therefore, the optimal conditions for
producing good mortars. The second crucial moment in the production of mortars is the one following the
casting of the dough into the molds, the hardening phase of the mortar itself, which is distinguished in two
main moments: sezting and curing time. The setting time is the most delicate stage as the mortar, still liquid,
is undergoing carbonation. During this phase, the mortar develops most of its compressive strength, at the
end of which it can be removed from the moulds and handled, without risk of damage, to be placed in a
controlled space where it can spend the necessary curing time. It is therefore necessary to maintain a

controlled environment that presents the optimal conditions for the maturation of the dough. Below are
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enlisted the setting and curing time chosen for each batch of mock-ups, determined by multiple factors

such as the nature of the binder and the components used in the formulation (Tab.3).

Table 3 Series mock-up number, setting and curing time

Curing Time
Series ID | Mock-up number | Setting time (days+T°+RH%)

(days+T°+RH%)
Series 1 270 2 days (T:20°C; RH:95%) 28 days (T:20°C; RH:50%)
Series 2 350 2 days (T:20°C; RH:70%) 28 days (T:20°C; RH:50%)
Series 3 360 2 days (T:20°C; RH:70%) 90 days (T:20°C; RH:50%)
Series 4 120 2 days (T:20°C; RH:70%) 90 days (T:20°C; RH:50%)
Series S5 60 2 days (T:20°C; RH:70%) 90 days (T:20°C; RH:50%)

Both phases were monitored using an Omega OM-EL-USB-2-LCD data logger to signal considerable
fluctuations in temperature and humidity that could alter the two phases. Firstly, the choice to limit the
maturation phase to only 28 days for Series 1 and Series 2, was dictated by the characteristics of the binders
used, which take approximately 28 days to reach full maturity, and the need to combine the demand for
results, the quantity of samples to be produced and the time required for sequential analyses. Hydraulic
limes, as well as the products by Mapei, reach an acceptable degree of hardness in a relatively short time and
then continue to harden progressively over a much longer period. According to the general regulations for
cement mortar and concrete mixtures (ASTM International, 2025), 28 days of maturation are sufficient to
allow the mixture to develop 90% of its potential hardness. This ensures sufficient mechanical strength and
the development of optimal physicochemical properties for use in construction. The different

formulations proposed during the studies are outlined below:
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2.4.1 1* Set: “Mapei”

The first set of samples was produced from materials supplied by Mapei S.p.A. to which additives were
added, selected based on in-depth research of the most recent architectural studies. Therefore Chitosan
[(CcHuOuN)n], Diethylenetriamine-Penta/DTPMP  [CoH2sN301sPs] and  Sodium  Ferrocyanide
[NasFe(CN)¢] were selected on the basis of their ability to inhibit the attack of soluble salts on building
materials, or more specifically to reduce the adverse effects of the crystallization action of soluble salts from
seawater and marine aerosol within a porous material. Models of Mape Antique Eco-Risana (Natural
Hydraulic Lime) and Mape Antique Rinzaffo (both made with natural lime and pozzolan) mortars were
developed to verify their chemical and physical properties (Tab.4). They were produced in molds without
support to evaluate their properties in mass and with support to test their applicability on masonry. The
samples were then named ECO (for the Eco Risana models) and MC (for the combination of Rinzaffo and
MC models). Additives were included in the mortar recipe by replacing the amount of water expected for
the mixture with an aqueous solution in three different concentrations (0%, 0.5% and 1% by weight). As
for the rinzaffo/plaster combination (MC samples), the additive addition was performed only in the plaster
section. To improve their resistance to salt crystallization, DTPMP, Chitosan and Sodium Ferrocyanide
were used at different concentrations. In order to ensure an even distribution of the components, primarily
the anti-salting agents, the latter were added to the water used to mix the dry components. Two types of
aqueous solutions were then created, one at 0.5% and the other at 1% solubilized anti-salt product. In
particular, where DTPMP and sodium ferrocyanide had no problems dissolving, chitosan showed low
solubility. The problem was solved by adding 1 ml acetic acid and heating the aqueous solution to 30°C.

The solution was then allowed to cool before continuing with the mixing.

Tab 4. Composition for 15t Set mock-ups: "Mapei"

Mortar Code Mortar Composition (w?)

E 1/2/3 Mape antique Eco-Risana
E_CL05_1/2/3 Mape antique Eco-Risana + Chitosan (liquid) 0. 5%
E CL1 1/2/3 Mape antique Eco-Risana + Chitosan (liquid) 1%
E_CS05_1/2/3 Mape antique Eco-Risana + Chitosan (solid) 0.5%
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E_CS1_1/2/3 Mape antique Eco-Risana + Chitosan (solid) 1%
E_DO05_1/2/3 Mape antique Eco-Risana + DTPMP 0.5%

E D1 1/2/3 Mape antique Eco-Risana + DTPMP 1%
E_NFCNO0S_1/2/3 Mape antique Eco-Risana + Sodium Ferrocyanide 0,5%
E_NFCN1 _1/2/3 Mape antique Eco-Risana + Sodium Ferrocyanide 1%

RMC_1/2/3 Mape antique Rinzaffo + MC
RMC_CL05_1/2/3 Mape antique Rinzaffo + MC + Chitosan (liquid) 0.5%
RMC_CL1_1/2/3 Mape antique Rinzaffo + MC + Chitosan (liquid) 1%
RMC_CS05_1/2/3 Mape antique Rinzaffo + MC + Chitosan (solid) 0.5%
RMC_CS1_1/2/3 Mape antique Rinzaffo + MC + Chitosan (solid) 1%

RMC_D05_1/2/3 Mape antique Rinzaffo + MC + DTPMP 0.5%

RMC_D1 _1/2/3 Mape antique Rinzaffo + MC + DTPMP 1%
RMC_NFCNOS_1/2/3 Mape antique Rinzaffo + MC + Sodium Ferrocyanide 0,5%
RMC_NFCNI1_1/2/3 Mape antique Rinzaffo + MC + Sodium Ferrocyanide 1%

2.4.2 2™ Set: “Cocciopesto”

Natural hydraulic lime was the foundation of the second set, featuring lime and sand mortars (MS) added
eventually with brick powder (MSC) with the inclusion of chitosan and DTPMP. Chitosan [CcH1:O4N)n]
and DTPMP [CyHasN3015Ps] were selected as salt inhibitors, included inside the matrix in order to study
which properties would have been influenced and how. The addition of the two admixtures was performed
by replacing the mixing water with a 0.5%-0.25% aqueous solution of chitosan or DTPMP. Furthermore,
mixtures with chitosan in powder form at 0.5 and 0.25% admixture/binder were prepared. Sodium
Ferrocyanide [NasFe(CN)c] has not been re-proposed due to its incompatibility with the eco-sustainability

requirements. Following the results obtained during past studies, particular attention was given the
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different ratio between binder and aggregate, discovered to strongly influence both physical and
mechanical properties of mortars: a binding:aggregate ratio of 1:1 will result in a greater pozzolanic
reactivity of the mortar while a ratio of 1:3 will develop faster carbonation and faster setting times (Casadio
et al., 2005; Cazalla et al., 2000; Gameiro et al., 2014; Lawrence, 2006). The lime mortars were prepared by
mixing NHL and sand with a mass ratio of 1:2 meanwhile the cocciopesto mortars were prepared at a mass
ratio of 1:1.7:0.3 NHL/sand/CBP where the crushed brick powder worked as a substitute of the sand. A
total of 350 mock-ups were produced, with 25 replicas for each formulation. Tab.5 reports the names and

composition of the different formulations.

Tab 5. Composition for 29 Set mock-ups: "Cocciopesto”

Mortar Code Mortar Composition (w?)
LS _1/2/3 NHL + Sand (1:2)

LS_CL025_1/2/3 NHL + Sand (1:2) + Chitosan (liquid) 0.25%
LS_CL05_1/2/3 NHL + Sand (1:2) + Chitosan (liquid) 0.5%

LS _CS025_1/2/3 NHL + Sand (1:2) + Chitosan (powder) 0.25%
LS_CS05_1/2/3 NHL + Sand (1:2) + Chitosan (powder) 0.5%
LS_D025_1/2/3 NHL + Sand (1:2) + DTPMP 0.25%

LS D05 1/2/3 NHL + Sand (1: 2) + DTPMP 0.5%

LSC_1/2/3 NHL + Sand + Brick powder (1:1.7: 0.3)
LSC_CL025_1/2/3 NHL + Sand + Brick powder (1:1.7:0.3) + Chitosan (liquid) 0.25%
LSC_CL05_1/2/3 NHL + Sand + Brick powder (1:1.7:0.3) + Chitosan (liquid) 0.5%
LSC_CS025_1/2/3 NHL + Sand + Brick powder (1:1.7:0.3) + Chitosan (powder) 0.25%
LSC_CS05_1/2/3 NHL+ Sand + Brick powder (1:1.7:0.3) + Chitosan (powder) 0.5%

LSC_D025_1/2/3 NHL + Sand + Brick powder (1:1.7:0.3) + DTPMP 0.25%
LSC_DO05_1/2/3 NHL + Sand + Brick powder (1:1.7:0.3) + DTPMP 0.5%
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2.4.3 3" Set: “Metakaolin”

Given that a binding:aggregate ratio of 1:1 will result in a greater pozzolanic reactivity of the mortar while
a ratio of 1:3 will develop faster carbonation and faster setting times, this time the mock-up products will
feature different binding:aggregate ratio to determine which is the most suitable in terms of durability and
performance. The focus of this set was to characterize and study the performance of some past formulations
known as "Porcelain” mortars and "Magnesian" mortars. The literature on these subjects is poorly detailed,
leaving only small quotations about their composition or the field applications that distinguished them.
Both were, however, primarily known for their high resilience in high humidity environments such as spas
or port areas. Accordingly, it was decided to formulate on the basis of the collected notions “Porcelain”
mortars (based on lime, sand and metakaolin) and “Magnesian” mortars (based on magnesian lime and
sand) on the various lime/sand ratios mentioned above and illustrated below (Tab.6). Regarding
metakaolin powder, it was decided to produce the latter directly in the laboratory by altering the available
kaolin powder. The addition of the metakaolin was then performed by replacing the partial weight of lime

in increasing ratios, starting from 0.1, 0.2 and 0.3.

Tab 6. Composition for 3° Set mock-ups: "Metakaolin"

Mortar Code Mortar Composition

L1S1_1/2/3 Natural lime + Sand (1:1)
L09S1MO01_1/2/3 Natural lime + Sand + Metakaolin (0.9:1:0.1)
L08S1IM02_1/2/3 Natural lime + Sand + Metakaolin (0.8:1:0.2)
L07S1MO03_1/2/3 Natural lime + Sand + Metakaolin (0.7:1:0.3)

L1S2_1/2/3 Natural lime + Sand (1:2)
L09S2MO01_1/2/3 Natural lime + Sand + Metakaolin (0.9:2:0.1)
L08S2M02_1/2/3 Natural lime + Sand + Metakaolin (0.8:2:0.2)
L07S2M03_1/2/3 Natural lime + Sand + Metakaolin (0.7:2:0.3)

L1S3 1/2/3 Natural lime + Sand (1:3)
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LO9S3MO01_1/2/3

LO8S3M02_1/2/3

L07S3M03_1/2/3

ML1S1_1/2/3

MLO09S1MO01_1/2/3

MLO8S1IMO02_1/2/3

ML07S1MO03_1/2/3

ML1S2_1/2/3

ML09S2M01_1/2/3

MLO08S2M02_1/2/3

ML07S2MO03_1/2/3

MIL1S3_1/2/3

MLO09S3M01_1/2/3

MLO8S3MO02_1/2/3

MLO0783M03_1/2/3

Natural lime + Sand + Metakaolin (0.9:3:0.1)
Natural lime + Sand + Metakaolin (0.8:3:0.2)
Natural lime + Sand + Metakaolin (0.7:3:0.3)
Magnesian lime + Sand (1:1)
Magnesian lime + Sand + Metakaolin (0.9:1:0.1)
Magnesian lime + Sand + Metakaolin (0.8:1:0.2)
Magnesian lime + Sand + Metakaolin (0.7:1:0.3)
Magnesian lime + Sand (1:2)
Magnesian lime + Sand + Metakaolin (0.9:2:0.1)
Magnesian lime + Sand + Metakaolin (0.8:2:0.2)
Magnesian lime + Sand + Metakaolin (0.7:2:0.3)
Magnesian lime + Sand (1:3)
Magnesian lime + Sand + Metakaolin (0.9:3:0.1)
Magnesian lime + Sand + Metakaolin (0.8:3:0.2)

Magnesian lime + Sand + Metakaolin (0.7:3:0.3)

2.4.4 4™ Set: “Grigolin”

The fourth set of mock-ups concerns the evaluation of possible mortar solutions contextualized in an
environment with high humidity and heavy capillary rise. The chosen formulations this time cover
different types of limes, starting from traditional, magnesian and natural hydraulic limes that have been
combined with sand and additionally brick powder to enhance their pozzolan properties. All samples have
been left setting and cured for a total of 90 days in a controlled environment (Tab.7). This part of the
project focuses on the formulation and subsequent analysis of mortars that have as their main purpose a
good yield and mechanical resistance in a humid environment as well as good resistance against soluble salts.
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The main conditions that have influenced the formulation regard the workability of the dough, as it must
demonstrate excellent grip and hardening skills without being affected by the presence of a high relative
humidity index (HR) and capillary rise. Secondly, the mortar matrix is expected to mature over time, and
demonstrate high resistance against efflorescences and sub-efflorescences, even if exposed to conditions
that are not entirely favorable, such as the constant presence of humidity both in the environment and in
the wall support. These formulations include past formulations and new propositions to be investigated.
The selection fell on different materials such as Palladio NHL by Grigolin S.p.A, a natural hydraulic mortar
which is indicated for humid environments which was also not treated with additional products, and a
proposition in terms of inert components: the hollow glass microspheres. These, in particular was inspired
by its use in the construction field, where the addition of hollowed microspheres provides excellent
breathability to paints or finishing plasters, thereby counteracting the growth of mould or efflorescence

due to the presence of soluble salts (Tab.7).

Tab 7. Composition for 4 Set mock-ups: “Grigolin”

Mortar Code Mortar Composition (binder+inhert+additive)
L1S1.7C0.3_1/2/3 Lime\Sand\Brick Powder (1:1.7:0.3)
ML1S§1.7C0.3_1/2/3 Magnesian Lime\Sand\Brick Powder (1:1.7:0.3)
1.1S0.7C0.3_1/2/3 Lime\Sand\Brick Powder (1:0.7:0.3)
NHL1S0.7C0.3_1/2/3 NHL (Lafarge)\Sand\Brick Powder (1:0.7:0.3)
PL1S3_1/2/3 NHL (Grigolin)\Sand (1:3)
NHLIS3HGMS_1/2/3 NHL (Lafarge)\Sand\HGMS (1:3:0.07)
NHLIS3HGMSD_1/2/3 NHL (Lafarge)/Sand/HGMS (1:3:0.07) +40ml DTPMP
NHL1S3HGMSCL _1/2/3 NHL (Lafarge)/Sand/HGMS (1:3:0.07) +20ml Chitosan (liquid)
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2.4.5 5" Set: “HGMS”

The fifth and last set features NHL and Slaked lime-based mortars combined with different types of
additional inert materials. Crushed brick powder (CBP), along with the newly introduced hollow glass
microspheres (HGMS) were the two inert additions chosen for this batch of mock-ups. In specific,
Although the pozzolanic properties given by brick dust are now common knowledge, the same cannot be
said for HGMS, spherical bubbles of thin-walled amorphous glass, that are approximately 50 microns in
size, with a really low-density value. This last phase of the study therefore aims to study and compare the
properties of the two aggregates added, verifying, as before, their durability and resistance against moisture

and soluble salts (Tab.8).

Tab 8. Composition for Set n°5 "HGMS" mock-ups

Mortar Code Mortar Composition
SLS_1/2/3 Slaked Lime/Sand (1:3)
SLSH_1/2/3 Slaked Lime/Sand/HGMS (1:3:0.07)
SLSC_1/2/3 Slaked Lime/Sand/CBP (1:2.7:0.3)
SLSCH_1/2/3 Slaked Lime/Sand/CBP/HGMS (1:2.7:0.3:0.07)
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2.5 Analytic Techniques and Methodologies

2.5.1 Fresh Mortar Evaluation

Fresh evaluation is a critical aspect of mortar testing, due to the importance of the characteristics of the
dough once it has been mixed. There are multiple characteristics that need to be mentioned and the

workability is probably one of the most important as it determines how easy it is to work.

2.5.1.1 Consistency Variation

The mortar's consistency was determined by using a Tecnotest manual flow table to study the fresh
mixtures according to EN 1015-3 (Fig.4). The variation in consistency over time was observed by
performing three repetitions at t = 0, t = 30, and t = 60 min. The purpose of these examinations on fresh
products is to spot any potential issues with the workability and other physical properties of every

formulation.

The flow value is determined by measuring the mean diameter of a test sample. The bulk sample of fresh
mortar is reduced to a minimum sample size of 1.5 liters. Where the flow of dry mortars is being measured,
these should be mixed with water in accordance with BS EN 1015-2*>**%, The test procedure involves
placing the mould (60mm in height, internal diameter : base 100mm - top 70mm) in the center of the flow
table and filling it in two layers, each layer being tamped ten times with the tamper. The mould must be
held firmly in place. Excess mortar is removed from the top of the mould with a palette knife and the area
around the base cleaned with a cloth. Approximately 15 seconds is allowed to elapse, and the mould is then
removed and the table is jolted 15 times at a rate of one jolt per second. The diameter of the spread mortar
is measured in two directions at right angles to each other using calipers, with both results being

reported ">,
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Figure 4 Shock table used for the test

2.5.1.2 Specific weight Variation

The EN-1015-6"* specifies a method for determining the bulk density of fresh mortars including those
containing mineral binders and both dense and lightweight aggregates. The bulk density of mortar is
determined by calculating the mass of dough contained in a measuring vessel, a pycnometer. There are
different standard methods given for filling and compacting the mortar within the calibrated container.

The method used depends upon the consistency of the fresh mortar as determined by the flow table test:

1. Flow value less than 140mm (stiff mortar) - Vibration method
The calibrated container is filled to overflowing with mortar using a scoop, then placed on a
vibrating table and vibrated until no further settlement of material is seen. Extra material can be
added if necessary. The container is then weighed to an accuracy of 1 gram.

2. Flow value between 140mm and 200mm (plastic mortar) - Shock method
The calibrated container is filled with mortar to approximately half its height using a scoop. It is
then tilted about 30mm on alternate sides and allowed to fall ten times onto a solid base. Where the
mortar contains an air entraining admixture the number of shocks is reduced to five. The container
is then filled to overflowing and the shock compaction repeated. The container is then weighed to

an accuracy of 1 gram.
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3. Flow value greater than 200mm (soft mortar)
The calibrated container is filled with mortar using a scoop until it is overflowing. The container
edges are wiped clean with a damp cloth and the container weighed to an accuracy of 1 gram. The

148,

bulk density pm in kg/m3 is calculated by use of the formula'**:

m; —my
pm =———

m,; = mass of empty container
m, = mass of container plus mortar

V. = volume of container

2.5.2 Hardened Mortar Evaluation

Meanwhile the fresh mortar evaluation focuses on characteristics which mainly affect the application of
the product, the hardened ones are meant instead to describe the behavior of the mortar once the setting
and curing time have passed. Properties such as the capillary water absorption, the water vapor permeability
and freeze-thaw test in particular focus on the behavior of the mock-ups towards water, which is one of the
most critical agents of decay when it comes to building materials. Other properties, such as flessive and
compressive strength are related to the mechanical performance of the hardened mortar and finally the
soluble salt resistance, one of the main focus of the project, regarding the resistance of the samples against

the action of salt!3*-134,

2.5.2.1 Capillary water absorption

The normative provided for the analysis of capillary water absorption on mortar specimens in UNI EN-
15801 (2010)**. This evaluation measures the water absorbed by a porous building material when put in
contact with a supplier of deionised water for surface and time unit. The dry specimens, with a prismatic
shape in the range of (3/5/5 cm), are placed on top of absorbent paper blocks one centimetre high. The

weight measurements were made at predetermined intervals, buffering the excess water from the bottom
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of the sample with a cloth. The water absorption is then calculated through the next formula expressed in
mg/cm?:

_ (m1—m0)

X1
2 000

Qi
Where mi= specimen mass (mg) at time ti (Vs); mO = mass of the dry specimen (mg); A= surface area of the
wet side. The capillary absorption coefficient, defined as the coefficient of the absorption curve in the first
linear part, is calculated by linear interpolation of the experimental data. The average of three specimens

was considered!3°.

Figure 5 Mock-ups undergoing capillary absorption test
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2.5.2.2 Water vapor Permeability

The UNI-EN-1015/19"" measures the quantity of water vapor that flows, in unit of time, for a surface
unity in standard environmental conditions, through a sample whose sizes are known. The procedure for
this test method involves the production of specimens that are exposed to water vapor pressure, with the
rate of moisture transfer determined by the change in mass. Test specimens consisting in a square layer of
mortar (10-30mm thick and slightly larger in diameter than the cups) are placed, after curing, in the test
cups and the edges sealed with an impermeable sealant, which remains constant in mass under the test
conditions (Fig.6). The cups are manufactured so that the test specimen is held on a ledge below which the
chemical solution is placed as there must be an air gap of 10mm + Smm between the test specimen and the
chemical solution. The test cups are then placed in the curing chamber at a temperature of 20°C + 2°C and
at a relative humidity of 50% + 5%. The cups are weighed at intervals and a graph drawn plotting time
against mass. If three points can be placed on a straight line, the quantity of water vapor passing through

the test specimen is taken to be constant'".

Figure 6 Mock-ups inside the climate chamber for ensuring the controlled environment
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2.5.2.3 Freeze/Thaw Resistance

Freeze and Thaw resistance is meant to evaluate the capacity of the mortar formulation to sustain damage
caused by the inner crystallization of water molecules inside the matrix. This test is run by alternating
multiple cycles of freezing and thawing in water mock-ups and recording their weight and appearance
variation'*’. Each cycle is characterized by a six hours long thawing period, undergone in air and a thawing
period where the mock-ups are immersed in water (Fig.7). Cycles must be repeated until mock-ups are
manually removed or the chosen number of cycles is reached. At the end of each cycle it is necessary to
evaluate the mock-ups through an identification test and a weight variation test. While the second is meant
to show the weight variation along the multiple cycles the first is mainly related to the visual evaluation of

the single mock-up on a scale from 1 to 5:

0. Mock-up is intact.

1. Minor damages (smoothing of the edges and angles that do not compromise the integrity of the
mock-up).

2. One or more minor cracks (<0,1mm wide) or the detachment of small fragments (<0,1mm? for
each).

3. One or more cracks, holes ad detachment of bigger fragments than point n°2 or alteration on the
mock-up’s veining.

4. Mock-up is broken in one or more big cracks.

5. Mock-ups is in pieces or disintegrated.
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Figure 7 Mock-ups undergoing freeze/thaw cycles

2.5.2.4 Soluble Salt Resistance

This test (EN 12370:2010'%?) is representative of a context in which the masonry is subject to capillary rise,
thusleading to the inflow of saline solutions within the same. After drying to a constant mass, the test pieces
are immersed in a 14% sodium sulphate solution and then dried in a ventilated oven (105+5) °C and finally
cooled. This sequence describes a test cycle which is repeated 15 times, measuring the percentage change in

mass.

M —M
uxloo

AM =
My

M, the mass of the dried sample (g).
M. the mass of the dried sample with label before the first cycle (g).
M, is the mass of the dried sample with label after 15 cycles (g).

AM is the relative difference in mass before and after the test as a percentage.
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The failure or fracture of the test piece during the test shall be repaired together with the number of
completed test cycles, all shall be complete with photographic documentation of the initial and final

conditions'** (Fig.8).

Figure 8 Cured cubic mock-ups used for the resistance to soluble salts test

2.5.2.5 Flessive/Compressive Strength

In order to assess mortars from a purely mechanical point of view, specific tests must be carried out. This
type of evaluation involves subjecting the specimens to mechanical stresses that stress certain properties of
the mortar, which will then determine the type of field application (i.e. the characteristics that distinguish
a mortar for decorative or structural use)"*. For these tests, prism mock-ups shall be produced, with
dimensions of 160mm x 40mm x 40mm. Prior to use, molds are wet with a thin layer of lubricating oil.
After setting, the prims are removed from the molds and cured for the specified time (28 days for premixed
mortars, 90 days for non-premixed mortars). A testing machine is then used for this evaluation, with
supports depending on the type of test. For the determination of Flessive module, the machine shall have
two steel supports of 25mm x SOmm x S0mm, spaced 100mm * 0,5mm apart and a third steel support of
the same dimensions as the others, inserted in the descending arm of the mechanical press, located centrally

between the other two supports. The three vertical planes through the axes of the three supports shall be
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parallel and remain parallel, equidistant and normal to the direction of the prism under test. The flexural
strength of a hardened mortar is therefore determined by three-point loading of the prism specimen. On
the specimen’s failure and breakage, recorded as maximum MPa sustained before breakage, the compressive
strength can be determined on each half of the prism. By replacing the previous press supports with two
same sized circular supports, one lower and one upper, the prism pieces are therefore crushed and the
compressive force module evaluation will correspond to the maximum pressure value (MPa) sustained by
the sample before failure. In both cases, the instrumentation will produce a MPa/sec graph showing the

development of the material’s structural resistance over time under constant mechanical pressure!>*!*

(Fig.9).

Figure 9 Mock-up undergoing compressive strength resistance evaluation with additional (side) probe for
monitoring its integrity
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Chapter 3. Results

As described in the Synopsis section of this thesis, Chapter 3 will report the analysis and evaluation of the
cumulative analytical results of the three years of mortar experimentation. A more in-depth discussion of

the aforementioned can be found in Chapter 4.

As illustrated above, this thesis reports the research on different types of limes, from which various
formulations of mortars were devised with the objective of high durability and resistance to degradation
agents, in particular the action of soluble salts, frequently found in maritime or marshy environments.
Specifically, each formulation, as shown in the block diagram (Fig.1) will be analyzed from a physical and

application point of view with a distinction between the fresh mortar and hardened mortar phases.

3.1 Fresh mortar evaluation

As illustrated in Section 2, the samples produced were mixed with different types and quantities of additives
to modify their physical and mechanical properties. This section is concerned with illustrating the results
regarding the characteristics of the mixes from the time of their production until they are poured in the
molds. During this time, three main properties were studied: the adhesion on a sloping support, the
variation of the specific weight, and the consistency of the dough. These are the main characteristics useful
to characterize a freshly mixed mortar from an application point of view. They originate from the rheology
of the mix itself and are directly related to the nature and quantity of the additives incorporated during the
mixing phase. Since we are orienting these mixtures towards a reality such as the conservation of
architectural heritage, it goes without saying that a solid prerogative of each formula is to result in a mixture
that is easy to spread, demonstrates optimal adhesion even on vertical or sloping walls, and is self-sufficient
in the setting phase, i.c., that does not require particular attention to environmental conditions during

application.

In the first phase of the study, the Chitosan (dissolved or dispersed), DTPMP, and Na.Fe(CN)¢ (0.5%-1%)
were the first to be mixed with Mapei S.p.A. pre-mixed mortars. Concerning the spreading property of
fresh mortars (Ch.2.5.1), the solutions of in water dissolved Chitosan, DTPMP, and sodium ferrocyanide
had fairly evident effects on the rheology of the formulations (Tab.9). Chitosan and sodium ferrocyanide
share the ability to make the mixes denser and often difficult to spread effectively at high concentrations,

except for the dry chitosan, as demonstrated by the consistency variation section of the table below (Tab.9).
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About Chitosan in aqueous solution, as reported in Chapter 2, it was dissolved in an acidic environment
with acetic acid, and this produced a weakly acidic and viscous solution (pH 6.5), in direct proportion to
the concentration of the additive itself. When these solutions come in contact with the basic binders in
water are neutralized. This causes the formation of a hydrogel-like precipitate, first reported by Chenite et
al., 2001', which is why the re-basification of the environment due to the presence of calcium hydroxide
(Ca(OH),) and the viscous nature of the aqueous solution itself was held responsible for the thickening
effect of the additive on the fresh dough. The presence of Chitosan in the liquid or dissolved phase and
ferrocyanide do not appear to have influenced the evaluation of the density and their respective changes
over time (Tab.9). The formulations containing DTPMP, on the other hand, made the dough more liquid
and less compact even at low concentrations. DTPMP is a phosphonic acid, used among other applications,
in the construction industry, and it can act as a retardant, as it can form complexes with various Ca**, Na*,
K, etc. cations, and consequently, is able to delay the setting time of the mortar compared to normal,
making the mix more workable and fluid". The high concentrations of DTPMP used in the aqueous
solution, with particular reference to the first series of samples (0.5%-1%), resulted in excessive fluidization
of the dough, making it difficult to handle at times due to its consistency but proved to be lighter than
normal doughs, as evidenced by the ‘Specific weight’ section of the table (Tab.9). Sodium ferrocyanide had
no other effects on the freshly mixed doughs except a slight increase in the consistency of the fresh dough.
However, given the aim of making the mortars more environmentally sustainable, it was decided not to
investigate it further during the project, even considering the sodium ferrocyanide’s low toxicity, since
ferrocyanides tend not to release free cyanide*”>'"'5%, Although it is not a mutagenic substance, it may
generate irritation through indigestion, inhalation, or skin contact. Thus, leading to its exclusion from

further applications during the project.

The moderate use of the solution of Chitosan, Chitosan flakes and DTPMP in half the previous
concentration, took place in the second series samples, based on natural hydraulic lime. As proof of the
aforementioned results, even when combined with non-premixed mortars and in lower concentrations
(0.25%-0.5%), a water solution of chitosan can concretely reduce the fluidity of the mortar. Chitosan left
in flakes does not affect the variation of the mortar's consistency, producing spreading measures similar to
mortar without additives, although slightly increasing its specific weight like the dough mixed with the
solution of dissolved chitosan. DTPMP itself, albeit in smaller quantities, increased the fluidity of the

mixes, making them more workable, easier to spread and compact in the molds. Aware of the properties of
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Chitosan and DTPMP solutions, their concentration was decreased and maintained at minimal amounts

in subsequent compositions, not to alter the fresh mixtures’ workability. This is the case of the latest series,

Series S, which featured an additional product to the mixture of lime (NHL) and sand: the hollow glass

microspheres (NHL1S3HGMSD_1/2/3). As proof of the results obtained previously, the presence of

DTPMP in the series 4 composition resulted in a moderately viscous dough, which was initially slightly

fluid and then became more compact one hour after mixing. Chitosan added to series 4, on the other hand,

produced a dough with a quicker hardening even when added in small quantities, as demonstrated by the

reduced mortar spread during slump test (NHL1S3HGMSCL_1/2/3) (Tab.9).

Table 9 Mock-up composition, consistency variation (slump diameter) and apparent density evaluation;

Mock-up Mixture ID
- Code (number of

specimens replicates)

Mock-up Composition

Consistency A
Slump diameter

(cm)

A Specific
weight

Thixotropic

test (cm)

Series 1

E_1/2/3

EcoRisana(Mapei)

160/160/120
A:146,66 var:-
25,00%

1,32£0,06

E_CL05_1/2/3

EcoRisana(Mapei)_LiquidChitosan(0,5%)

130/120/100
A:116,66 var:-
23,07%

1,33+0,06

E CL1_1/2/3

EcoRisana(Mapei)_LiquidChitosan(1%)

120/110/110
A:113,33 var:-
8,33%

1,33+0,07

E_CS05_1/2/3

EcoRisana(Mapei)_SolidChitosan(0,5%)

140/135/125
A:133,33 var:-
10,71%

1,29+0,07

E_CS1_1/2/3

EcoRisana(Mapei)_SolidChitosan(1%)

135/135/120
A:130,00 var:-
11,11%

1,3£0,07
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E D05 1/2/3

EcoRisana(Mapei) DTPMP(0,5%)

140/160/150
A:150,00
var:7,14%

1,16£0,03

E_ D1 _1/2/3

EcoRisana(Mapei) DTPMP(1%)

150/150/140
A:146,66 var:-
6,66%

1,22+0,02

E_NFCNO05_1/2/3

EcoRisana(Mapei) Na4Fe(CN)6-H20(0,5%)

120/115/110
A:115,00 var:-
8,33%

1,33+0,09

E_NFCN1_1/2/3

EcoRisana(Mapei)_Na4Fe(CN)6-H20(1%)

120/120/100
A:113,33 var:-
16,66%

1,35+0,10

RMC_1/2/3

RinzaffoMC(Mapei)

130/120/115
A:121,66 var:-
11,53%

1,91£0,07

4,5

RMC_CL05_1/2/3

RinzaffoMC(Mapei)_LiquidChitosan(0,5%)

115/115/100
A:110,00 var:-
13,04%

1,98+0,07

RMC_CL1_1/2/3

RinzaffoMC(Mapei)_LiquidChitosan(1%)

110/110/100
A:106,66 var:-
9,09%

2,05%0,09

RMC_CS05_1/2/3

RinzaffoMC(Mapei)_SolidChitosan(0,5%)

130/125/120
A:125,00 var:-
7,69%

1,98+0,06

RMC_CS1_1/2/3

RinzaffoMC(Mapei)_SolidChitosan(1%)

130/120/115
A:121,66 var:-
11,53%

1,98+0,06

RMC_D05_1/2/3

RinzaffoMC(Mapei)_DTPMP(0,5%)

155/150/145
A:150,00 var:-
6,45%

1,39+0,01

RMC_D1_1/2/3

RinzaffoMC(Mapei) DTPMP(1%)

160/160/150
A:156,66 var:-
6,25%

1,6%0,06
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RMC_NFCNO5_1/2/
3

RinzaffoMC(Mapei)_Na4Fe(CN)6-H20(0,5%)

130/125/120
A:125,00 var:-
7,69%

1,91+0,07

RMC_NFCN1_1/2/3

RinzaffoMC(Mapei)_Na4Fe(CN)6-H20(1%)

130/130/115
A:125,00 var:-
11,53%

1,93+0,07

Series 2

LS_1/2/3

LimelSand2

190/190/180
A:186,66 var:-
5,26%

1,95+0,08

LS_CL025_1/2/3

Lime1Sand2_LiquidChitosan(0,25%)

160/160/150
A:156,66 var:-
6,25%

1,99+0,09

LS_CL05_1/2/3

Lime1Sand2_LiquidChitosan(0,5%)

160/150/145
A:151,66 var:-
9,37%

2,02+0,07

4,5

LS_CS025_1/2/3

Lime1Sand2_SolidChitosan(0,25%)

190/190/180
A:186,66 var:-
5,26%

1,98+0,07

LS_CS05_1/2/3

Lime1Sand2_SolidChitosan(0,5%)

190/190/180
A:186,66 var:-
5,26%

2,00£0,08

4,5

LS D025 1/2/3

Lime1Sand2_DTPMP(0,25%)

250/250/240
A:246,66 var:-
4,00%

1,7510,02

LS_Do05_1/2/3

LimelSand2_DTPMP(0,5%)

270/270/260
A:266,66 var:-
3,70%

1,43£0,02

LSC_1/2/3

LimelSand2_CrushedBrickPowder

200/200/190
A:196,66 var:-
5,00%

2,07%0,08

5,5
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LimelSand2_CrushedBrickPowder_LiquidChit

160/160/150

LSC _CL025 _1/2/3 A:156,66 var:- 2,11+0,09 5
osan(0,25%)
6,25%
160/150/145
LimelSand2_CrushedBrickPowder_LiquidChit
LSC_CLO05_1/2/3 A:151,66 var- | 2,14%0,07 5
osan(0,5%)
9,37%
190/190/180
LimelSand2_CrushedBrickPowder_ SolidChito
LSC_CS025_1/2/3 A:186,66 var:- 2,13£0,08 5
san(0,25%)
5,26%
190/190/180
LimelSand2_CrushedBrickPowder_SolidChito
LSC_CS05_1/2/3 A:186,66 var:- | 2,13£0,09 5
san(0,5%)
5,26%
250/250/240
LimelSand2_CrushedBrickPowder DTPMP(0,
LSC D025 _1/2/3 25%) A:246,66 var:- 1,8710,02 4,5
’ 4,00%
270/270/260
LimelSand2_CrushedBrickPowder DTPMP(0,
LSC D05 _1/2/3 S%) A:266,66 var:- 1,55£0,02 4,5
’ 3,70%
Series 4
135/132,5/120
NHL1S3HGMS 1/2/
3 NHL1Sand3MicrospheresS0g A:129,16 var:- 1,7040,02 5
11,11%
200/185/150
NHL1S3HGMSD 1/
2/3 NHL1Sand3Microspheres50gDTPMP40g A:178,33 var:- 1,68%0,01 6,5
25,00%
127/130/120
NHL1S3HGMSCL 1
12/3 NHL1Sand3MicrospheresS0gChitosan20g A:125,66 var:- 1,73+0,03 5
5,51%
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Crushed brick powder (CBP), also known as brick waste in most studies, is a remarkable additive to the
building and research sector as it is capable of enhancing the mechanical resistance and hydraulic properties
of the traditional lime mortars>*'5*'¢!, In the application of fresh mixture, as studied in this project, CBP
is also able to enhance the workability of the mixture, demonstrating slightly higher spreading values than
mortars without it'**'® (Tab.10). The presence of other additives, too, influenced the dough workability,
except for the chitosan flakes who didn’t show any considerable effect. As seen previously in Tab.9 chitosan
in liquid solution tends to thicken the dough making it less easy to spread, while DTPMP on the other

hand, is able to produce very smooth mixtures, which makes casting in molds and removing residual air

bubbles much easier (Tab.10).

Table 10 Mock-up composition, consistency variation and apparent density evaluation related to
“cocciopesto “mortars;

Series 2
Mock-up Mixture
ID - Code (number . Consistency A Slump | A Specific | Thixotropic
) Mock-up Composition . .
of specimens diameter (cm) weight test (cm)
replicates)
190/190/180
LS 1/2/3 LimelSand2 1,95+0,08 5
A:186,66 var:-5,26%
160/160/150
LS CL025_1/2/3 LimelSand2_LiquidChitosan(0,25%) 1,9940,09 5
A:156,66 var:-6,25%
160/150/145
LS _CL05_1/2/3 LimelSand2_LiquidChitosan(0,5%) 2,02+0,07 4,5
A:151,66 var:-9,37%
190/190/180
LS_CS025_1/2/3 LimelSand2_SolidChitosan(0,25%) 1,98+0,07 5
A:186,66 var:-5,26%
190/190/180
LS CS05_1/2/3 Lime1Sand2_SolidChitosan(0,5%) 2,00+0,08 4,5
A:186,66 var:-5,26%
250/250/240
LS _D025_1/2/3 LimelSand2_DTPMP(0,25%) 1,7540,02 4
A:246,66 var:-4,00%
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270/270/260
LS _DO05_1/2/3 LimelSand2_DTPMP(0,5%) 1,43£0,02 4
A:266,66 var:-3,70%
200/200/190
LSC_1/2/3 LimelSand2_CrushedBrickPowder 2,07£0,08 5,5
A:196,66 var:-5,00%
LSC_CL025_1/2/ | LimelSand2_CrushedBrickPowder_Liquid 160/160/150 5 11£0.09 s
3 Chitosan(0,25%) A:156,66 var:-6,25% T
LimelSand2_CrushedBrickPowder_Liquid 160/150/145
LSC_CL05_1/2/3 2,14+0,07 5
Chitosan(0,5%) A:151,66 var:-9,37%
LimelSand2_CrushedBrickPowder SolidC 190/190/180
LSC_CS025_1/2/3 2,130,08 5
hitosan(0,25%) A:186,66 var:-5,26%
LimelSand2_CrushedBrickPowder SolidC 190/190/180
LSC_CS05_1/2/3 2,13+0,09 5
hitosan(0,5%) A:186,66 var:-5,26%
LimelSand2_CrushedBrickPowder DTPM 250/250/240
LSC_D025 _1/2/3 1,87+0,02 4,5
P(0,25%) A:246,66 var:-4,00%
LimelSand2_CrushedBrickPowder DTPM 270/270/260
LSC_DO05_1/2/3 1,55£0,02 4,5
P(0,5%) A:266,66 var:-3,70%

The following results concern instead mortars based on carbonate and magnesium lime combined with
different percentages of metakaolin (Tab.11). Prior to the 90 days of curing, instead of the 28 days of
previous series, the samples were evaluated as usual on fresh mortar properties in order to determine the
metakaolin influence on the dough consistency and sp.weight. The presence of metakaolin produced easily
spreadable dough whose fluidity appeared proportional to the amount of metakaolin substituted to the
lime. For samples based on traditional lime (LxSx_series, Tab.11), the specific weight shows a slight increase
when in presence of metakaolin in combination with the increasing lime:sand ratio, but increasing the
amount of metakaolin per se does not produce changes. The same could not be said for magnesian lime
based mortars where, neither the changes in additive amount nor the variation of binder:aggregate seems
to produce a distinguishable trend. The exceptions though, are represented by ML09S3MO01_1/2/3,
MLO08S3M02_1/2/3, ML07S3M03_1/2/3 where the specific weight shows lower values than the
expected, probably due to an measuring error (Tab.11).
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Table 11 Mock-up composition, consistency variation, and apparent density evaluation related to Metakaolin

mortars;

Series 3

Mock-up Mixture ID

Consistency A Slump | A Specific | Thixotropic
- Code (number of Mock-up Composition . .
diameter (cm) weight test (cm)
specimens replicates)
160/145/130 A:145,00
L1S1_1/2/3 LimelSand1 1,66%0,01 7
var:-18,75%
147/140/137 A:141,33
L09S1IMO01_1/2/3 Lime09Sand1_Metakaolin01 (0.9:1:0.1 wt.) 1,72£0,02 6
var:-6,80%
155/147/140 A:147,33
L08S1IMO02_1/2/3 Lime08Sand1_Metakaolin02 (0.8:1:0.2 wt.) 1,74£0,00 6
var:-9,68%
147/140/137 A:141,33
L07S1M03_1/2/3 Lime07Sand1_Metakaolin03 (0.7:1:0.3 wt.) 1,73£0,02 6
var:-6,80%
160/145/130 A:145,00
L1S2_1/2/3 LimelSand2 1,82+0,01 5
var:-18,75%
147/140/137 A:141,33
L09S2MO01_1/2/3 Lime09Sand2_Metakaolin01 (0.9:2:0.1 wt.) 1,84+0,02 5
var:-6,80%
155/147/140 A:147,33
L08S2M02_1/2/3 Lime08Sand2_Metakaolin02 (0.8:2:0.2 wt.) 1,86%0,02 5
var:-9,68%
166/150/147 A:154,33
L07S2M03_1/2/3 Lime07Sand2_Metakaolin03 (0.7:2:0.3 wt.) 1,85+0,02 5
var:-11,44%
160/145/130 A:145,00
L1S3_1/2/3 LimelSand3 1,91£0,03 5
var:-18,75%
166/150/147 A:154,33
L09S3MO01_1/2/3 Lime09Sand3_Metakaolin01 (0.9:3:0.1 wt.) 1,94+0,02 5,5
var:-11,44%
155/147/140 A:147,33
L08S3M02_1/2/3 Lime08Sand3_Metakaolin02 (0.8:3:0.2 wt.) 1,91+0,03 5,5
var:-9,67%
166/150/147 A:154,33
L07S3M03_1/2/3 Lime07Sand3_Metakaolin03 (0.7:3:0.3 wt.) 1,95+0,01 5

var:-11,44%
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132/142/130 A:134,66
ML1S1_1/2/3 MagnesianLimelSand1 2,29+0,02 7
var:-1,52%
MagnesianLime09Sand1_Metakaolin01 150/142/137 A:143,00
MLO09S1MO01_1/2/3 2,27+0,03 S
(0.9:1:0.1 wt.) var:-8,67%
MagnesianLime08Sand1_Metakaolin02 145/135/150 A:143,33
ML08S1IMO02_1/2/3 2,30£0,02 5
(0.8:1:0.2 wt.) var:+3,45%
MagnesianLime07Sand1_Metakaolin03 150/147/142 A:146,33
ML07S1MO03_1/2/3 2,3410,01 5
(0.7:1:0.3 wt.) var:-5,33%
147/137/145 A:143,00
ML1S2_1/2/3 MagnesianLimelSand2 2,45+0,03 6
var:-1,36%
MagnesianLime09Sand2_Metakaolin01 137/130/127 A:131,33
ML09S2MO01_1/2/3 2,4610,01 6
- (0.9:2:0.1 wt.) var:-7,30%
MagnesianLime08Sand2_Metakaolin02 142/140/137 A:139,66
ML08S2M02_1/2/3 2,47+0,02 6,5
(0.8:2:0.2 wt.) var:-3,52%
MagnesianLime07Sand2_Metakaolin03 152/150/148 A:150,00
ML07S2M03_1/2/3 2,4410,04 6,5
(0.7:2:0.3 wt.) var:-2,63%
142/140/138 A:140,00
ML1S3 1/2/3 MagnesianLime1Sand3 2,49+0,01 5,5
var:-2,82%
MagnesianLime09Sand3_Metakaolin01 175/160/155 A:163,33
MLO09S3MO01_1/2/3 1,74£0,01 5,5
(0.9:3:0.1 wt.) var:-11,42%
MagnesianLime08Sand3_Metakaolin02 165/160/155 A:160,00
MLO08S3MO02_1/2/3 1,75£0,02 5
(0.8:3:0.2 wt.) var:-6,06%
MagnesianLime07Sand3_Metakaolin03 165/160/155 A:160,00
MLO07S3M03_1/2/3 1,75£0,01 5,5
(0.7:3:0.3 wt.) var:-6,06%

The latest series featured a more varied range of formulations, focusing more on variety than redundancy
of formulations as in previous series with the purpose of developing mortars for specific application in high-
humidity environments. In order to compare several formulations together to identify which one would
be most useful in protecting a masonry in a wet environment, where capillary rise phenomena of salty water
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are diffused, some past formulations were selected. Some of the mortars that gave the best results have been

reintroduced in this last phase. Among the samples in Tab.12, it’s possible to find mortars from series 2 and

3 like L1S1, L1S1.7C0.3 and ML1S1.7C0.3 (the last two of which were added with CBP to furtherly

increase their physical and mechanical properties). As a further addition to the research, a new element was

introduced to the study in order to understand its influence on mortars, hollow glass microspheres

(HGMS). The presence of hollow glass microspheres HGMS was observed to increase the workability of

the dough, making it full-bodied, uniform, and easily stretchable, as in the case of SLSH and SLSCH

samples, but also reduce its average specific weight, resulting in a lighter dough.

Table 12 Mock-up composition, consistency variation and apparent density evaluation related to 4" and 5"

series mortars;

Series 4+5

Mock-up Mixture ID -

Consistency A Slump

3

g

var:-25,00%

. A Specific | Thixotropic
Code (number of Mock-up Composition diameter (cm) P_ o
. . weight test (cm)
specimens replicates)
120/117,5/115
L1S1.7C0.3_1/2/3 LimelSand1.7_CrushedBrickPowder0.3 1,75%0,01 5
A:117,50 var:-4,17%
MagnesianLime1Sand1.7_CrushedBrick | 130/127/117 A:124,66
ML1S1.7C0.3_1/2/3 1,74%0,01 5,5
Powder0.3 var:-10,00%
130/110/115 A:118,33
L1S0.7C0.3_1/2/3 Lime1Sand0.7_CrushedBrickPowder0.3 1,63£0,01 5,5
var:-11,53%
NHLime1Sand0.7_CrushedBrickPowder | 140/135/130 A:135,00
NHL1S0.7C0.3_1/2/3 1,74%0,01 5,5
0.3 var:-7,14%
140/132,5/142,5
PL1S3 1/2/3 PalladioNHLime1Sand3 1,86%0,01 6
A:138,33 var:+1,79%
135/132,5/120
NHL1S3HGMS 1/2/3 NHL1Sand3Microspheres50g 1,7£0,02 5
A:129,16 var:-11,11%
NHL1S3HGMSD_1/2/ | NHL1Sand3MicrospheresS0gDTPMP40 | 200/185/150 A:178,33 1.6840.01 s
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NHL1S3HGMSCL_1/2 | NHL1Sand3Microspheres50gChitosan2 | 127/130/120 A:125,66

1,7310,03 S
/3 Og var:-5,51%

120/115/111 A:115,33
SLS 1/2/3 SlakedLimeSand 1,77+0,02 5,5
var:-7,50%

145/135/125 A:135,00
SLSH_1/2/3 SlakedLimeSand_ HGMS 1,65+0,04 6
var:-13,79%

125/120/115 A:120,00
SLSC_1/2/3 SlakedLimeSand_CruchedBrickPowder 1,77%0,05 6
var:-8,00%

SlakedLimeSand_CruchedBrickPowder | 145/140/125 A:136,66
SLSCH_1/2/3 1,65£0,02 6,5
HGMS var:-13,79%

3.2 Hardened mortar evaluation

This section deals with illustrating the results inherent to the physical-mechanical analysis of the hardened
state of mortars, i.e. once the solid matrix has matured enough, estimated in 28 days for the first two series
(i.e. the days indicated in the mixing instructions for the Mapei mortars of series 1 and the total days chosen
for the second series, consisting of traditional mortars, a minimum time interval required by traditional
mortars to develop a minimum of mechanical resistance, albeit not complete) (Tab.9,10) and 90 days for
the natural hydraulic limes and magnesian lime mixtures* 7. As illustrated previously in the block
diagram (Fig.1), this section's purpose is to illustrate the behavior of the proposed formulations in order to
assess their durability in a hypothetical field application. The evaluation of permeability and capillary
absorption coefficient makes it possible to identify the susceptibility of the mature mortar to water
absorption and retention. These values, combined with freeze/thaw, mechanical and soluble salt
resistances, are able to identify which mortars make the best use of their constituent components according

to their sustainability and durability goals.
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3.2.1 Capillary Absorption and Water Vapor Permeability

The behavior of a porous building material towards water can be assessed through the analysis of capillary
absorption, which simulates the water uptake that a certain material could undergo due to rain or flooding.
The porous structure of the material determines the absorption of water due to the vertical and horizontal
capillary effect, dragging with it possible pollutants and elements harmful to the building such as soluble
salts. By comparing the data obtained from the mortars without and with additives, it was possible to
determine their effects on the water absorption. The first series of mock-ups, based on premixed mortar
powders mainly composed of natural hydraulic lime, eco pozzolan, natural sands, special additives and
microfibers (Tab.1), showed absorption curves different from the generally observed trend, as can be seen
from Fig.9 and 10. The trends of the first period of Eco-Risana Mapei (E*') and Rinzaffo and Mc Mapei
(RMC*') based samples did not show a linear trend when subjected to the absorption. It is possible to
observe that all the samples, less those with dry Chitosan additives, maintained lower absorption levels till

3 hours since the beginning of the test. This difference is more noticeable in the E-series samples than in

the RMCs (Tab.13).

Table 13 Hydric behavior, data regarding water vapor permeability and capillary water absorption are listed:
WDD= density of moisture flow rate; uy= moisture resistance factor; sd = water vapor diffusion equivalent air
thickness; CA = coefficient of water absorption by capillarity; TOP = total open porosity as determined by the
volume of water absorbed by capillary absorption.

Average TOP ‘WDD sd CA
Mock-up ID ®
% g/(m>es) m g/cm*e 72

E_1/2/3 24,5412,67 127,5£50,75 6,39%2,54 0,14%0,05 0,28+0,01
E_CL05_1/2/3 17,5942,03 70,83+36,8 15,84+12,79 0,3410,27 0,28+0,01
E_CL1_1/2/3 20,61%£0,71 69133,47 15,42+11,33 0,33+0,24 0,28+0,01
E_CS05_1/2/3 19,48%1,4 71,78%£16,04 11,69+2,98 0,25+0,06 0,32+0,03
E_CS1_1/2/3 19,74%1,53 61,32£422 17,95+10,13 0,39+0,22 0,36+0,04
E_DO05_1/2/3 19,77+1,16 85,94146,8 12,56%£9,69 0,27£0,21 0,28+0,01
E_D1_1/2/3 21,12+0,75 84,16+54,38 15,44t14,75 0,33+0,32 0,28+0,28
E_NFCNO05_1/2/3 23,07£1,21 71,39£50,74 23,33+£26,47 0,50+0,57 0,29£0,01
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E_NFCN1_1/2/3 20,37+1,62 77,63154,35 20,57+22,94 0,4410,49 0,28+0,01
RMC_1/2/3 12,35£1,96 95,31£29,15 8,70£2,87 0,19£0,06 0,28+0,01
RMC_CL05_1/2/3 13,92+1,36 101,79+£65,81 12,89+12,97 0,28+0,28 0,28+0,01
RMC_CL1_1/2/3 16,16£1,06 86,44%56,3 17,8+20,04 0,38+0,43 0,27%0,01
RMC_CS05_1/2/3 13,75£3,52 85,44%31,57 10,13+3,69 0,22+0,08 0,28+0,15
RMC_CS1_1/2/3 17,7241,28 87,33+£49,62 11,09+5,63 0,24%0,12 0,36£0,07
RMC_DO05_1/2/3 12,31£0,59 83,11£54,66 19+21,63 0,41+0,46 0,28+0,01
RMC_D1_1/2/3 15,94£1,01 85,54%56,61 18,71+£21,53 0,40%0,46 0,28+0,01
RMC_NFCNO5_1/2/3 18,3812,11 83,39£50,72 16,16%£16,46 0,35%0,35 0,28+0,01
RMC_NFCN1_1/2/3 15,91+0,69 84,09£49,78 15,33+15,05 0,33%0,32 0,28+0,01

Despite the best expectations, as can be seen, the samples did not reach sufficient stability within eight days

of the start of the test. Therefore, the graphs have been split in order to better evaluate their behavior when

mixed with anti-salt additives and when not. Fig.9, Fig.10 shows in detail the first 6 hours of capillary

absorption in order to better understand the different behaviors, meanwhile Fig.11 and Fig.12 show the

whole test duration, which is set at 8 days (831,38 s'/2)!*.
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Figure 9 Capillary absorption curve for E samples, expressed as the quantity of water absorbed per surface
unit (g/cm?) over time (s¥z) in the first 6 hours.
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Figure 10 Capillary absorption curve for RMC samples during the first 6 hours.
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Figure 11 Capillary absorption curve for E samples, showing the measurement until day 8.
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Figure 12 Capillary absorption curve for RMC samples, showing the measurement until day 8.
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As can be seen from the graphs above, the premixed samples of series 1 did not finish the test by reaching a
stable weight variation, as a consequence the test was stopped, according to regulations on day eight'*.
Focusing on Fig.11,12, concerning the whole test period, the weight variance of the samples continues to
increase, meaning that water is still being absorbed via capillary action almost as if the samples were not
fully matured despite the 28-day maturation period which was indicated in the instructions of the products,
as well as being the average regulated curing period required before testing®»**'¢1”2, This behaviour is
shown not only by the E** and RMC*' samples mixed with anti-salt products but also by the pure ones, thus
proving that the dubious continuous absorption is probably due to the nature of mortar and not to the
presence of additives. It is interesting to note that, regardless of the type of base formulation, the absorption
curve seems to stop within the first six hours (Fig.9,10) and then resume absorption, almost as if the samples
were composed of several layers. Although this theory is applicable to the case of the RMC samples, where

the base is made up of a layer of Rinzaffo about Smm thick followed by the MC layer, it cannot justify the

behaviour of the Eco-Risana-based samples.

The effect of the anti-salt products is highlighted also in Fig.9,10, where the timeline stops at 12 h since the
beginning. Following the above described behaviour, it seems that the presence of additives does not
interfere with it except for chitosan flakes. In both formulations (E*!, RMC*')the presence of chitosan flakes
seems to increase the water absorption rate, much more than when solubilized in the mixing water.
Chitosan, as a polycationic polymer, has a positive charge that can interact with negatively charged
molecules, among which we can consider the dipole moment of H,O molecules as an explanation for the
increased absorption of water. An increase in water absorption is also recorded in the samples mixed with

ferrocyanide, while in the case of DTPMP a slight reduction compared to the untreated sample.

In the following graphs, the values of total open porosity (TOP) with those of the capillary absorption
coefficient (CA) and permeability (u) were plotted (Fig.13-16). This allowed for the evaluation of any
hidden relationships between the properties of the samples and the definition, where possible, of trends
that explain the data in Tab.13. Focusing attention on the graph in Figure 13, relating to the samples of
Eco-Risana, we can take as reference the values of permeability () and total open porosity (TOP) of the
untreated sample (E). As can be seen, the presence of additives in the compound leads to higher

permeability values than normal, with higher values represented by samples treated with ferrocyanide
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(inversely proportional to the concentration of the solution). This implies that the presence of an
extraneous element like our products will combine with the permeable structure of the Eco-Risana, making
it less permeable (higher p and lower TOP values). The permeability depends mainly on the distribution
and size of the pores present in the mortar matrix, therefore, for greater TOP value, the resistance to water
vapor should be small. In this case we observe that the p value increases, TOP decreases, therefore it can be
said that the presence of additives, regardless of their nature, acts as a condensing agent, thus reducing the

number of total open pores and increasing the bulk resistance to water vapor (Fig.13).

If we look at the samples based on Rinzaffo+MC we can see how the permeability is proportional to the
increase in total open porosity by considering as reference point the untreated standard sample (RMC)
(Fig.14). In this case an abnormal behaviour is observed, since normally the more the vapour resistance (@)
increases the lower the number of open pores (TOP). The addition of the additives produced mortars with
a high resistance index to the passage of water vapour while increasing in most cases (excluding RMC_DO05
which shows the same values as TOP) the number of open pores, thus demonstrating a sealing effect,
hypothetically due to a structure consisting of large pores and constrictions that cause condensation, thus

slowing the passage of vapor (Fig.14).
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Figure 13 Plotting of TOP vs u of samples from series 15!: Eco Risana samples.
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Figure 14 Plotting of TOP vs u of samples from series 15': Rinzaffo+MC samples.

It is known that open porosity (TOP) and capillary absorption coefficient (CA) are positively related so
through this knowledge it will be possible to interpret the effectiveness of additives on the samples
produced'>"*. As can be seen in Fig.15, concerning the samples based on Eco-Risana, the majority of
additives used have resulted in formulations whose structure has undergone a reduction in open porosity,
while maintaining almost intact CA values. The nature of the additives, also referring to the previous graph
(Fig.13) favours steam condensation inside the samples probably due to a contrast between the anti salt
products we introduced and the special additives indicated in the product description (Tab.1). Concerning
samples based on RMC (Fig.16) a different pattern can be observed, if not contrary to that seen previously
(Fig.15). Here the addition resulted in an increased number of total open pores, probably due to the
creation of more numerous and evenly distributed pores in the sample, made by an interference at the
chemical level of the additive molecules which prevented the MC product from over compacting during

the setting phase, creating a porous and uniform network (Fig.16).
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Figure 15 Plotting of TOP vs CA of samples from series 15!: Eco Risana samples.
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Figure 16 Plotting of TOP vs CA of samples from series 15: Rinzaffo+MC samples.

By observing the behavior of Fig.17,18 regarding the second series capillary absorptions, the performance
of the LS and LSC* samples was more linear and normal than their predecessors (Tab.14). As can be seen,
the addition of CBP (Crushed brick powder) raised the level of water absorption, causing an increase in the
total amount of water absorbed, which can also be seen in the TOP values shown in the table. For the values
concerning the moisture flow rate, unfortunately a trend was not found. Apparently, the variation of CA
in the three replicates is greater than that between one mixture and the other, implying that the variability

is such that looking for a relationship in this type of sample is difficult. To be considered is that the
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hydration of the mortar is reactivated during the water absorption phase, then forming gel phases that
reduce the CA coefficient (Fig.17,18). Understanding the nature and distribution of pores helps to
interpret behaviours such as capillary absorption. The variable size and dimensions of the pore network
determine the extent of the phenomenon which is regulated by adhesion, cohesion and surface tension
forces and the relative sizes of the pores. The capillary absorption effect (which is increased in pores of
smaller diameters) therefore also characterizes porous building materials such as mortars studied in this
project. Considering Tab.14 it’s possible to notice that total open porosity (TOP) and permeability (u) are
not perfectly correlated between the samples; these differences are probably due to a specific pore size
distribution, indicating the presence of a possible network with a high amount of closed pores or it is also
possible that this difference depends on lower water absorption in the presence of certain additives
(Tab.14). Dry chitosan at a concentration of 0.5% and DTPMP were able to isolate, at least partially, the
lime and sand (LS) samples from capillary rising action. In the RMC samples, the influences of the additives
are more difficult to distinguish, given the proximity of the respective results. It is nevertheless notable that
DTPMP helped to reduce water intake. As it can be seen from the Average TOP, the samples added with

the phosphonic acid developed a reduced porosity while it did not seem to affect the LS samples.

Table 14 Hydric behavior, data regarding water vapor permeability and capillary water absorption are listed:

WDD= density of moisture flow rate; u = moisture resistance factor; sd = water vapor diffusion equivalent air
thickness; CA = coefficient of water absorption by capillarity; TOP = total open porosity as determined by the
volume of water absorbed by capillary absorption.

Average TOP | WDD sd CA
Mock-up ID ®

% g/(m?es) m g/cm*es™
LS _1/2/3 18,48+0,46 58,16%3,24 14,2310,87 0,30£0,01 2,50£0,10
LS CL025_1/2/3 16,70£0,12 58,51+0,37 14,11£0,10 0,30£0,00 2,20%0,17
LS _CL05_1/2/3 21,11+0,26 53,23+1,87 15,69£0,61 0,34%0,01 2,67£0,12
LS_CS025_1/2/3 15,86%0,48 74,4313,45 10,81£0,55 0,23+0,01 1,91+0,01
LS_CS05_1/2/3 11,02+1,54 54,10%3,42 15,42+1,03 0,33£0,02 1,47%0,15
LS_D025_1/2/3 15,86%0,99 57,16%£1,86 14,48%0,53 0,31+0,01 1,83%0,06
LS D05_1/2/3 12,97+1,32 59,64%0,55 13,81+0,14 0,30£0,00 1,63£1,63
LSC_1/2/3 27,29%0,72 52,29£0,7 15,96%0,23 0,34£0,00 1,63%0,15
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LSC _CL025_1/2/3 27,12+£1,08 77,48%+13,43 10,49+2,06 0,23%0,00 1,59+0,17
LSC_CL05_1/2/3 27,37£0,79 61,35£16,55 13,95+4,14 0,30£0,10 1,7010,10
LSC_CS025_1/2/3 22,68%0,12 40,58%3,5 21,05£1,94 0,45%0,04 2,07£0,06
LSC_CS05_1/2/3 22,88%0,31 48,34+0,65 17,37+0,25 0,38+0,01 1,87+0,11
LSC D025 _1/2/3 20,72+0,83 72,60£8,18 11,18+1,42 0,24%0,03 1,70£0,10
LSC_Do05_1/2/3 20,6710,62 59,08+25,55 15,55+7,33 0,33£0,16 1,77+0,11
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Figure 17 Capillary absorption curve for LS samples, showing the measurement until day 8.
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Figure 18 Capillary absorption curve for LSC samples, showing the measurement until day 8.

Fig.19 and Fig.20 show the plotted data of total open porosity (TOP) and permeability (1), such a
comparison is necessary in order to be able to interpret the influence of additives on the analysed samples
at the same time. As it can be seen, the addition of chitosan solution 05% has reproduced the effects already
seen on RMC illustrated in Fig.14,16, with an increase in porosity while increasing at the same time the

resistance to water vapour. In the case of LS_CS05 and LS_D025, the presence of chitosan flakes produced
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a sealing effect on the sample, probably due to the presence of flakes which occluded the pore network of

the sample concerned. The cases represented by LS_D05, LS_CS025 and LS_CL025 showed abnormal

behaviour, since lower TOP values would have given higher permeability resistance values whereas here less

porous, more breathable mortars were obtained (Fig.20).
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Figure 19 Plotting of TOP vs u of samples from series 2™: LS samples.
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Figure 20 Plotting of TOP vs u of samples from series 2": LSC samples.
If we look at the graph comparing the total open porosity (TOP) values with the capillary absorption
coefficient (CA) (Fig.21,22), we find some correspondence with the above data (Tab.14; Fig.19,20). Since
permeability is inversely related to porosity and the same one is positively related to capillary absorption
coefficient, it is possible to find a match for sample LS_CLOS, which demonstrates that chitosan in liquid
form and higher concentration is able to make the mortar less permeable, but at the same time increasing
the number of open pores and consequently, the ability to absorb water by the capillary. About the other
samples on LS basis, we also note here the above waterproofing effect, where the reduction of TOP is

accompanied by a lower CA value. About samples on a LSC basis however, it is possible to note that the
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presence of additives has affected the water absorption performance of the samples, reducing both their
CA and TOP values, except for LSC_CLO05 and LSC_CL025 (Fig.22). This abnormal behavior would
result in increased capillary absorption values, albeit slightly higher than the LSC sample, although having

a sealed effect that reduces aerosol passage during permeability tests (Tab.14).
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Figure 21 Plotting of TOP vs CA of samples from series 2™: LS samples.
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Figure 22 Plotting of TOP vs CA of samples from series 2™: LSC samples.
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The 3 series characterized by lime, magnesian lime, and sand, added with different percentages of
metakaolin, provided interesting results. As seen in Fig.23, there are two almost distinct distributions of
two major groups of the lime and sand samples. The TOP of both formulations is affected by the increase
in the aggregate ratio, decreasing the more the sand in the mix increases (Tab.15). At the same time, it can
be seen that the magnesian lime-based samples (ML...) show more uniform behavior, although not all of
them exhibit purely linear behavior in the initial phase (ML07S1M03, ML1S2, MLO08S2MO02,
ML0752M03) (Fig.24). Here, the presence of metakaolin or the variation in the amount of aggregate does
not seem to have generated noteworthy behaviours, resulting in a small variations of CA (0.88+0.1 up to
0.96%0.09) (Tab.15) Metakaolin in high amounts combined with substantial amounts of aggregate helped

to produce compact samples, reducing water uptake.

Table 15 Hydric behavior, data regarding water vapor permeability and capillary water absorption of lime and
magnesian lime based samples with metakaolin are listed: WDD= density of moisture flow rate; u = moisture
resistance factor; sd = water vapor diffusion equivalent air thickness; CA = coefficient of water absorption by
capillarity; TOP = total open porosity as determined by the volume of water absorbed by capillary absorption.

Average TOP (total WDD sd CA
Mock-up ID open porosity) [L
% g/(m?es) m g/cm?es’!

L1S1_1/2/3 27,99£0,38 45,21%3,04 18,73%£1,31 0,4£0,03 1,18%0,06
L09S1IMO01_1/2/3 28,91£1,19 94,75+58,79 10,41%5,4 0,22+0,12 1,23£0,07
LO8S1IM02_1/2/3 27,44%2,4 56,84+15,53 15,35+4,36 0,33+0,09 1,17£0,09
L07S1M03_1/2/3 24,53%0,65 36,8+3,01 23,38+2,13 0,5£0,05 0,9£0,06
L1S2_1/2/3 22,31£0,32 39,71£2,93 21,54%1,74 0,46%0,04 0,85%0,08
L09S2M01_1/2/3 20,75+0,61 76,52£21,98 11,05+3,08 0,2410,07 0,92£0,05
L08S2M02_1/2/3 19,67£0,29 59,42+18,47 11,13£2,18 0,24%0,05 0,84%0,05
L07S2M03_1/2/3 19,05+0,68 54,64119,13 11,13%+4,81 0,24%0,1 0,76+0,19
L1S3_1/2/3 16,55%0,08 58,12+24,88 10,95+3,85 0,24%0,08 0,75%0,15
L09S3M01_1/2/3 18,8940,2 63,41£15,76 13,5243,7 0,29+0,08 0,86%0,03
L08S3M02_1/2/3 20,49%0,82 29,22+8,91 31,47£8,98 0,68£0,19 0,89+0,04
L07S3M03_1/2/3 18,33+0,55 22,09£11,42 46,86%21,35 1,01£0,46 0,82+0,04
ML1S1_1/2/3 28,11+0,59 42,16%12,69 21,34£6,08 0,46%0,13 1,09£0,04
ML09S1IMO01_1/2/3 29,4610,23 29,69%7,35 30,37£7,35 0,65%0,16 1,05£0,04
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MLOSSIMO02_1/2/3 26,61 29,64%7,64 30,44%7,16 0,65+0,15 1,01+0,03
MLO7S1M03_1/2/3 27,96%0,62 79,76%36,61 11,46+4,88 0,25+0,1 0,98+0,03
ML1S2 _1/2/3 23,55+0,33 44,64+29,43 28,19422,71 | 0,61£0,49 | 0,96+0,04
MLO09S2M01_1/2/3 21,1540,25 49,17+6,35 17,25+2,26 0,37+0,05 0,9240,06
MLO08S2M02_1/2/3 21,2340,59 76,52+21,98 11,05+3,08 0,24£0,07 | 0,930,04
MLO07S2M03_1/2/3 22,5240,37 69,99+7,22 11,66+1,36 0,25£0,03 | 0,96+0,04
ML1S3_1/2/3 20,41+1,61 59,949,27 13,99+2,33 0,3+0,05 0,88+0,1
MLO09S3M01_1/2/3 22,81+0,48 72,11422,09 11,943,46 0,26£0,07 | 0,97£0,03
MLO8S3M02_1/2/3 21,68+1,52 63,41%+15,76 13,5243,7 0,29+0,08 | 0,96+0,09
MLO07S3M03_1/2/3 21,24%0,15 40,14%6,85 21,63%3,66 0,46£0,08 | 0,93+0,04
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Figure 23 Capillary absorption curve for L samples (3™ Series), showing the measurement until day 8.
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Figure 24 Capillary absorption curve for ML samples (3" Series), showing the measurement until day 8.
When comparing the variables of permeability (p.) and total open porosity (TOP), two different behaviours
were observed following the addition of metakaolin and change in lime: sand ratio between the two basic
formulations (traditional lime L and magnesium lime ML) (Fig.25,26). In the first case, the presence of
metakaolin has been determined, only in the case of L1S3 and their derived samples LO9S3MO1,
L08S3MO02, and L07S3MO03 a behavior in line with the general expectations that the increase of TOP
corresponds to an increase in permeability resistance. In the case of the other samples, however, it is not
possible to describe a precise pattern in relation to the increase in the amount of metakaolin that can explain
these behaviours, so much so thatin the case of L1S2, metakaolin replacements produce less porous mortars
but more permeable (even though the values of permeability resistance do not change between the different
metakaolin quantities). In the case of L1S1, the metakaolin at low quantities seems to have an aerating effect
(increase of open porosity and permeability) and at high quantities a condensing effect (lowering of TOP
and increase of permeability resistance). Focusing on Fig.26, concerning the magnesium mortars (ML...),
it is easy to see that in the case of the lime:sand ratio 1:2, the addition of metakaolin has reduced the open
porosity still increasing the permeability of the bulk. Meanwhile, considering the case of ML1S1, the lowest

amount of substituted metakaolin (MLO9S1MO1) produces a mortar even though more porous, less
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permeable to water vapor while the other substitutions determine lower permeability resistance and lower
porosity. ML1S3 shows an improvement in the samples with the lower substitution of metakaolin that

generates a more permeable and porous structure (ML09S3M01, ML08S3M02) (Fig.26).
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Figure 25 Plotting of TOP vs u of L samples from series 3 .
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Figure 26 Plotting of TOP vs u of ML samples from series 3.

There is a fairly linear trend in the graphical representation of TOP values against those of CA (Fig.27,28).
In both graphs, it is easy to identify an almost linear trend linking the three untreated samples, where
capillary absorption values remain unchanged, while total open porosity decreases with increasing

aggregate fraction in the mixture. This is caused by the presence of aggregate that increases the compactness
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of the mortars, making them more uniform and dense. Again, considering the three families of samples
based on different ratios of sand, it is not possible to establish the same behavior in relation to the addition
of metakaolin because it causes different effects depending on the ratio. Metakaolin seems to increase the
number of open pores only if it is added to a mortar with a ratio of 1:3 and 1:1 but only in the minor
amount of substitution (ML09S1MO01) while, it probably generates a more closed pore network than

normal when it is found in mortars with a ratio of 1:2 (Fig.27,28).
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Figure 27 Plotting of TOP vs CA of L samples from series 3™ .
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Figure 28 Plotting of TOP vs CA of ML samples from series 3™.
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In conclusion, it is not entirely clear how the different binder:aggregate ratio of the formulation can have
such different behaviours with the same metakaolin replacements, abnormal behaviours that do not follow
a certain trend, but which are certainly due to metakaolin characteristics that have not been identified in
this study. The fourth set of samples features different formulations, designed for application in a humid
environment affected by capillary rise. It brings together formulations with the greatest potential from
previous experiences along with some new proposals. Among the results obtained, it was possible to observe
more clearly how capillary absorption varied among different lime-based mortars. As can be seen from
Fig.29, in which the limes mixed with CBP are shown, the trends of traditional (L151.7C03), magnesian
(ML1S1.7C0.3), and NHL (NHL1S0.7C0.3) limes take on distinct trends. In particular, the aggregate
amount variation in traditional lime (L1S0.7C03) seems to have significantly increased the adsorption
values compared to the higher lime/ sand ratio (L1S1.7C03) which exhibits a rather low CA (0,69+0,55).
Among the new formulations, adding micro hollow glass beads made it possible to observe how these
behave when added to a mortar mix (Fig.30). The values of the average porosity and CA shown are
markedly low, except for mixtures with liquid chitosan and DTPMP. If in the previous series, DTPMP was
able to partially limit water absorption compared to mixes without DTPMP, an increase in absorption
values is now observed possibly due to the combination with NHL and micro beads glass. Liquid chitosan

instead, maintained values similar to those of the original mixture (Tab.16).

Table 16 Hydric behavior, data regarding water vapor permeability and capillary water absorption are listed:

WDD= density of moisture flow rate; u = moisture resistance factor; sd = water vapor diffusion equivalent air
thickness; CA = coefficient of water absorption by capillarity; TOP = total open porosity as determined by the
volume of water absorbed by capillary absorption.

Average TOP WDD sd CA
Mock-up ID 2

% g/(m?s) m g/cm*s
L1S1.7C0.3_1/2/3 18,97+1,34 67,618,67 12,17+1,64 0,26%0,04 0,69+0,55
ML1S1.7C0.3_1/2/3 23,21+0,66 86,27%3,10 9,13%£0,38 0,2+0,01 2,67£0,21
L1S0.7C0.3_1/2/3 27,32£0,14 78,53+16,88 10,49+2,32 0,23£0,05 2,7510,24
NHL1S0.7C0.3_1/2/3 27,59+0,42 118,87+15,68 6,33t1,1 0,14+0,02 2,73%£1,05
NHL1S3HGMS_1/2/3 20,23%0,4 88,8+£12,42 8,97+1,58 0,19+0,03 1,27+0,04
NHL1S3HGMSD_1/2/3 19,97+0,53 124,21+62,98 8,07%6,48 0,17+0,14 1,78+0,40
NHL1S3HGMSCL_1/2/3 18,77£1,05 103,95+30,66 7,82+2,48 0,17£0,05 2,1910,14
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Figure 29 Capillary absorption curve for 4% Series, showing the measurement until day 8.
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Figure 30 Capillary absorption curve for HGMS added samples (4" Series), showing the measurement until
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Because Series 4 consists of mixed formulations that are not linked by a common thread, preventing direct
comparison at the formulation level, except for the samples added with HGMS and Chitosan or DTPMP,
which share the same dough base (NHL1S3), it is difficult to compare graphs between CA and mu values
with TOP. Therefore, the usual plotting between TOP vs permeability index and capillary absorption

coefficient has not been provided.

The 5* series, on the other hand, illustrates a series of samples based on lime putty mixed with sand and
possibly CBP and HGMS (Tab.17). As can be seen from the TOP and CA values assumed by the samples,
the SLSC and SLSCH are those with the highest values among all. This behavior is also clearly visible in
Fig.31 where the addition of hollow glass microspheres to the mixture seemed to help in lowering the water
intake. The graph comparing TOP and p (Fig.32) demonstrates the existence of a linear relationship
between total open porosity and permeability coefficient, where in reality these coefficient should be

inversely related as for more porous structures, lower values of p should correspond(Tab.17).

Table 17 Hydric behavior, data regarding water vapor permeability and capillary water absorption are listed:

WDD= density of moisture flow rate; u = moisture resistance factor; sd = water vapor diffusion equivalent air
thickness; CA = coefficient of water absorption by capillarity; TOP = total open porosity as determined by the
volume of water absorbed by capillary absorption.

Average TOP WDD sd CA
Mock-up ID 2
% g/(m?-s) m g/cm?s!
SLS_1/2/3 14,610,33 101,18+16,53 7,7211,36 0,17£0,03 1,6710,2
SLSH_1/2/3 16,0610,4 83,37+20,53 9,91£2,51 0,21£0,05 1,4910,06
SLSC_1/2/3 15,99£0,05 92,15%£18,39 8,7t1,84 0,19£0,04 1,8610,13
SLSCH_1/2/3 17,1610,24 74,55+19,11 11,262,383 0,24%0,06 1,33£0,05
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Figure 31 Capillary absorption curve for SL samples (5" Series), showing the measurement until day 8.

The potential of hollow glass microspheres and CBP (Crushed Brick Powder), when added to lime-based
mortars (SL), is clearly visible in Fig.18,19. The characteristics of HGMS, often used to produce light and
breathable paints, are not entirely reflected in these data, where their silica structure produces a mortar with
worse breathability properties than the pure slaked lime sample, due to both w. and TOP high values. In
addition, it should be noted that the combination of both aggregates has resulted in an effect where TOP
and p reach higher values than samples with individual additions (Fig.32). Focusing on Fig.33, it’s possible
to see different behaviours instead. As already observed previously (Tab.10) the presence of CBP
contributes to the increase in CA, finding confirmation thanks to the SLSC sample meanwhile the presence
of HGMS instead, while contributing to the increase in total porosity like CBP (Crushed brick Powder),
does not increase as well the capillary absorption coefficient. This means that the siliceous nature of the
microspheres manages to mask the effect of the crushed brick shards, reducing the rate of absorption of

liquid water, creating a porous yet lesser permeable mortar (Tab.17).
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Figure 32 Plotting of TOP vs u of Series 5™.
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Figure 33 Plotting of TOP vs CA of Series 5™.

Top vs Ca, u. and a Ca vs . graphs were also produced in order to identify any trends that might associate
these values with the nature of the samples themselves, i.e. their composition, type of lime used, additives,
etc. The first graph observed (Fig.34), plotted TOP vs p of all mock-ups. As the observation went on, there
was no significant trend to be noted among the scatter plot, showing no apparent correlation between the

total open porosity and permeability.
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Figure 34 Plotting of global TOP vs p of all mock-ups.

In the graph showing TOP and overall CA, more defined groupings can be seen (Fig.35). It can be seen
that the MAPEI samples (black and orange crosses), of both types present CA with the lowest values of all,
with the TOP increasing with the Eco-Risana samples (orange crosses), which by nature are mortars
defined as breathable. Interestingly, the presence of additives modifies the total porosity creating a bridge
between the untreated RMC_1/2/3 and E_1/2/3 samples. On the other hand, the samples with traditional
lime and magnesia lime show a higher average capillary absorption coefficient, which is then exceeded by

the samples with slaked lime (yellow square) and NHL Lafarge (red rhombuses).
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Figure 35 Plotting of global TOP vs CA of all mock-ups.
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3.2.2 Flexural-Compressive Strength

To assess more fully the true mechanical strength of mortar samples, mechanical strength tests for flexural
and compressive strength were used. The mechanical component of a mortar is usually described through
aseries of tests but for the limitations of this project, we have limited to the two above. The flexural strength
of a sample, (sometimes referred to as the breaking modulus) is a measure of tensile strength in bending,
carried out on a mortar beam which is loaded at its center point until failure. The highest value reached
before the break was then shown in the table. The compressive strength test on the other half, is carried out
on smaller samples which are subjected to a compressive load distributed along the whole surface until
failure, measuring the highest pressure point. The comparison of these properties is able to provide us not
only a prediction of the behavior of the samples under stress but also to identify their applications more
closely related to their mechanical properties. This type of analysis also enabled us to determine in what
degree the quantities of lime added, the aggregate ratio and the nature of the lime itself would affect the
mechanical capacities of the individual samples. This is the case of the samples from Eco-Risana and
Rinzaffo+MC where we could see the first applications of Chitosan, DTPMP, and Sodium Iron Cyanide.
As can be seen from Tab.18, the resistance values between the two base mortars (E, RMC) are very
different, both in the bending and compression form, due to the high-density characteristic of the RMC
series compared to a more aerated mortar such as the E samples. The presence of additives has affected both
types of mortars, weakening or reinforcing the physical properties of the samples. The presence of chitosan,
both in liquid and solid form in the mixture, produced weaker mortars for both force forms in both samples
"E" and "RMC", except for samples RMC_CL05 and RMC_CL1 where it was strengthened, with an
increase of 4,35%, 8,7% for F module and 20%, 23,08% for C module. Similarly to chitosan, DTPMP also
had poor results in both modules, for samples marked "E" and "RMC’, this is probably due to an
interference of the additive in the maturation phase of the samples which has resulted in a reduction in
mechanical strength. As regards sodium iron cyanide, its presence does not seem to have interfered with the
sampling phase nor with their maturation. The data obtained are quite similar to those of untreated mortars

containing anti-salt products.
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Table 18 Average flexural and compressive module with % variations of Series 1°.

Average Flessive

Increase in F

Average Compressive

Increase in C

Mock-up ID
module (Mpa) module (%)* module (Mpa) module (%)*
E_1/2/3 0,5%0,01 0,8+0,02
E_CLO5_1/2/3 0,4+0,01 20 0,6+0,03 25
E_CL1_1/2/3 0,4%0,02 -20 0,4£0,04 -50
E_CS05_1/2/3 0,4%0,15 -20 0,6+0,12 -25
E_CS1_1/2/3 0,4+0,23 -20 0,6%0,02 -25
E_DO05_1/2/3 0,4+0,02 -20 0,7+0,02 12,5
E_D1_1/2/3 0,4%0,01 -20 0,7+0,01 -12,5
E_NFCNO5_1/2/3 0,5%0,01 0 0,8+0,03 0
E_NFCN1_1/2/3 0,5+0,05 0 0,8+0,01 0
RMC_1/2/3 2,3£0,02 6,510,12
RMC_CL05_1/2/3 2,4%0,07 4,35 7,8%0,16 20
RMC_CL1_1/2/3 2,5+0,06 8,7 8+0,15 23,08
RMC_CS05_1/2/3 2,3+0,04 0 6,6£0,09 1,54
RMC_CS1_1/2/3 2,4%+0,05 4,35 6,7£0,01 3,08
RMC_DO05_1/2/3 2,1£0,02 -8,7 5,4%0,02 -16,92
RMC_D1_1/2/3 2,240,05 435 5,3+0,01 -18,46
RMC_NFCNO5_1/2/3 2,3+0,15 0 6,5+0,02 0
RMC_NFCN1_1/2/3 2,4+0,02 4,35 6,5%0,01 0

*Increase in module F and C (%) measured in comparison to the respective non admixed mixture (E_1/2/3 for E_ series,

RMC_1/2/3 for RMC_ series)
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Having been re-proposed in the second series of samples, Chitosan and DTPMP were analysed, this time

on the basis of mortars made with natural hydraulic lime and not pre-mixed mortars (Tab.19). As can be

seen, the presence of additives this time has led to an overall increase in the mechanical properties of the

samples, with a few exceptions. Chitosan seems to have greatly increased the F and C modules, especially

for the LS-type samples, with the exception of sample LSC_CS025 which shows a variation in resistance in

the flexure module almost zero. Although no reasons were found, similar behavior can be seen from the

DTPMP. This product seems to have increased in general both the flexure and compressive strength but

the LS_D025 sample shows a reduction of 3.13% in the F-form. In conclusion, although the salt inhibitors

seem to have improved the mechanical properties of the samples, two anomalies persist, the flexure module

would appear to be affected, negatively by the presence of DTPMP in lime mortars and not at all from

Chitosan in solid form in mortars mixed with CBP.

Table 19 Average flexural and compressive module with % variations of Series 2.

Average Flessive

Increase in F

Average Compressive

Increase in C

Mock-up ID
module (Mpa) module (%) module (Mpa) module (%)
LS_1/2/3 0,32+0,04 4,312,35

LS_CL025_1/2/3 0,54%0,18 68,75 12,13+4,73 182,09
LS_CL05_1/2/3 0,53+0,25 65,63 14,25%£9,88 231,4
LS_CS025_1/2/3 0,35+0,17 9,37 5,01£1,79 16,51
LS_CS05_1/2/3 0,53+0,07 65,63 11,04+3,74 156,74
LS_D025_1/2/3 0,31+0,16 -3,13 5,11%£6,17 18,84
LS_Do05_1/2/3 0,41+0,1 28,13 6,68%+2,79 55,35
LSC_1/2/3 0,41+0,12 28,13 14,58+4,62 239,07
LSC_CL025_1/2/3 0,6£0,14 87,5 6,5312,96 51,86
LSC_CL05_1/2/3 0,41%+0,09 28,13 11,46%1,08 166,51
LSC_CS025_1/2/3 0,32+0,12 0 9,23%5,13 114,65
LSC_CS05_1/2/3 0,53+0,15 65,63 6,68%2,86 55,35
LSC_Do025_1/2/3 0,41%0,08 28,13 8,57%0,43 99,3
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LSC_DO05_1/2/3 0,35£0,16 9,37 4,48%2,92 4,19

*Increase in module F and C (%) measured in comparison to the respective non admixed mixture (e.g. LS _1/2/3 for LS _ series,

LSC_1/2/3 for LSC_ series)

The metakaolin seems to have confirmed the assumptions provided by the a priori research on porcelain
mortars. Described as a fundamental element of the above, considered to be the reason for high mechanical
and chemical resistance to weather® 125126175177 A5 can be seen from the values given in Tab.20, the modules
of both forces seem to have been strengthened by the presence of metakaolin in the case of traditional lime
samples. Specifically, this increase in modules F and C seems to increase according to the amount of calcium
calcinate itself, as in the case of L09S1IMO1 from 13.33% to 123.33% of L07S1MO03, where the highest
percentage of metakaolin is found. As can be seen, the increase in resistance modules based on the
metakaolin content is reflected in samples with a lime ratio of 1:2 where the absence of additives allows us
to observe a reduction in resistance (L1S2). The same applies to the sample L1S3, where the binder ratio is
found: higher aggregate, increasing the amount of sand corresponds to a reduction in the bending modulus.
However, if one looks at the modules of the L.1S3 series, it can be seen that the increase in resistance due to
the higher quantities of additive is only observed in the case of the compression module, while the flexure
module shows a bell-shaped pattern, Increasing from 16.67% to 50%, then returning to 43.33% where the
metakaolin has a higher content (L07S3M03). The analysis of the samples showed that, with the same
formulation (L1S1, MI1S1), magnesium lime produces a mortar with higher resistance, increasing the
flexural modulus by 123.33% and the compression modulus by 63%, and 73%, probably due to the presence
of hydro magnesite in the solid matrix. Magnesium-based kicks (whose F and C modules of comparison are
those of ML1S1) have shown a reverse trend. In these compositions, it can be seen that, with the increase
of the quantity of metakaolin substitute to lime, the flexure module is reduced considerably, much more
than the reduction due to the increase of the lime: sand ratio. This trend does not seem to be related to

TOP but could be linked to the influence of metakaolin during the maturation phase of the samples.

89



Table 20 Average flexural and compressive module with % variations of Series 3.

Average Flessive

Increase in F

Average Compressive

Increase in C

Mock-up ID
module (Mpa) module (%) module (Mpa) module (%)
L1S1_1/2/3 0,3£0,03 2,95%11,05
L09S1MO01_1/2/3 0,340 13,33 6,8410,45 131,86
LO8S1MO02_1/2/3 0,64£0,02 113,33 14,86%1,52 403,73
L07S1MO03_1/2/3 0,67+0,02 123,33 19,94%0,67 575,93
L1S2_1/2/3 0,2£0,04 -33,33 2,91+0,15 -1,36
L09S2MO01_1/2/3 0,440 46,67 6,0410,94 104,75
L08S2MO02_1/2/3 0,4910,04 63,33 9,3812,94 217,97
L07S2M03_1/2/3 0,55+0,05 83,33 13,3%3,36 350,85
L1S3_1/2/3 0,22+0,02 -26,67 1,55+0,61 -47,46
L09S3MO01_1/2/3 0,35%0,02 16,67 5,08+0,93 72,2
LO8S3MO02_1/2/3 0,45%0,07 50 9,5942,53 225,08
LO07S3MO03_1/2/3 0,43+0,12 43,33 17,23£1,83 484,07
ML1S1_1/2/3 0,67%0,09 123,33 4,83%0,97 63,73
MLO09S1MO01_1/2/3 0,48+0,01 -28,36 10,08+0,88 108,7
MLO08S1MO02_1/2/3 0,370,05 -44,78 12,08+2,73 150,1
MLO07S1M03_1/2/3 0,250 -62,69 12,19+2,75 152,38
ML1S2_1/2/3 0,41+0,05 -38,81 3,35£0,3 -30,64
ML09S2M01_1/2/3 0,62%0,03 -7,46 8,33£0,42 72,46
MLO08S2M02_1/2/3 0,44+0,05 -34,33 8,56%1,28 77,23
MLO0782M03_1/2/3 0,27+0,07 -59,7 8,22+1,36 70,19
ML1S3_1/2/3 0,43%0,08 -35,82 2,79%0,39 -42,24
ML09S3M01_1/2/3 0,37+0,03 -44,78 5,98%0,36 23,81
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MLO8S3M02_1/2/3 0,3£0,03 -55,22 5,2240,86 8,07

MLO07S3M03_1/2/3 0,27£0,04 -59,7 9,93£0,92 105,59

*Increase in module Fand C (%) measured in comparison to the respective non admixed mixture (e.g. L1S1_1/2/3 for LxSx_

series, MLIS1 _1/2/3 for MLxSx_ series)

For the fourth series, some anomalies were found in comparison with previous data. The case of
L151.7C0.3 and ML1S1.7C0.3 as shown in Tab.21 showed that magnesian limes should provide greater
resistance in both force modules (F and C) than a traditional lime, whereas here it was found a decrease of
57.5% in the F module. In the case of the same formulation as the first but with a lower lime ratio: sand,
L150.7C0.3 was expected to have a higher bending value, but this has also been reduced by 65%. The
presence of CBP only increases further doubts, since it has already been ascertained in Tab.19 how both
modules increase in the presence of CBP, which suggests that problems have occurred with the maturation
of the aforementioned samples. As for the remaining formulations, it was found that the hydraulic lime-
based mortars of the Palladio brand compensate for low flexural resistance with excellent compressive
strength and that liquid Chitosan, in the presence of HGMS can help the mortar promoting slightly its

mechanical properties, probably due to the higher density of the dough.

Table 21 Average flexural and compressive module with % variations of Series 4™,

Average Flessive Increase in F Average Compressive Increase in C
Mock-up ID
module (Mpa) module (%) module (Mpa) module (%)
L181.7C0.3_1/2/3 0,4%0,51 4,95%0,45
ML1S1.7C0.3_1/2/3 0,17+0,01 -57,5 8,56%1,78 72,92
L1S0.7C0.3_1/2/3 0,14+0,01 -65 8,57%0,23 73,13
NHL180.7C0.3_1/2/3 0,11£0,01 - 8,21£0,9 -
PL1S3_1/2/3 0,020 - 9,52+40 -
NHL1S3HGMS_1/2/3 0,040 1,98+1,03
NHL1S3HGMSD_1/2/3 0,03+0,01 -25 3,53%£0,52 78,28
NHL1S3HGMSCL_1/2/3 0,05+0 25 5,16%0,68 160,60
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NHLIS3HGMSCL _1/2/3)

MLIS1.7C0.3_1/2/3, L1§0.7C0.3_1/2/3 and NHLIS3HGMS_1/2/3 for NHL1S3HGMSD_1/2/3,

*Increase in module F and C (%) measured in comparison to the respective non admixed mixture (e.g. L1S1.7C0.3_1/2/3 for

Finally, it was noted that the very nature of lime fat seems to partially shield the influence of CBP and

HGMS. The mechanical flexural strength of lime grease is not affected by additives, if at all when combined

(SLSCH with an increase of 50%) (Tab.22). However, it seems that the presence of brick dust and

microspheres is in contrast to the formation of a compact structure within the lime fat. This may be due to

the fact that both HGMS and CBP were observed to make the mixtures more fluid (Tab.10,12) and this

would have resulted in an uneven carbonation of the lime during the setting phase.

Table 22 Average flexural and compressive module with % variations of Series 5.

Average Flessive

Increase in F

Average Compressive

Increase in C

Mock-up ID
module (Mpa) module (%) module (Mpa) module (%)
SLS_1/2/3 0,02£0 0 4,91£1,27 0

SLSH_1/2/3 0,02+0,01 0 3,41+0,74 -31
SLSC_1/2/3 0,02+0 0 2,97+0,37 -40
SLSCH_1/2/

0,03%0 50 2,6410,72 -46

3

*Increase in module F and C (%) measured in comparison to the respective non admixed mixture (SLS_1/2/3)
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3.2.3 XRD Analysis

During the course of the project, it was possible to analyse the samples of series 3, both traditional and
magnesian lime based-mortars, by means of an Empyrean Series 3 diffraction spectrometer (Malvern
Panalytical), which provided another perspective on the characterisation of the materials used in the
production of mortars. This choice was motivated by the need for information on this type of formulation
on which there is unfortunately little information available, namely porcelain and magnesian mortars. The
possibility of observing the maturation phase of a self-produced mortar in the laboratory and trying to
understand how the presence of metakaolin could interact with the binder, perhaps producing specific
phases other than hydromagnesite or magnesite. It was therefore decided to analyze classical /ime+sand
mortars (such as L1S1_1/2/3) in order to obtain reference trends to interpret more complex formulations
such as: lime+sand+metakaolin and magnesian lime+sand, the researched formulas behind the porcelain
and magnesian mortars. In order to determine how the different binder/inert ratio influences the XRD
patterns, the samples for simple lime-inert mortars were compared together at 28 days of curing, too. As
Fig.36 shows, mortars with the lowest lime/sand ratio show small peaks of Portlandite meanwhile, peaks
[NN1] for Quartz and Calcite are easier to locate. As the amount of lime grows in the mortar, the intensity
of Portlandite grows as well, as the peaks in ratios 1:2 (m5) and 1:3 (m9) are far larger than 1:1 (m1).

Although with low intensity, it’s possible to locate peaks for mono-carbonates at 11°,12° 26.
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Figure 36 XRD Pattern of 28-days old matured traditional lime mortars with different lime:sand ratio
(M1:L181_1/2/3; M5:L1S2_1/2/3; M9:L1S3_1/2/3).Quartz(S), Calcite(C) and Portlandite (P) are the main
highlighted phases with traces of monocarbonates (1,2).
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The evaluation of kaolin and metakaolin powder, produced in the laboratory, was recorded (Fig.37). An
optimal match was found with the kaolinite mineral pattern found in the database, alongside other phases
such as Illite and B-quartz, therefore, the produced metakaolin powder was not completely pure but

resulted in a mixture with few impurities.
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Figure 37 XRD Pattern of Kaolin(bottom) and Metakaolin(above) with highlighted peaks.Different phases are
highlighted, lllite (1), Kaolinite (K) and B-quartz (Q).

Notably from Fig.37, some essential peaks can be identified in the characterisation of metakaolin, which,
according to literature, possesses a disordered nature, characterised by both an amorphous and crystalline

structure!73-181,

-12.0-13.0° 2©: Corresponding to (001) reflection of the amorphous phase, shown as a broad peak;

-20.0-21.0° 2@: Corresponding to (110) plane reflection, also typical of the metakaolin’s amorphous

nature;

-26.0-27.0° 2@: Silica amorphous structure peak, its presence is due to the high silica content found in
metakaolin due to the breakdown of kaolinite during calcination, which is represented as a broad peak;

The fact that most peaks have an asymmetrical appearance, is motivated by the metakaolin’s nature that

78181 pointed out, there may be slight

comprehends both crystalline and amorphous structures. As literature
differences between the XRD spectra depending on the production method for metakaolin: calcination

temperature and time, impurities and sample preparation are in fact the most influencing factors.
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The XRD analyses identified the components present in the formulations with metakaolin. Despite the
variation of the physical-mechanical properties of the different formulations, no specific crystal phases

produced by the interaction of metakaolin with the binder are identified (Fig.38).
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Figure 38 XRD Pattern of 28-days old matured traditional lime mortars added with metakaolin
(LO7S1MO03_1/2/3).

The presence of metakaolin may have induced the greater formation of amorphous phases. From a
compositional point of view, the binder reacts forming amorphous and CSH phases which are detected as
background increase, this was identified by comparing samples of traditional mortars without the addition
of metakaolin to facilitate evaluation'%. As expected, in mortars produced by mixing magnesian lime
with inserts, the peaks for calcium hydroxide signals become weaker and weaker as carbonation proceeds,

allowing us to detect some previously hidden signals such as those of hydromagnesite (Fig.39).

As was explained in Ch.1.3 a typical feature of magnesian lime maturation was the formation of
hydromagnesite Mgs(COs)sOH)»4H,0), a hydrated magnesium carbonate mineral that would give the
hardened compound its strength and durability characteristics'¥'®. Among the most important peaks to

be found in the graphs are:

-18.0-19.0° 2©: Peak for (110) hydromagnesite crystalline structure. Here is represented by a small peak at
28 days, shifted to 17.0° instead of the expected values, but still recognizable even though the Ca(OH), peak

(18.0° 2©) which covers it completely until 7 days;
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-28.5-29.5° 20©: Peak corresponding to (020) reflection associated with hydromagnesite, it’s possible to see
how its signal intensity gets broader as the curing time passes, presumably indicating an increase in the

hydromagnesite quantity inside the mortar;

-31.0-32.0° 20©: This peak, referring to the (130) reflection plane of hydromagnesite shows the same

behavior as the previous, as its signal increases during the curing phase, becoming visible around 28 days;

-34.5-35.5° 2@©: This peak appears presumably shifted to 36.0°, and it’s referring to the (131) reflection

plane of hydromagnesite;

-42.0-43.0° 20: This peak (132 reflection plane), which remains rather small even at 28 days, is initially

covered by the signal of MgO (43.0° 2@) which becomes smaller over time;
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Figure 39 XRD Pattern of curing of magnesian lime mortars (ML1S1_1/2/3).
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3.3 Evaluation of mortars undergoing weathering tests

3.3.1 Freeze-Thaw Resistance

Freeze-thaw resistance test is a test designed to identify the physical behavior of porous solid materials
subjected to significant difference in temperature (above and below zero) and evaluate their possible use in
a continental climate. As described in the previous section, porous materials, depending on their nature,
may be more or less susceptible to capillary water absorption, which is directly related to this test, as a wet
building element may experience cracking if it undergoes sufficient freeze-thaw cycles. During the freezing
phase, ice crystals develop within the porous matrix, and the resulting increase in volume (9%) generates
pressure on the inner surfaces of the pores'”***'. The continuous freezing and subsequent thawing of water
in the pores therefore results in the build-up of pressure that can damage the sample even irreparably. The
first series of samples was excluded from this type of analysis because a direct approach to soluble salts was
preferred. This choice was then followed by a similar weathering test (Freeze-thaw) in order to obtain a
more complete overview, which then took place from the second series of samples, whose behavior is shown
below (Fig.40,41). During the analysis phase, different trends could be observed depending on the nature
of the mortar and the presence of additives, with the addition of crushed brick powder (CBP) proving to

be particular.

The LSC mortars (Lime; Sand; Crushed-Brick-Powder) showed a consistent increase in weight during the
test, in contrast to the mortars that were not mixed with CBP. This can be explained by the previously
observed rather high TOP and water retention rate values (Tab.14). The addition of selected additives was
able to inhibit freeze-thaw effects to a greater or lesser extent. The lower weight variation observed with the
added CBP suggests that the additives are effective in reducing the effects of the freeze-thawing cycles,
particularly LSC_CLO05, LSC_D05, and LSC_CS025 achieved the most promising results (Fig.41). The
LS mortars, without CBP, showed a much smaller weight variation throughout the test, but the presence
of additives seems to have results that are not entirely clear, maintaining a rather uniform behavior, at least
up to cycle No. 8. In conclusion, the presence of additives appears to mitigate frost damage in the case of

brick dust samples, while LS samples exhibited more uniform weight variation in the added mortars.

By the conclusion of the freeze-thaw cycles, the majority of the samples exhibited slight crushing without

significant damage, with the top layer of the LSC_DO0S and LS_DO0S samples detaching, as illustrated in
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Figure 42. The following graphs show the percentage variation of weight in respect to to plotted with the
succession of freeze-thaw cycles (The weight is recorded after each freezing period). As can be seen from
Fig.40 and Fig.41, due to the weight change trends during the freeze-thaw cycles, the graphs contain a break
for ease of reading. In both the lime and sand (LS) and the lime, sand and CBP (Crushed Brick Powder)
(LSC) samples, however, a similar trend can be seen by the 4th cycle, where the samples increased their
weight after three consecutive cycles of reduction. This can be explained by the accumulation of ice within

the sample due to the increasing porosity.

10 = Lses
e LS_CL025_1/2/3
— A LS_CLO5_1/2/3 )
v LS_CS025_1/2/3 -
4 LS_CS05_1/2/3
< LS_D025_1/2/3 - 4
— b LS_DO5_1/2/3 | ‘ »
c —
0 T - a 4 1
! & ]
© £ o O~
fum 0 _ /- i 1
) ! ¥ N 1
> . 4 3 \ q
= Vo \
N = F \ \ \
t_)) B | \ \
) > e ® \ \
; h @' » I\I \\ | L |
: a / ‘ LS_CLO25-Break
P s :
v L | LS_Do25-Break i
4
A A LS_CL05-Break
_1 O -
i
N I i 1 v 1 v 1 v s N 1
1 2 3 4 5 15
Cycles
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Figure 41 Weight Variation vs Cycles sustained by LSC samples 2nd series.

Figure 42 On the right, LSC_DO05 sample before (top-left) and after undergoing freeze-thaw cycles; On the

left, LS_DO05 sample before (top-left) and after undergoing freeze-thaw cycles.

During the analysis of sample series number three, featuring lime and magnesian lime mixed with different

amounts of metakaolin, consistent results were obtained. As can be seen from the table below (Tab.23),

not all samples made it through to the end of the test, as they suffered excessive breakage during freeze-thaw
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cycles, making it impossible to continue the test. It could be seen that the presence of metakaolin in the
formulation is the main reason for the frost resistance. In fact, all samples mixed with metakaolin, regardless
of quantity, successfully reached the end of the 14 cycles. This was with the sole exceptions of L09S1MO01
and LO8SIMO02, which broke at the 10th cycle. The weight variations required a distinction between
mortars based on traditional and magnesian lime. The former shows a more uniform trend, where the
increase of aggregate in the formula contributes to limiting the weight variation during the test (Fig.43).
Magnesian mortars, on the other hand, demonstrated two peculiar behaviors, namely, a linear trend of
almost perfect weight variation (Fig.44) and a clear branching into two large groups. The mortars with a
1:1 lime-sand ratio (ML1S1; ML0O9S1MO01; ML08S1M02; ML07S1M03) and ML09S2MO01 proved to be
more susceptible in the first phase to water absorption, which was done as per norm: EN12371 in order to
get the samples ready for the first freezing cycle. Except for sample ML09S2MO1, the presence of
metakaolin, combined with higher sand ratios (1:2; 1:3) determined in the samples a significant resistance

to the frost-thaw test, which showed minor damage, without fractures or disintegration.

Table 23 Cycles sustained by series 3™ samples.

Average total Freeze-Thaw
Mock-up ID
cycles sustained

L1S1_1/2/3 1£0
L09S1MO01_1/2/3 100
LO8S1MO02_1/2/3 100
L07S1MO03_1/2/3 150

L1S2_1/2/3 1+0
L09S2MO01_1/2/3 150
L08S2MO02_1/2/3 150
L07S2MO03_1/2/3 150

L1S3_1/2/3 140
L09S3MO01_1/2/3 150
L08S3MO02_1/2/3 150
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L07S3M03_1/2/3 150
ML1S1_1/2/3 140
ML09SIMO1_1/2/3 1540
MLO8SIMO02_1/2/3 150
MLO7S1IMO03_1/2/3 150
ML1S2_1/2/3 140
ML09S2MO01_1/2/3 150
MLO08S2M02_1/2/3 1540
MLO07S2M03_1/2/3 150
ML1S3_1/2/3 140
MLO09S3MO01_1/2/3 1540
MLOSS3MO02_1/2/3 150
MLO7S3M03_1/2/3 150
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The fourth set is to be considered a revision of previously analysed formulations and the testing of some
new proposals with the objective of hypothetical application in a high humidity environment. Specifically,
a new additional aggregant (HGMS- Hollow glass microspheres) will be introduced and the potential of a

new type of hydraulic lime from Grigolin S.p.A (NHL Palladio, Tab.1) will be tested.

As can be seen from Tab.24, a few samples failed to withstand the freeze-thaw cycles. The combination of
lime/magnesian lime and CBP(Crushed Brick Powder) (L151.7C0.3, ML1S1.7C0.3, L150.7C0.3) was not
able to sustain the stress from the test and completely disintegrated during the water thawing phase in the
second, fourth and first cycle, respectively. The remaining samples featuring “Palladio” hydraulic mortar
and NHL mixed with HGMS survived until the 14th cycle, showing minor and negligible damage to the
sample surface. The presence of additives such as Chitosan and DTPMP, in combination with NHL lime
and hollow glass microspheres (NHL1S3HGMSCL, NHL1S3HGMSD) influenced the behavior of the
sample towards the test. While DTPMP caused consistent weight variations, Chitosan, with a lower TOP
(Tab.16) than the pure sample (NHL1S3HGMS) and DTPMP (NHL1S3HGMSD), showed a very low
weight variation throughout the test (Fig.45). These results, however, confirm some of the previous
assessments. Taking into account series number two and three in particular, we can confirm that already
the type of lime at the basis of the formulation greatly influences the future resistance of the mortar to the
agents of degradation. From the second series, in which natural hydraulic lime was used but for simplicity
was reported only as "L" in the sample code, samples mixed with CBP showed a similar trend to

NHL1S50.7C0.3 (although they are different in the ratio of lime: sand).

Table 24 Cycles sustained by series 4" samples.

Average total Freeze-Thaw
Mock-up ID
cycles sustained

L1S1.7C0.3_1/2/3 2+0
ML1S1.7C0.3_1/2/3 4+1
L1S0.7C0.3_1/2/3 1+0
NHL1S0.7C0.3_1/2/3 150
PL1S3_1/2/3 150
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NHL1S3HGMS 1/2/3 1510
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Figure 45 Weight Variation vs Cycles sustained by samples of 4" series.

Observing the lime swatches of the fifth series, we were able to describe different behaviors towards the test
(Tab.25). The first crucial element is that none of the samples was able to withstand the damage from the
frost-melt cycles until the end of the test, reaching a maximum of 13 out of 15 cycles. Moreover,
formulations featuring slaked lime, sand and CBP (SLSC) showed a variable trend, without there being a
determining factor for the breakage at the 13th, 4th, and 7th cycles of the single specimen replicas. This can
be explained by the tendency of CBP, present in SLS"C" to make samples susceptible to water absorption;
however as met in the second series, this should not contribute to the low resistance to the test, the reason

why this suggests a not complete maturation of the samples. Nevertheless, looking at Fig.46 it is possible to
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see that the variation in weight of the formulation of slaked lime, sand and HGMS (SLSH) is the most

contained of all the fifth series, which adds up to the almost uniform trend in the graph.

Table 25 Cycles sustained by series 5" samples.

Average total Freeze-Thaw
Mock-up ID
cycles sustained
SLS_1/2/3 13£1
SLSH_1/2/3 13£0
SLSC_1/2/3 8x5
SLSCH_1/2/3 1340
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Figure 46 Weight Variation vs Cycles sustained by samples of 5th series.
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3.3.2 Soluble Salt Resistance

Saline solutions inside the porous material can damage them in a significant way and compromise the
durability of the conservative interventions. This test, as for the Freeze-Thaw test, determines the resistance
to the action of soluble salts. It consists of several cycles as the previous and alternates cycles of immersion
of the test sample in a saline solution of Na,SOat 14% then proceeds to the drying phase in the oven until
constant weight. As with the formation of ice crystals, salt crystals exert pressure along the walls of the
pores, reducing their physical-mechanical resistance and producing fractures, breakages, disintegration,
eftlorescences, and sub-efflorescences®™ 71141181 " As can be seen from the first series of samples E and
RMC, respectively composed by Mapei Eco-Risana, Rinzaffo and MC (made by NHL, Eco-pozzolan,
special additives and microfibers, Tab.1) the behavior towards salt cycles showed for both formulations a
nearly linear trend in the early stages and then differentiated as the test continued (Fig.47,48). In the case
of samples based on Eco-Risana "E" and Rinzaffo-MC "RMC", the presence of chitosan in a non-liquid
form produced a linear trend during the test, both in weight variation and damage sustained by the samples
themselves, In particular in the case of Eco-Risana, E_CS05, and E_CS1, the samples immediately showed
a weight reduction while the samples RMC_CS05 and RMC_CS1 accumulated weight and disintegrated
around the eighth cycle (Tab.26). Sodium Iron Cyanide does not appear to have shown any particular
effects in comparison with samples containing basic formulations E and RMC, except in the case of
RMC_FNCNOS5, where the weight variations were contained at the beginning, and caused substantial
weight loss in the sample from the seventh cycle onwards, induced by efflorescence, fracture, and
disintegration. In the case of DTPMP, more consistent results were obtained for samples labeled with E.
The product appears to have limited the weightloss of the sample due to damage induced by the absorption
of soluble salts, probably due to the partial hydrophobization of the sample as indicated by the the influence
of DTPMP on the salt crystallization process'*”*'*. Although none of the samples passed the test to the

end, these results already provide important indications for future applications of salt inhibitors®.
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Table 26 Total average saline cycles sustained by series 1%,

Average total cycles
Mock-up ID
sustained
E_1/2/3 710
E_CL05_1/2/3 10£2
E_CL1_1/2/3 71
E_CS05_1/2/3 71
E_CS1_1/2/3 8+1
E_DO05_1/2/3 710
E_D1_1/2/3 8£1
E_NFCNO05_1/2/3 710
E_NFCN1_1/2/3 7+1
RMC_1/2/3 11£0
RMC_CL05_1/2/3 10£1
RMC_CL1_1/2/3 10£2
RMC_CS05_1/2/3 8+1
RMC_CS1_1/2/3 8+1
RMC_DO05_1/2/3 10£2
RMC_D1_1/2/3 10+1
RMC_NFCNO5_1/2/3 11£1
RMC_NFCN1_1/2/3 8+1

During the first phase of the salt cycles, the LS mortar samples showed great resistance, so much so that
they showed a variation of weight almost zero (Fig.49,50). In contrast, samples mixed with CBP, probably
due to the higher TOP values induced by the added powder, absorbed a larger amount of saline solution

and this may be the cause of the following trend. Not all the samples were able to withstand the salt cycles
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until the end of the test, as was the case with LS_D025 and LSCL_025 which, seriously damaged by the
efflorescence, ended the test at the 6™ and 8" cycles respectively (Fig.51). As can be seen from Fig.49 at the
end of the salt cycles, the total weight variation of the LS samples was more consistent than the LSC
samples, the former showing a gradual trend, where there seems to be no distinction between samples
treated with inhibitors and not, which leads to an ever greater weight reduction (and therefore mass loss).
The explanation for this alternating behaviour of weight gain and loss refers to a typical dynamic due to the
absorption of soluble salts. Due to the deposition of salt within the pores, the pores become saturated and
as a result of the subsequent crystallisation they suffer damage. This rupture of pores, starting with the
smallest ones, leads to an increase in the total porosity of the sample, which then becomes more susceptible
to the absorption of more salt solution. This dynamic is repeated, causing the sample to absorb more and
more salt solution and consequently suffer more and more damage until it breaks. In both cases, the
alternating values of weight variation (not shown due to break inserted for better reading of the graph)
correspond respectively to weighing on samples that have retained a large quantity of salts, which,
remaining within the porous matrix, have increased the overall weight of the sample, which will
subsequently undergo a considerable reduction in weight due to the rupture of the pores and therefore the

loss of material during the phase of immersion in saline solution.
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Figure 49 Weight Variation vs Saline Cycles sustained by LS samples of 2™ series.
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Table 27 Total average saline cycles sustained by series 2™.

Mock-up ID Average total cycles sustained
LS_1/2/3 14%0
LS_CL025_1/2/3 140
LS_CL05_1/2/3 140
LS_CS025_1/2/3 14+0
LS_CS05_1/2/3 14£0
LS_D025_1/2/3 6£0
LS_D05_1/2/3 14+0
LSC_1/2/3 14+0
LSC_CL025_1/2/3 8+0
LSC_CL05_1/2/3 6£0
LSC_CS025_1/2/3 1420
LSC_CS05_1/2/3 140




LSC_D025_1/2/3 14%0

LSC_Do05_1/2/3 14+0

Figure 51 Samples LSC_D05 before and after salt cycles.

Although there were remarkable results with the addition of metakaolin in the samples to counter the effect
of frost-thaw, the same cannot be said for the resistance to soluble salts. As it is shown by Tab.28, none of
the samples could pass the test to the end. Almost all the mortars, both traditional lime and magnesium-
based, suffered substantial damage during the cycles so the analysis was interrupted around the 6th, and
7th cycle (Fig.52). Despite the low resistance shown, a trend can be seen in both types of mortar. This
characteristic should be attributed to the fact that the base of these samples is not by themselves hydraulic
as used in the second series. In fact, a mortar based on NHL lime not added with other elements other than
sand was able to withstand the test until completion (LS in Tab.27), probably due to the chemical-physical

properties given typical of its nature®*'”

. The presence of the different amounts of metakaolin does not
seem to have influenced the behaviour of these samples, regardless of the type of mortar from which they
are composed or the different lime:sand ratio. An increase in initial weight can be seen starting in both cases

in Fig.53 from the very beginning, and then continuing to a more limited extent until the samples break.

The function of metakaolin does not therefore appear to have influenced the resistance to soluble salts.
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Table 28 Total average saline cycles sustained by series 3.

Mock-up ID Average total cycles sustained
L1S1_1/2/3 6%1,00
L09S1MO01_1/2/3 71,00
L08S1MO02_1/2/3 71,00
L07S1MO03_1/2/3 610,00
L1S2_1/2/3 72,00
L09S2MO01_1/2/3 6%1,00
L08S2MO02_1/2/3 611,00
L07S2M03_1/2/3 6%0,00
L1S3_1/2/3 6+1,00
L09S3MO01_1/2/3 6%0,00
L08S3MO02_1/2/3 6£0,58
L07S3MO03_1/2/3 6£0,58
ML1S1_1/2/3 71,15
ML09S1MO01_1/2/3 6%0,58
MLO08S1MO02_1/2/3 7%0,58
MLO07S1MO03_1/2/3 710,58
ML1S2_1/2/3 6%0,00
ML09S2M01_1/2/3 6+0,00
MLO08S2MO02_1/2/3 7%0,58
MLO07S2M03_1/2/3 6%0,00
ML1S3_1/2/3 7%1,00
ML09S3MO01_1/2/3 610,58
MLO08S3MO02_1/2/3 6%0,58




ML07S3M03_1/2/3 7+1,15

As described above, the fourth series is characterized by elements with different formulations, thus limiting
comparisons between results and composition (Tab.29). From the graph below (Fig.54) it can be seen that
not all samples exhibited the same resistance to the action of soluble salts. In particular,
NHL1S3HGMSCL has already been disintegrated in the second cycle. This abnormal behavior, given the
already mentioned resistance of NHL mortar to the action of salts (and of the sample NHL1S0.7C0.3),
could be explained by an anomaly in the maturation phase of the sample, where the components of sand
HGMS and chitosan, have not effectively bonded (RESULTS OF PRESSURE). The behavior of
NHL1S3HGMSD, in the same way, was probably caused by a poor interaction between the single
components of the mortar. In particular, the untreated NHL1S3HGMS dough has indeed shown higher
strength. Among the remaining samples, PL1S3 (made from Palladio natural hydraulic lime), and
NHL1S50.7C0.3 (made with Lafarge natural hydraulic lime) showed more consistent results, with a change
in weight almost negligible during the whole test until the samples broke. It was already noted by the third
series that a natural non-hydraulic lime (LS Tab.28) could withstand about 5-6 total cycles of saline
solution before breaking down. In this series, the fact that the sample of natural lime L151.7C0.3 (the same
as LS), has withstood up to 11 cycles is a test of the strengthening properties of ground brick powder (CBP)

on the physical characteristics of the mortars.
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Figure 54 Weight Variation vs Saline Cycles sustained by samples of 41 series.

Table 29 Total average saline cycles sustained by series 4™,

Mock-up ID Average total cycles sustained

L181.7C0.3_1/2/3 11+0
ML1S81.7C0.3_1/2/3 7+0

L180.7C0.3_1/2/3 9+1,15

NHL1S0.7C0.3_1/2/3 10£0,58
PL1S3_1/2/3 11£0

NHL1S3HGMS_1/2/3 810,58
NHL1S3HGMSD_1/2/3 66
NHL1S3HGMSCL_1/2/3 2£0




The fifth series, on the contrary, proposes a series of samples bound by the slaked lime base, possibly
enriched by CBP or HGMS. It can be seen immediately that there is a uniform behavior on the part of the
samples enriched with either of the two products mentioned above. Both the presence of hollow glass
microspheres (SLSH, SLSCH) and crushed brick powder (SLSC, SLSCH) determine an initial spike in the
graph that is successively canceled until the samples are broken (Fig.55). This initial weight gain may be due
to the hydrophilic properties of CBP and HGMS, supported by the values of TOP, higher than that of the
untreated sample SLS (Tab.17). Despite everything, none of the samples reached the end of the 14 salt
cycles without undergoing complete disintegration. The samples which have been able to maintain
structural integrity, albeit with a significant loss of weight, are those in which the hollow glass microspheres
(SLSH, SLSCH) have been added. Here too the presence of cocciopesto seems to have confirmed the
previous results, increasing the resistance to the effect of soluble salts in mortar. It is sufficient to note that
SLS has reached 6 cycles total while SLSC 11. The same observations can be made for the addition of

HGMS which seems to obtain the same properties to mortars treated with CBP.
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Figure 55 Weight Variation vs Saline Cycles sustained by samples of 5" series.
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Table 30 Total average saline cycles sustained by series 5.

Mock-up ID Average total cycles sustained
SLS_1/2/3 6£0,58
SLSH_1/2/3 13£0,58
SLSC_1/2/3 11+1,53
SLSCH_1/2/3 13+0,58

117



Chapter 4. Discussion

In this chapter the analysis of the results illustrated in chapter 3 are reported. As there are many
interconnected variables regarding the properties of the mortars developed, it was decided to organize this
discussion by presenting the performance of Mapei premixed mortars and each lime-based product,

reporting its potential and the shortcomings detected during the experimentation.

The focus of this project is the development of mortars for the architectural heritage and has resulted in the
development of several formulations, the ultimate aim of which was to deal with different problems
characteristic of the world of architectural buildings, first and foremost, the problem of soluble salts. To
this perspective was added in parallel an in-depth study, from both a historical and experimental research
. . . . . < . bl
point of view, of little-known mortar formulations, such as magnesian mortars and ‘porcelain’ mortars,
cited for their marked durability against deterioration agents. In conclusion, the influence of hollow glass
microspheres in mortars as an inert additive, used in painting to create breathable, light and moisture-

resistant layers, was investigated.

To summarize, the research focused on several aspects:

Study of the properties of fresh mortar, workability, spreading, specific gravity;

- Study of the physical properties of hardened mortar, with reference to its behavior with respect to
capillary absorption and water vapor permeability;

- Study of the behavior of mortars against freezing/thawing;

- Evaluation of the mechanical properties of flexural and compressive modulus.

- Study of the behavior of mortars against crystallization of soluble salts;

One of the aspects we focused on the most was the relationship that mortars showed towards water, so we
went to consider how a hypothetical masonry could primarily come into contact with the elements mainly
responsible for damage due to frost and thaw and the crystallization of soluble salts. In order to assess the
amount of potentially damaging material transport in the masonry matrix, two main parameters can be
considered: the capillary absorption coefficient and water vapor permeability. The tendency of the sample

to absorb water by capillarity without the application of external pressure, expressed by means of a

118



coefficient (CA), makes it possible to identify those mortars that will be more sensitive to this phenomenon.
Permeability resistance (u), on the other hand, is a dimensionless factor indicating how much greater the
resistance to the diffusion of water vapor of a material is with respect to a volume of air of equal thickness
(for air w =1). We can define permeability as the extent to which a mortar will allow the wall substrate to
‘breathe’. A good breathability of a protective layer guarantees the maintenance of structural integrity in
the long term, limiting the accumulation of potentially damaging material at the interface between the
masonry substrate and mortar**"!. From a sustainability point of view, investing in masonry and mortar
that ‘breathes’ would not only improve the condition of the building but also improve quality of life and
save energy. By maintaining optimal humidity levels and preventing the formation of mold, living spaces
would be healthier and more comfortable by improving indoor air quality, and the reduced dependence on

heating, ventilation and air conditioning systems would help minimize energy consumption™®.

Generally, one should aim for the development of mortars that tend to absorb and transport a limited
volume of water and have a high breathability, which would allow the protective layer to easily dry itself
and the substrate to which it is attached. It is therefore important to avoid selecting mortars that are not
very breathable or insulating, as this would lead to the accumulation of soluble salts and water at the wall-

mortar interface, subsequently causing detachments, cracks, efflorescence and undesirable bio-growth.

In this first part, we will evaluate the first two series, Mapei’ and ‘Cocciopesto’, because of the nature of the
formulations. What distinguishes the first formulations from the following ones lies in the fact that the
soluble salt resistance was modify by adding the mixtures with specific compounds and is not an inherent
property of the lime or inert material used. As these were introduced into the mix in the form of an aqueous
solution, which replaced the mixing water, at different concentrations, the first effect evaluated was the
influence on the rheology of the mixes. This aspect is fundamental since, however effective a mortar may
be in counteracting saline action, an excessive softness or hardness of the mix and a lack of adhesion to the
wall substrate would nullify its usefulness. Following this characteristic, Chitosan was the least performing
product, both when added in liquid form and in dry flakes, as it negatively influenced the rheology of the
fresh mortar, making it denser and pastier. This negative influence is evident in all samples between the first
and second series, but especially in the samples E*' and RMC*' where uneven structures full of gaps were
created (Fig.56) such that, in some cases among the Mapei samples RMC*, a detachment from the substrate

of Rinzafto (Fig.57).
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Figure 56 Close up of sample E_CL1, it is noticeable the presence of voids in the sample matrix

Figure 57 Parallelepiped sample of RMC_CL05 with detachment between parts of MC and Rinzaffo

As can be seen from the previous photos, the structures of the samples are in fact not as compact and
uniform as one would expect but present voids in several places, an element that leaves doubts as to a
hypothetical application on a large scale and that will influence subsequent tests, especially those of

mechanical strength. The uncompact and airy nature of these samples is probably due to the coarse texture
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of the dough obtained from premixed components and the chitosan, since the same structures do not
reappear in the second series ‘Cocciopesto’ where instead the admixed samples present more uniform and

void-free structures (Fig.58).

Figure 58 LSC_CL05 samples with uniform, void-free appearance

DTPMP, on the contrary, acted as a fluidifying agent even at low concentrations (Tab.9,10) to such an
extent that the combinations with Mapei Eco-Risana*, RMC*, LS* and LSC® were somewhat
complicated to handle within the time indicated for the setting phase, especially at higher concentrations.
The mortars thus composed presented a soft, semi-liquid appearance with a high degree of brittleness and
a slightly yellow-beige color, due to the shade of the DTPMP solution itself. In contrast to the Chitosan,
these mortars presented much greater uniformity and the almost total absence of voids, creating well
compacted and uniform looking samples, however, as in the previous cases shown in Fig.56,57, there were
cases of detachment in the RMC*' samples between the Rinzaffo and MC part (Fig.59) probably due to
the partially hydrophobic nature of the DTPMP seen in Chapter 3, particularly in the capillary absorption
tests (Tab.5).
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Figure 59 Sample of RMC_DO05 with detachment between parts of MC and Rinzaffo

On the contrary, the mortars whose aqueous mixing solution contained a percentage of potassium
ferrocyanide (Tab.9) showed rather variable behavior depending on the type of premix. The combination
with the product Eco-Risana, a breathable and dehumidifying product, led to a reduction in workability,
similar to what was seen with Chitosan in liquid form. The foamy and light texture of the standard pre-
mixed lime became denser and harder to spread, while in the case of the pre-mixed MC, it slightly improved
the workability of the mixture, promoting a uniform and compact consistency that improved the pouring
procedure in the moulds and subsequent levelling. In both formulations of the first series, the ferrocyanide
kept the appearance and structures of the original mixes intact, without generating changes in colour or
shape. The presence of most anti-salt additives therefore actively influenced the rheology of the slurries,
something that had not been theorized during the design phase and which created minimal difficulties

during the sample production phase.

Once the prescribed curing time had been completed, the analysis focused on the physical and mechanical
properties of the mortars as planned. The study of the physical properties in relation to water (capillary
absorption, water vapor permeability), provided results that were not entirely promising. The three anti-

salt products did not have any particular effects on the formulations, except for the presence of chitosan
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flakes, which instead seems to have made the mortars more susceptible to water absorption and thus to the
forms of degradation linked to it. DTPMP also had variable results, where it showed a reduced water
absorption therefore, it was able to give partial hydrophobicity to the samples to which it was added,
particularly in the samples LS_D025 %, LS_DO05 **(Tab.14). It is worth mentioning the effects that these
products, with the exception of ferrocyanide, had on freeze-thaw resistance, data that can only be observed
in the second series, however, and only with the products Chitosan and DTPMP. When considering the
samples consisting of lime and sand (LS_series *), variable effects were observed: The presence of chitosan
flakes at both concentrations and DTPMP at a concentration of 05% allowed the samples to reach the end
of the test almost intact, increasing their weight compared to the initial weight. The rest of the additives,
i.e. Chitosan at both concentrations and DTPMP (0.25%) induced a lower strength in the samples, causing
them to break down around the 4™-5* cycle. In the case of the specimens mixed with brick powder
(LSC_series *?), the presence of the additives induced a higher resistance to freeze-thaw cycles, significantly
reducing the weight change compared to the respective mix without additive (LSC_1/2/3 *). These do not
seem to have influenced in any way either the weight variation of the samples between the various cycles or
the total number of cycles sustained, so much so that at the end of the tests, all the samples in the series

showed only superficial damage.

Turning our attention to the salt crystallization resistance tests, and thus to the focal point of this study,
the results unfortunately did not meet the expectations set. Chitosan, DTPMP and potassium ferrocyanide
do not appear to have consistently increased the physical-mechanical properties of the first and second
series samples to such an extent as to justify their addition to the mixing water. The number of cycles
sustained and the condition of the samples at the end of the tests leave little room for further consideration.
However, there are some exceptions such as the samples RMC_CS05 *', RMC_CS1*', LSC_CL025* ¢
LSC_CLO0S *' which withstood fewer salt cycles than the reference sample RMC *' e E_CLO05*' which
instead endured 3 more cycles than the reference sample E*'. From this it can be deduced that the presence
of a thickening product such as chitosan is detrimental to the matrix of mortars, whether pre-mixed or not,
as it reduces the compactness of the whole, being ineffective in counteracting salt crystals growth within
the pores. Since it is now known that a relationship exists between porosity and mechanical resistance of
the porous structures of mortars rather interesting results had been expected from the mechanical strength
tests*>>%. If we consider the tables of the compressive and flexural strength moduli of the first two series of

samples (Tab.18,19), we can see that the effects of the anti-salt products are rather limited in the case of
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pre-mixed mortars. The samples consisting of Mapei Eco-Risana (E*') reacted negatively to the products
Chitosan, DTPMP and ferrocyanide, that worsened their performance in both compression and flexural
moduli. On the contrary, those consisting of Mapei Rinzaffo+MC (RMC*') improved from the presence
of all the products, particularly in the higher concentrations, except for DTPMP which decreased the
strength of both modules. The difference in these results is probably due to the nature of the pre-mixed
mortars themselves, which generated an improvement in the case of the Mapei Rinzaffo+MC (RMC)
given their inherently more solid and compact structure than the lightweight and aerated Mapei Eco-Risana
(E*"). If, on the other hand, one looks at the data of the same test on the second series, i.e. on non-packed
mortars, the results are slightly different. Overall, a modest improvement in the mechanical properties can
be noted, particularly in the presence of the chitosan in liquid and flake form, with the exception, however,
of the concentration in flakes at 0.25% (LS_CS025, LSC_CS025), which resulted in a minor or almost non-
existent increase in the compressive and flexural moduli, without any apparent motivation. It can also be
assumed that the choice to reduce the concentration of the additives in the mixing solutions would not
have led to different results in the first series. In fact, the nature of pre-mixed products makes it difficult to
organize possible improvements from a formula point of view, which is why series 1 was considered as a
basis on which to organize subsequent formulae. Taking into consideration the data obtained, we can
therefore conclude that Chitosan, DTPMP, and Potassium Ferrocyanide are not an entirely suitable choice
for limiting the damage caused by soluble salts nor for improving mortars in their overall performance other
than in their purely mechanical properties. The variable behavior of the samples and the uncertainty as to
the real efficacy of anti-salts in mortar matrices meant that this approach to mortars mixed with an anti-salt
solution was abandoned in favor of new perspectives. One of the questions posed in the post-production
stages, and which led to the emergence of the subsequent series, was the long-term efficacy of anti-salt
products. If one considers in particular the nature of how salt inhibitors and salt modifiers work, it is
possible to assume that the addition of a product within a mortar, assuming that it does not change during
the hardening and maturation phase, has a temporary rather than a lasting effect. On the other hand, the
applications of this type of product are mostly oriented towards brushing the surface to be cleaned, or
bundling in special poultices to clean masonry surfaces should they need it, rather than keeping

eftlorescence damage to a minimum.

Following this, the project focused on the rediscovery and reworking of two ancient and little-known types

of mortar, in particular, the properties of metakaolin as a pozzolanic addition to traditional lime and
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magnesian lime. The properties of metakaolin are well known, especially in its use as an additive to Portland
cement, but documentation for traditional lime and even more so for magnesian lime is lacking®”?%*. The
third series ‘Metakaolin’ consists of traditional and magnesian lime-based mortars with varying lime/sand
ratios and varying amounts of metakaolin, used as a partial substitute for lime. According to references in
the scarce bibliography®***. An attempt was made to recreate the ancient formulations of mortars with
extraordinary physical and chemical properties and innate durability. No noteworthy differences were
found when analyzing the rheological appearance of the fresh mortars (Ch.2.5.1), with the exception of the
magnesium lime mixtures, which appeared denser and more adhesive than the traditional ones, making

them very useful for application on sloping surfaces (Fig.60).

Figure 60 Evaluation of fresh mortar workability on tilted surface

Although the samples were studied during the course of the curing phase by means of XRD analysis, no
notable preferential patterns or peaks could be emphasized, and no relevant conclusions regarding the
presence of metakaolin emerged on the basis of the different concentrations. The same about their behavior
with water, both capillary absorption and water vapor permeability of lime and magnesian- lime was found

to be similar. The compression test gave good results for both formulations in which metakaolin was added.

125



The presence of metakaolin positively influenced not only the compressive strength modulus of the
mortars but also the resistance to freeze/thaw cycles, making the mortars more resistant and limited to
minor damage. Unfortunately, the same cannot be said about the resistance to crystallization of soluble
salts; in fact, the formulations of the third series (traditional and magnesian lime added with metakaolin),
regardless of composition, suffered such a damage that the it was not possible to reach 15 crystallization-
immersion cycles, the test was stopped prematurely due to cubes crumbling (Fig.60). Behind this
phenomenon, the possibility of incomplete curing was ruled out, as all samples were stored in the same

place and for a sufficient period of time to develop optimal physical and mechanical characteristics.

Figure 60 Sample L1S1 just after the 4" cycle

Although this sensitivity to salts may appear to be a characteristic of these formulations, historical
information regarding porcelain mortars suggests that they are highly resistant to the saline environment,
able to withstand salt without exhibiting any particular damage over the years. It is worth mentioning that
for the project, the reproduction of these mortars was deprived of the alum component, on which there
was no certainty of effectiveness, using only metakaolin. It is therefore possible that the presence of alum
promotes an increase in resistance to the action of salts, but this will be the subject of future studies and

research in order to determine the range of its effects and the best way to incorporate it.
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As a further study element, this project implemented the addition of glass microspheres in the mortar
matrix, to improve its performance in a wet environment. First and foremost, it was noted that this inert
material produces mixes that are easy to work, frothy, and improve the compactness and uniformity of the
whole, which resulted in a reduction in total open porosity. Very pleasingly, it has been noted that the
presence of the microspheres also reduces the medium specific weight and increases the permeability to
water vapor, resulting in lighter and more breathable mortar layers that allow the underlying masonry to
breathe (Tab.16,17). These mortars also demonstrate good resistance to freeze/thaw and salt cycles, but
not optimal, forcing the test to stop two cycles earlier than expected. Overall, the mortars suffered uniform
weight reductions during the progression of each test, ending in extremely damaged rather than pulverized
samples (Tab.25,30). A weak aspect of these formulations is certainly the area of mechanical strength. As
can be seen from Tab.22, which shows a variable behavior of the flexural modulus, increasing only in the
presence of CPB (SLSCH®), and a rather substantial reduction in that of compression up to 46%. In
conclusion, this Project was able to illustrate a wide selection of materials including limes, sands, and
additives in a complex series of formulations aimed at protecting the environment and safeguarding
architectural heritage. Various aspects were explored, including composition, physical-mechanical
properties and frost/thaw resistance capabilities, and first and foremost, resistance to crystallization of
soluble salts. The potential of several components including metakaolin and hollow glass microspheres has
been studied and demonstrated. Porcelain mortars could be an excellent starting point for future studies,

this time considering more in-depth research and the inclusion of alum as a part of the production.
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5. Conclusions

This Project had the opportunity to deepen and illustrate the production phases of mortars, the study and
research of their composition, and their evaluation in the laboratory, with the aim of identifying
formulations that could be useful in the field of Architectural Cultural Heritage. Italy and Europe are
characterized by a wide variety of architectural elements that have been or are currently the subject of
studies and research aimed at their maintenance and preservation. A mortar compatible with historic
masonry must be breathable, porous, made from materials similar to the original (be them air lime or NHL
etc.) and easily removable or reversible, if possible. These characteristics can be identified with the different
physical-mechanical properties already discussed in Ch.3 and Ch.4 and can be found in the table below
(Tab.31), drawn up with the aim of providing a general guideline for the hypothetical application of the
individual formulations. What has become clear from this project is the importance of the choice of starting
materials with which to develop a particular mortar. The type of lime, the relationship with any type of
binder, and the presence of certain additives constitute highly characterizing elements that will influence
not only the characteristics of the fresh mortar during processing, but especially those of the hardened
mortar. Specifically, various properties have been identified to describe these porous building materials,
which can also act as protection for the brickwork of the building, preventing most damage due to
deterioration agents. Pre-mixed mortars were a great help in being able to observe and obtain initial
information, without excessive preparation time, on the main methods of using and producing mortars.
Thanks to this, different types of mortars were developed and produced from the selection of materials
according to the desired characteristics of the hardened product. Mortars based on lime, sand, and
earthenware were studied, the performance of which demonstrated an excellent versatility of formulation,
also in resistance to freeze-thaw and salt crystallization. Another highlight of this thesis was the study of
porcelain and magnesian mortars, also aimed at drawing the attention of future research to these types of
mortars, of which there is a scarce and incomplete bibliography, but which are cited for their durability
over time against frost and soluble salts. Although the results of the latter were not further investigated,
lacking the study of the alum element in the alleged ancient formulation, what could be seen provided an
excellent starting point for further developments. The same can be said for the addition of HGMS to the
mortar mix to give new characteristics to the mortars, including breathability and resistance to humidity,

properties similar to those obtained today when the same microspheres are added to interior paints. The
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wide variety of formulations analyzed during the three years of the project has therefore allowed us to
explore topics that are daily discussed in the field of Cultural Heritage and that should also be fundamental
in today's building industry, helping the development of an innovative point of view based on aspects of

durability and environmental and economic sustainability.
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