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Abstract

This study is part of a project aiming at analysing the behaviour and properties of
PVA cellulose fibre-reinforced cement, and has been conducted in the Microstructural
Department of Civil Engineering within the Polytechnic Faculty of the University of Sao
Paulo. This project was born from the necessity of substituting asbestos fibres from the fibre
cement product. In the light of this, the project allows the study of the influence of the
addition of new materials in the fibre cement composite. Remarkable results were obtained
thanks to the sepiolite addition, especially on the fresh state study where an augmentation of

the strain and the load capacity of the material has been outlined.



Resumo

Este estudo é parte de um Projeto de Pesquisa, conduzido no Laboratorio de
Microestrutura do Departamento de Engenharia Civil da Escola Politécnica da
Univesidade de Sdo Paulo, que tem por objetivo a andlise do comportamento e das
propriedades de produtos de fibro-cimento a base de PVA e fibra de cellulose. Esse
projeto nasceu da necessidade de substitui¢do das fibres de amianto nos produtos de
Jibro-cimento. Tendo esse enfoque, o projeto procurou estudar o efeito da adi¢do de
novos materiais no composito de fibro-cimento. Resultados muito interessantes foram
obtidos gracas a adi¢do de sepiolita, especialmente no estado Jfresco, onde o aumento

da resisténcia mecdnica do material péde ser observado.
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1. Introduction

1.1.Generalities

The fibre-reinforced cement is made from hydraulic cement, discontinuous fibres as
well as other additives. Since 1900, with the development of the first real widely used
composite, asbestos cement, its popularity never stopped to increase. In particular, it is used
for corrugated sheets destined for the building industry; targeting the manufacturing and the
residential sector. A broad range of applications involve the utilization of fibres cement
sheets, roof covering, cladding, fagade coating, construction of walls ... Its popularity is due
to the numerous applications of this material and the easiness of production. Indeed, since the
beginning of asbestos cement production, the Hatscheck process remains the most common
way to produce fibres cement corrugated sheets. The principle of this process is quite simple:
first fresh planar fibres cement sheet are formed according to this process, and then they are

undulated by simple deposit of the fresh fibre cement sheet on a corrugated mould.

The main drawback in the corrugated sheet fabrication is the apparition of cracks
when the sheets reach their final undulated shape, thus ruining their physical and mechanical
properties. This is caused by the low plastic strain capability of the material used. This has

become a real issue since the prohibition of asbestos in most of the countries.

Indeed, unreinforced cementitious material is brittle, characterised by low tensile
strength and low tensile strain capacities. However, it holds out an excellent durability, a good
compression resistance and a low cost. This can explain the keen interest for reinforced
cementitious materials nowadays. A lot of fibres are commonly used to reinforce cement
matrix, steel fibres, glass fibres, synthetic or natural fibres. The most common one used to be
asbestos.

Asbestos is a general name given to a variety of crystalline fibrous silicates. This
material gained popularity because it holds out optimal isolating, chemical resistance,
mechanical resistance and thermal properties. Asbestos fibres also show an excellent
interaction with the Portland cement, which is a real asset. Its compatibility with the Hatschek
process seems to be unbeatable, since it is an excellent flocculating agent. The lack of
asbestos caused the loss of fine cement particles during the Hatschek process through the big

cylinder aiming at forming the fibre cement film. This resulted in the decrease of productivity
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of the Hatsckek process, as well as dramatic loss of final product’s mechanical properties.

Moreover, asbestos fibres’ low cost justifies its utilisation in numerous fibre cement products.

The prohibition of asbestos in most of the countries of the world forced the creation of
numerous research projects aiming at finding new materials capable of replacing asbestos
fibres. At first, the majority of the conducted projects focused on the simple substitution of
asbestos fibres by a large variety of other new fibres, but considered only their mechanical,
chemical or dimensional characteristics. Most of these replacements were unsuccessful, never
leading to properties similar to the ones obtained with asbestos. Indeed, the fibre cement
composite thus created behaved differently during the process of fabrication, resulting in a
product with poor mechanical properties, due to high porosity and bad fibres-matrix
interactions. Consequently, researchers turned their efforts towards ideas other than a simple
fibre substitution. Modifications of the cement matrix combined with the substitutions of
asbestos fibres by alternative ones were experimented in order to decrease the alkalinity of the
environment, improve the fibre-matrix interactions and increase the compatibility with the
Hatschek process. The addition of cellulose fibres in the cement matrix is largely used
nowadays; because of its high compatibility with the Hatschek process, particles retention
properties during the filtration stage and its low cost. The line of research nowadays concerns
the addition of new fibres to the cellulose reinforced matrix, in order to improve the
mechanical properties and the durability of the fibre cement product. In particular, Polyvinyl
Alcohol (PVA) fibres are commonly used to reinforce the fiber cement composite and show

great potential in the substitution of asbestos.

When using this type of fibres, an appropriate flocculating agent is required to
guarantee proper particle retention and to control the dewatering speed rate during the
Hatschek process. This is a crucial aspect in order to obtain a fibre cement product with fine
mechanical properties. Nowadays in the industrial sector, the quality of the Cellulose-PVA
fibre cement depends mainly on the flocculating agent as well as its optimal amount addition.
According to current literature on the subject, a polymer from the family of the
polyacrilamides is commonly used with an amount of about 0,1% of weight. But this

flocculating agent remains very expensive, and many have studied its potential substitution

with a cheaper one.
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1.2.0bjectives and study context

This study is part of a project aiming at analysing the behaviour and properties of
cellulose fibre cement, and has been conducted in the Microstructural Department of Civil
Engineering within the Polytechnic Faculty of the University of Sao Paulo. This project was
born from the necessity of substituting asbestos fibres from the fibre cement product. In the
light of this, the project allows the study of the influence of the addition of new materials in
the fibre cement composite. The laboratory is equipped with installations that allow a perfect
simulation of the fabrication process and an adequate characterization of the fibre cement
composite. Moreover, the team involved in this project remains the same, which makes
possible the transmission of knowledge and provides the tools to conduct an efficient

research.

This research aims at studying the influence of a specific type of clay called sepiolite

on the physical and mechanical behaviour of PV A-cellulose fibre cement.

Two kinds of sepiolite are used in this work, the first one commercially called Tolsa
originates from Spain, and the other one called Dolsan is from Turkey. Sepiolite is known for
its remarkable superficial properties and hence a flocculating behaviour is expected. A
possible bridging effect between the fibres and the cement matrix can make it an interesting

additive to the fibre cement composite.

A quantitative study has been conducted to emphasize the effect of the addition of

sepiolite on the physical mechanical properties of PV A-cellulose fibre cement sheet.

The first part of this report reviews the basic notion of fibre cement with a specific
section on PVA-cellulose reinforcement. It also presents simple notions about colloidal
systems, which are crucial to understand the flocculation phenomenon. A synthesis is done
about the principal sepiolite characteristics as well as a brief presentation of the industrial

Hatschek process.

The second part deals with the materials and the methods used during the study. A
physical characterization of each material has been conducted and all the results are gathered

in annex for commodity reason. A detailed description of the sample preparation including the
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casting stage is presented. And finally, a description of the different mechanical tests

conducted on the samples is done.

The last part of the report exhibits the results and the analysis of the entire study as

well as the conclusion on the investigation.



2. Bibliography

2.1.Portland cement basic notions

Portland cement is prepared by firing an original mixture of chalk (CaCOs) and clays
S2AH; (This reduced nomenclature is specific to the cement chemistry and is detailed at the
end of this part). This cement is thus named because its inventor, Jo Aspin, used a special
stone coming from the Portland Island to prepare it. The firing of these components gives

three products according to the following equation:
CHALK + CLAYS = C3A +C,S +C58

Most of the people think that the cement hardens by a drying. But actually it is the
opposite according basically to two hydration group of reactions. The first one which is fast,

causing the cement to set, takes place during the first 4 hours according to:
C5A + 6H = C3AH; + Heat

Physically, this step in the hardening of cement is materialized by the coating of the
cement powder grain by a gelatinous envelope of C3AHs. This gelatinous envelope allows the
bridging between each grain which gives birth to a network. These bounds are weak and can

be easily broken but quickly form again.

The second group of reaction involves the hardening step of the cement. It starts after

about 10 hours and can last more than 100 days. The two main reactions involved in stage are:

2C,S + 4H = C3S,H3 + CH + Heat
2C3S + 6H = C3S,H5 + 3CH + Heat

The main product of this reaction, C3S;Hs, is called Tobomorite gel. The hardening
mechanism is quite amazing. Water penetrates into the coated cement grain through the
gelatinous envelope of C3AHs. As the water enters into the bulk thanks to the high
concentration of calcium contained in it, the pressure increases and thus high concentrated

solution of C;S and CsS is ejected into the surrounding water. This water hydrates these
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components leading to the formation of sea ursine-like spines of the Tobomorite gel. The
liquid is pumped thanks to the osmotic pressure and react along the spines. It ends up when all
the reactants are gone. These needle-like spines can give birth to real meshes that facilitate the

hardening of the cement [1].

Reduced nomenclature:

e LimeCaO=C

e Alumina ALO; = A
e Silica Si0; =S

e Water HHO=H

2.2 Fibre-remforced cement

2.2.1. Generalities

Portland cement, like most cement, is a brittle material with a low tensile strength and
strain capacities. In this measure, a corrugated sheet made only with Portland cement would
not be able to fulfil its mechanical requests such as supporting the stress. But the fibres are not
used to increase the strength of the cement even if sometimes a little improvement can be
obtained; they are used because of their ability of controlling the cracking of cement. Thus,

they improve the ductility of the material and therefore the energy absorption capacity of it.

Fibre reinforced cement can be defined as a material made from a hydraulic cement
and discrete, discontinuous fibres. Fibre reinforced cements are constituted of three different
phases, the matrix, the fibre and the interface matrix-fibre. All of these three phases influence

the mechanical behavior of the fibre reinforced cement.

Nowadays, a wide range of fibres types is used. There are many types of fibres:

o Steel fibres
o (lass fibres

e Asbestos fibres
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¢ Synthetic fibres (Polypropylene, Carbon fibres, Kevlar fibres, acrylic fibres, Polyvinyl
Alcohol (PVA) fibres...)

¢ Natural fibres such as cellulose- pulp

The mechanical properties of the reinforced cement do not only depend on the fibres
ones. Indeed, they depend on the shape of the individual fibres and their dispersion in the

cementitious matrices.

The individual fibres can be classified according to their arrangement in the
cementitious matrices. They belong either to the monofilament or to the bundle fibres group.
In fibre reinforced cement, the main part played by the fibres occurs once the cracking
happened. Indeed, when cracking occurs in the brittle matrix, the load is transferred to the
fibres that act as bridges across cracks. Therefore, the two post-cracking functions of them
are: Providing an increase of strength by transferring stresses and loads across the crack, and
increasing the toughness of the composite with their energy absorption capacity.

Usually for composite materials, to estimate mechanical properties such as the strength and
the modulus of elasticity, the “rule of the mixtures” can be applied. Assuming that the two
components are linear elastic and the bond between them is perfect, the modulus of elasticity

£, and the first crack stress o, of the composite can be expressed as followed:

E =EV + MmN,V Equation 1

O = O,V AN M g0 [V Equation |
where:
» E_E,, E arethe modulus of elasticity of the composite, the matrix and the fibre.
* o0, isthefirst crack stress of the composite in tension
* 0, is the tensile strength of the matrix without fibre reinforcement

* o, is the stress in the fibre at the first crack strain

e V, and V, are the volumetric fractions of the matrix and the fibres

17, and 1, are the longitudinal and oriental efficiency factors in pre-cracked zone
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As said previously, a significant contribution of the fibres is obtained in the post-

cracking zone. This is obvious on Equation I and Equation 2 as V,, is much higher than ¥,

(typical values are around 5%). Thereby, in the post-cracking zone the effect of the matrix is

negligible, thus the Equation 2 can be reconsidered to estimate the tensile strength o, of the

fibre reinforced cement:

O =M N0V, Equation 2
where:

* 1, and 7, are the longitudinal and oriental efficiency factors in pre-cracked zone
e o, 1s the tensile strength of the fibre

e V, is the volumetric fraction of the fibres

The toughness is also an important propriety for sheet of fibre reinforced cement. It is
directly linked with the ability of absorbing energy during impacts. These sheets are often

submitted to impacts either during the utilization or during transport.

All these mechanical improvements to the brittle cementitious matrix are the result of
the fibre-cement interaction. Two phenomena are controlling these improvements: how the
stress is transferred from the matrix to the fibre and after, the bridging behavior of the fibre
across the cracked matrix. Depending on the interfacial characteristics, during the cracking of
the brittle matrix, the fibre can either break or be pulled out. The energy required for the latter
is greater. To understand the pull out mechanism, considerations must be done for the pre-

cracking zone and the post cracking zone separately.

During the pre-cracking stage, the fibre and the matrix are perfectly bonded i.e. the
displacement involved during the deformation are geometrically coherent. Thus, the
mechanism running the pre-cracking stage is the elastic stress transfer. A non uniform shear
stress is distributed along the interface in order to distribute the load between the fibre and the

matrix.

During the post-cracking stage, debonding between the matrix and the fibre occurs. A
relative difference of displacement exists between the two components of the composite, and

the dominant mechanism controlling this stage is the frictional slip. Frictional stress is
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uniformly distributed along the interface. Ultimate strength and strain are determined by this
stage.

A typically interfacial shear stress x displacement can be obtained Figure 1.

nterfacial shear stress ¥

|8

TRY

_ Debouding stage
e s ™
Pro-cracked stuge

Displacement

Figure I- Ideal interface shear stress-displacement curve

Tau represents the shear bond strength and 15 the maximum frictional shear stress interface.
The values of these shear stresses depend on the properties of the cementitious matrix, of the

fibre but mostly of the interface characteristics [2].
2.2.2. Cellulose and PVA fibres

As said in the introduction, the success of asbestos-cement is based on the excellent
compatibility of asbestos fibres with the Portland cementitious matrix and the mechanical
properties obtained. Indeed, asbestos fibres possess a high modulus of elasticity as well as
high strength. The great affinity of asbestos fibre with Portland cement matrix allows a good
dispersion of the bundle. Asbestos fibres are highly compatible with Hatschek process which
guarantees an easy production of asbestos fibre cement sheet. The only inconvenient is low

toughness of the cement composite.
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Since the discovery of health damage caused by asbestos fibres, nowadays their
replacement is subjected to many studies. In particular, their substitution by cellulose and
Polyvinyl Alcohol (PVA) fibres is of great interest. Cellulose fibres have lower mechanical
properties than asbestos fibres, lower strength and stiffness but they can increase the strain
capacity. They are highly compatible with the Hatschek process and can be used for total or
partial substitution of asbestos fibres [2].

High strength PVA fibres are also being developed for asbestos replacement. After
surface treatment of the polymer in addition with its natural hydrophilic behavior (due to the
presence of hydroxyl groups) a good affinity with cement matrix can be obtained: strong bond
and excellent dispersion. Cement matrix reinforced with PVA fibres can present similar
mechanical properties to those of asbestos-cement, especially for the toughness and the
strength. They present a good resistance to alkali environment and preserve their mechanical
properties through time. Their drawback is low adaptability to the Hatschek process. In this
measure, their volume addition is limited. Therefore, they are often used in addition with

other natural fibres to balance this inconvenience [3].

Fibre cement reinforced with cellulose and PVA fibres generally present a lower
mechanical strength but a higher toughness than asbestos-cement. In addition, it shows a

higher ductility which is an asset in production of fibre cement sheets.

The following table Table I presents the principal mechanical characteristics of PVA,

cellulose and asbestos fibres as well as their adaptability to the Hatschek process.

Table 1- Properties of some fibres used in the fibre cement production

. Tensile Modu!u.s of Ultimate Resxstange to Adaptability to the
Fibres elasticity . alkali
strength (GPa) strain environment Hatschek process
(MPa)
Asbestos | 3100 162 2,0-3,0 Good Good
Cellulose | 300-500 10 ~ Bad Good
PVA 900-1300 20-35 10-20 Good Bad
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2.3.Colloidal systems and zeta potential

2.3.1. Colloidal systems presentation

One refers to a colloidal system when one of the fundamental states (solid, liquid, gas)
is dispersed in another and when the dimension of the dispersed state is microscopic. In our
study, we will focus more on solid in suspension in liquid solution. These colloidal systems

have great practical properties.

These particles in solution can have different behavior, they can be dispersed or in
some specific circumstances, they may adhere to one another and form aggregates of
successively increasing size Figure 2. This process is called flocculation and the aggregates
thus formed flocs. These flocs can sediment in the base solution confining smaller particles
present in the solution. A third phenomenon, called coagulation, can appear if the aggregates
become denser. In the literature, the terms of coagulation and flocculation are often confused.
Actually, the word of flocculation is kept for a long distance particles interaction, involving
lower energy minimum, while coagulation is used when the interfaces are in contact which
involves relatively high attraction energy. Furthermore, flocculation is said to be a reversible

process while coagulation is irreversible [5].

Figure 2- Dispersed and aggregated system

2.3.2. Colloidal system and the DVLO theory

DVLO theory deals with the stability of a particle in a solution. DVLO theory is thus
named in honor of the four scientists who developed it in the 40°s, Derjaguin, Verwey,

Landau and Overbeek. This theory defends that the stability of a particle in solution depends
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on its total potential energy function Viua. The total potential energy function is the sum of

several competing contributions.
Viota™ Va + Vi + Vs Equation 4

Vs is the potential energy induced by the solvent, it only has a small influence on the total
potential energy. The two main contributions are the ones caused by the attractive and
repulsive forces resulting in the two potentials V4 and Vr. They can operate at long distance
and have a strong effect on the total potential energy in comparison with Vs. V4 and Vg can

be expressed as followed:

V, =

p =e———=- Fquation 5 and VR = 2][.8.0.4128#“3 Equation 6

- iZ.ﬂ'.D

where A is the Hamaker constant, D the particle separation, a the particle radius, 7 is the

solvent permeability, k a function of the ionic composition and { the zeta potential.

This theory assumes that the stability of the colloidal system is determined by the sum
of the Wan Der Waals attractive forces (V4) and the repulsive forces (VRr) contributions. The
repulsive forces come from the electrical double layer around each particle and the Brownian
motion phenomenon. Indeed, the particles approach each other due do the Brownian motion
provoking their repulsion because of their electrical double layer. An energy barrier is thus
created preventing two particles approaching one another and adhering together. But if the
collision between to particles is sufficiently energetic to overcome this barrier, the attraction
forces can link the two particles together and the phenomenon of coagulation appears.
Therefore, if the energetic barrier is high enough, meaning that the repulsive forces are strong,
the colloidal system will resist to the flocculation phenomenon and the particles will remain

well dispersed [5].

In the following scheme Figure 3, the force is repulsive at long distance with a
maximum corresponding to the V., energetic barrier discussed previously. If the Brownian
motion thermal agitation is not enough to overcome this barrier, the repulsive forces will
impede the two interfaces to get close enough to make the forces become attractive. Thus,

with a high barrier the system will remain dispersed [4].
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Figure 3- Scheme resuming the DVLO theory concepts

2.3.3. Zeta potential definition

It is important to understand the environment of the particle to give a proper definition
of the zeta potential. When the particle surface presents a net charge, the surrounding of the
particle is modified, resulting in the increase of counter ions concentration (ions of opposite
charge that of the particle surface). An electrical double layer is thus created around each
particle of the system. The layer is composed of two different parts, an inner region called the

Stern layer and an outer layer called the diffuse layer. In the Stern layer, the ions are strongly
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bound to the surface. Within the outer layer the particles and the counter ions form a real
entity moving together. The potential zeta is defined as the potential at the external boundary
of the diffuse layer. The following scheme Figure 4 describes a typical electrical double layer

around a spherical particle [5].

Dzs:mcﬂmm;wﬁe g hw &

Figure 4- Schematic representation of the zela poteniial

2.3.4. Zeta potential and stability of colloidal systems

The zeta potential determines the stability of the colloidal system. If the particles in
suspension have a large negative or positive zeta potential, they will repel each other giving
birth to a perfectly well dispersed suspension. In another hand, if the potential is equal or
close to zero, the particle tendency is to come together, because there are no repulsive forces
preventing the flocculation/coagulation phenomenon. It is common to consider that if the zeta
potential magnitude is situated between -30 mV and 30 mV, flocculation or coagulation will

happened.

Three main factors can affect the zeta potential:
e pH
e conductivity of the solution

e particle concentration
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The more the pH is elevated the more the particle tends to have negative charges and

vice versa. The pH where the zeta potential is null is called the isoelectric point. At this point

the suspension is least stable [5].

The thickness of the electrical double layer is a function of the ions concentration and
from the ionic strength. The higher the ionic strength is the more the electrical double layer is
compressed. The valency of the ions influences the thickness layer too. A divalent or trivalent
cation will compress more the electrical double layer than a monovalent cation. The
adsorption of specific ions by the particle can modify consequently the superficial charge and

thus moving the isoelectric point.

In high salt concentration, the zeta potential is reduced and can lead to a secondary

minimum much weaker in potential curve as it is shown on the following scheme Figure 5.
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Figure 5- Secondary minimum situation

The flocs thus created are stable enough to resist to the Brownian thermal motion, but

can be reversely dispersed with a simple agitation [4].
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2.4 The sepiolite and its properties

2.4.1. Introduction

Sepiolite belongs to the clay family known as sepiolite-palygorskite. Clays can be
considered as extremely small particles. Sepiolite is used in a wide range of applications

thanks to three types of properties which are:

e Sorptive properties
o Rheological properties
o Filler properties

e (Catalytic properties

In our study, the properties which are really important are the three first ones. To
understand the origin of these properties, it is necessary to detail the sepiolite structure and
also to the surface properties such as the cation exchange capacity (CEC) as well as its
specific surface area. Surface characteristic are determinant to understand the behavior of

sepiolite suspension in different electrolytes [6].

2.4.2. Structure

Commonly, sepiolite appears as larges bundle of crystalline fibres. It adopts a compact
soft porous macroscopic appearance. But it can also presents a lump form like the one found
in Turkey. The fibre dimension can vary considerably to 0,2 to 2 pm in length, 100 to 300 A
in width and a thickness of 50 to 100 A. The fibrous structure of the sepiolite is constituted of
talc-like ribbons with two sheets of tetrahedral silica units, each ribbons is linked thanks to
oxygen atoms to an octahedral sheet of magnesium composed of eight cations. The silicon
sheets are continuous and after every six tetrahedral units, the direction of these tetrahedral
units is inverted. The octahedral sheet of magnesium is discontinuous at each inversion which
gives birth to channels in the longitudinal direction. These channels of 3,6 * 10,6 A of section
can contain water and other fluid molecules. Sepiolite can contain a large amount of water

which can be classified in three groups according to its location:
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e Absorbed water bonded by hydrogen bonds at the external surface or into the channels

which in this case is called zeolitic water.

o Crystal water bonded with octahedral cations at the edge of the central ribbon,
therefore completing their coordination.

* Constitution water or hydroxyl groups.

* A typical formulation of the sepiolite molecule can be given thanks to the Brauner and

Preisinger model:

(Si12)(Mgs)(O30)(OH4)(OH,)48H,0

The following scheme Figure 6 shows the structure of the sepiolite.

«—C=13.37A—

. b=26.95A >

O00=0 ©=0H &=H,0 -=8io=Al & Mg
Figure 6- Schematic structure of sepiolite according to Brauner and Preisinger model, 1956

Lots of formulae show a small substitution of Si*" by AP* or Fe** in the tetrahedral sheet,

which cause a deficiency of charges on the sepiolite surface [7].
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2.4.3. Specific surface area and Cation Exchange Capacity (CEC) of the Sepiolite

Many measures of the specific surface area of the sepiolite have been done, and quiet a
wide range of values can be found in the literature, depending on the methods used to make
these measurements. The molecule used to measure the specific surface area can either be
adsorbed on the external surface or penetrate the intra-crystalline channels. The specific
surface area of sepiolite increases as the temperature is increased and as the zeololitic water is
removed, thus liberating free spaces The specific surface area of the sepiolite computed with
structural models (Brauner and Preisinger model for instance) is approximately of 800-

900m”.g"'. But usual BET N, measurements show values more around 340 m>.g” [6].

The cation exchange capacity (CEC) is a measure of the total number of sites available
for ion exchange of positively charged ions, i.e. cations, or the total amount of exchangeable
cations. The cation exchange capacity of sepiolite values, found in the literature, vary greatly
according to different crystalline compositions of the sepiolite. A typical value done by the
ammonium acetate method is around 25 meg/100g. The cation exchange capacity of sepiolite
is due to the deficiency of charges caused by the trivalent ions substitution of Si*" in the
tetrahedral sheet and by broken bounds at the edge of the fibre. This deficiency can be

compensated by adsorbed cations from the solution [6].

2.4.4. Sorptive characteristics

Sepiolite possesses several sorption active centers on its surface:
e The oxygen atoms present in the tetrahedral sheet.

* Water molecules in coordination with magnesium at the edge of the central octahedral

sheet which can be linked thanks to hydrogen bond to sorbed molecules.

* Silanol groups along the tetrahedral sheets of the molecule. These silanol groups are
created by the break of Si-O-Si bonds. The residual charge thus created can be

balanced by accepting a proton or a hydroxyl molecule.
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Moreover, as described above, sepiolite possesses a great surface area thanks to the
zeolitic channels. Combined with the numerous sorption active centers, sepiolite can adsorbed
a large amount of water and other polar substances. Sepiolite can retain up to 200% to 250%

of its weight in water [7].

2.4.5. Rheological behaviour of sepiolite suspensions

Sepiolite particles have a needle like structures and often appear as bundles.
Dispersion of these bundles can easily be done in water and other high or medium solvent.
Once dispersed in the liquid, it forms a structure of randomly intermeshed elongated particles,
which is maintained by physical interference and hydrogen bonding, and entraps the liquid,
increasing the viscosity of the suspension. The dispersion efficiency and the rheological
properties of sepiolite suspension depend on several factors such as the concentration of solid,
the agitation process or the pH. In aqueous environment (medium of high polarity), the

rheological behaviour of the sepiolite suspension is influenced by several factors:

¢ Concentration of sepiolite
* Shear stress applied during the dispersion process
e pH

e clectrolyte

As the concentration of the sepiolite increases, the viscosity of the suspension

increases remarkably, resulting in a non-Newtonian fluid and even forming gels.

Disagglomeration is obtained thanks the application of a shear stress. The viscosity of

the suspension increases with the shear rate but also with the shearing time [6].

The pH does not affect much the suspension of sepiolite over a wide range of values
around 8. According to Alkan et al. [9] the isoelectric point of the sepiolite was found around
6,6. An increase of the solution pH results with an increase of the negative charge of the
sepiolite and a decrease of the zeta potential which at pH 9 is about -43 mV. The increase of
negative charge can be attributed to the adsorption of HO onto the positive centers and a

deprotonation of surface hydroxyl group.
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The electrolyte can quite modifies the rheological behaviour of the sepiolite
suspension. According to a study conducted by Alkan and al., divalent cations such as Ca®*
for instance, are able to decrease the zeta potential of sepiolite (becoming less negative) and
in high concentration, even cause a charge reversal. This can lead to a flocculation
phenomenon of the sepiolite suspension. In another hand, monovalent cations have not a great
effect on the zeta potential of the sepiolite; in high concentration they decrease it compressing
its electrical double layer, but addition of such cations never leads to charge reversal.
Therefore, dispersed suspension of sepiolite remains stable in monovalent cations electrolyte

[9].

3. Materials and methods

3.1.Material description and characterization

This section deals with the characterization of the materials used for this study. For the
validity of a survey, it is crucial to have precise data on the components in relation with the

study. These components are:

¢ The Portland cement CPI1
¢ The filler limestone

e The cellulose fibres

e The PVA fibres

e The microsilica

* The two types of sepiolite (Turkish and Spanish)
All these materials (expect the sepiolite) were provided by Infibra, a company that

produces fiber cement corrugated sheet in the state of Sfo Paulo and which collaborated with

our team.

Each material was submitted to specific test according to its nature. The powder

materials such as the cement, the limestone and the microsilica were submitted to-

* A chemical analysis to determine their exact composition
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e A granulometric distribution measurement

e X-ray diffraction

e BET analysis to estimate the specific area

¢ Density measurement thanks to a helium pictometer

Two different kinds of sepiolite were studied, a Turkish one commercially called

Dolsan and a Spanish one named Tolsa. Both have a granular aspect, with brown coloration

for the Tolsa and a milky coloration for the Dolsan. Each one was submitted to a nitrogen

BET analysis, X-ray diffraction, a density measurement and also to rheological study to

understand the behavior of sepiolite suspension.

The Annex I gathers all the characterization data.

3.2.Samples composition

To study the effect of the addition of sepiolite on the fibre reinforced cement, three

different compositions were chosen for the samples. The composition of the sample of

reference (the one free of sepiolite), is a typical industrial one used in the industry for the

production of PVA / cellulose reinforced cement sheet. The two others samples contain the

two different kind of sepiolite that we are interested in this study.

Table 2 presents these compositions:

Table 2- Samples weight pourcentage composition

Weight composition (%)

Components
Reference Tolsa Dolsan
[ Cement 64,00 63,36 63,36
Limestone 26,20 25,94 25,94
) Active Silica 5,00 4,95 4,95
Sepiolite Tolsa 0,00 1,00 0,00
Sepiolite Dolsan 0,00 0,00 .00 |
Cellulose fibres 3,00 2,97 2,97 |
PVA fibres 1,80 1,78 1,78
"~ Total 100,00 100,00

100,00
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The optimal amount of sepiolite added was chosen according to the result given by the

flocculation study.

3.3.Methodology

This section describes the methodology used in this study. The fibre reinforced cement
sheets were cast according to a process that simulates to a laboratory scale, the one used in the
industry: The Hatschek process. This process is based on a vacuum dewatering of the
dissolved fibre cement in a quadratic metallic recipient which is able to create suction at its
base. The mixture is composed of 30% of solid in weight in suspension in water. The pressure

created by the vacuum allows the dewatering of the fibre cement mixture.

Once, the fibre cement sheets prepared, they were tailored for the different mechanical
tests requested in this study. Two different mechanical tests were done on the samples
according to the properties of interest. First, each fresh fibre cement samples, thus molded,
were tested under tensile. Then after 28 days of hardening, each sample was submitted to a

bending test.

3.3.1. Properties studied

It is important to define the physical and the mechanical properties that are important
to study the behavior of fibre cement sheet. Like it has been said previously, the fibre cement
is studied in its fresh and hardened condition. We can distinguish the properties extracted

from these two conditions.
Thus, the following properties are resulting from the study of the fresh fibre cement:

* The Stress-strain relation (given by the tensile test)
¢ The tensile strength (given by the tensile test)

e The strain at the fracture (given by the tensile test)
e The humidity of the sheet

» The dewatering rate during the casting of the fibre cement sheet
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The properties of the hardened fibre cement are:

¢ Modulus of Elasticity (MoE)
¢ The Modulus of Rupture (MoR)
¢ Toughness

The knowledge of these different properties will allow the conclusion on the benefit of

the added sepiolite on the physical and mechanical fiber cement properties.

3.3.2. Samples preparation and casting

The mixtures were realized thanks to an electrical agitator which guaranties the
agitation of 2000 rpm. The different components were added gradually to allow an adequate
homogeneity in a 31 capacity recipient with 1290 ml of water (corresponding to 30% of solid)

Figure 7. The component where added according to the following sequence:

o Cellulose fibres (3mn of agitation)
e PVA fibres (3mn)

e Microsilica (1mn)

e Limestone + Cement (3mn)

e Sepiolite (3mn)
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Figure 7- Some steps of the fibre cement solution preparation: addition of cellulose, blending of cellulose,
blending of PVA +Cellulose, addition of sepiolite (from lefi to right and from up to down)

The addition of sepiolite required a specific preparation Figure 8. Indeed the sepiolite
was added after a pre-dispersion step. Gels of sepiolite were prepared thanks to an electrical
mixer which allowed an agitation of 3000 rpm of the suspension. The gels were composed of
5% in weight of sepiolite which was enough to guaranty a good viscosity. The study of the
rheological behavior of the sepiolite suspension were done previously to determine the right

amount of sepiolite necessary to create a gel with the adequate viscosity.

Figure 8- Sepiolite gel preparation
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Once the fibre cement mixture ready the casting process could begin. The mixture was
transferred in the casting device Figure 9. The mixture was spread out with a spatula to reach a
good homogeneity of the fibre distribution in the cement sheet. Simultaneously, the vacuum
suction was activated under a pressure of 3 atm. Thus the dewatering process of the fibre
cement began. After 150 seconds of suction, the process was stopped, thus forming the fibre
cement sheet. The cement sheets have humid solid appearance with dimensions determined
by the ones of the mold, 200¥200mm, and with a thickness which varies between 6 mm and 8
mm according to their respective composition. Indeed, some compositions possess better

water retention capacity which brings on an augmentation of the sheet volume.

Figure 9- Vacuum dewatering device connected to a Kitasato container

The vacuum-dewatering device is connected to a Kitasato recipient of 4 1 capacity,
aiming at collecting the water. The recipient is set up on electronic balance, which is
connected to a computer, allowing the in-situ measurement of fibre cement mixture

dewatering rate Figure 9.
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For each fibre cement composition, five sheets are molded, two for mechanical test on
the fresh state and the other three for the hardened state Figure 10 . The sheets for the tensile
test are cut according to a precise normalize shape. The cutting stage is realized thanks to an

original device which allows an easy removing of the samples.

Figure 10- Example of fresh cast fibre cement sheet

Once the fibre cement sheet cast, they were pressed individually under 3,2 Mpa, which
simulates the pression applied by the cylinder of Hatschek mechanical device. After that, the

sheets were placed into plastic box to avoid any moisture variation.

3.3.3. Mechanical tests

a. Tensile test

The tensile tests were done on Instron 5569 device. The tensile device was set up to
test samples of low resistance as the fresh fibre cement ones. Samples are fixed tanks to a

system of plastic clasps Figure 11, which avoid any damage on them.
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Figure 11- Plastic clasps allowing a smooth holding of the sample

The tensile tests were done under a minimal load permitted with this device, 1000 N
with a strain speed of 2 mm/mn. Typical load/displacement curves were obtained and
analyzed in the next part of the report. 8 samples were tested for each formulation giving
enough data to infer a general behavior, i.e. the maximum load, tensile strength and the strain

at maximum load. Figure 12 shows a sample during the tensile test.

Figure 12- Sample during tensile test
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After being tested, each sample was submitted to a process of accelerated drying
during 7 mn in the microwave. The measurement of the weight sample before and after drying

allowed the calculation of the percentage of humidity in it:

m humid

where:
®  Mpmid IS the sample weight before drying

* Mgy is the sample weight after drying

b. Bending test

Three fibre cement sheets, for each composition, were reserved for the hardened state
mechanical characterization. After being molded, these sheets were placed in a plastic bag for
48 hours to create a water-saturated atmosphere. After that, more than 90% of the cement
reactions already have occurred, and the fibre cement sheets presented solid rigid aspect.
According to the fibre cement bending test standards, the samples (4 per sheets) were
immerged in water during 28 days. Once the sample saturated in water, the bending test were
done with a speed of 1,5mm/mn. For this test, precise sample dimensions are really important;
they were cut to have approximately 40*160mm section. But before each test, the sample
dimensions are measured to allow a precise calculation of the characteristics of interest such
as modulus of elasticity, toughness. ..

To measure the flexure extension, a linear variable differential transformer (LVDT) was used.

Figure 13 shows a schematic representation as well as a picture of the bending test.
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Figure 13- (a) scheme of the 4 points bending test, (b) picture of the bending test
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compare properly each sample. A bench of four agitators in series is used to compare the
effect of different quantity of sepiolite in solution, as shown on the following scheme Figure

14.

Agitators

Glass
goutalners

Figure 14- Schematic representation of the flocculation test

First the fibre cement solutions were prepared without adding sepiolite. The mixture of
cement, limestone and fibres were agitated at 70 rpm for 30 mn. The sepiolite addition steps
in only at the ultimate stage of the fibre solution preparation according to the industrial

procedure.

After 30mn of agitation, the sepiolite was finally added to the fibre cement mixture.
The agitation was increased for a couple of minutes to allow a perfect homogenization of the
solution. Then, the agitation was decreased to 30 rpm to observe the decantation phenomenon.
For each type of sepiolite, the pictures and movies of the bench were taken to compare the

four mixtures (free from sepiolite, 1%, 2% and 6%).
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4.1.3. Results and discussion

Whatsoever the quantities of sepiolite added in the fibre cement solution, the effects
were immediate. Flocs formation immediately began, thus forming a dense and opaque solid
bulk. After a few minutes, flocs began to settle giving birth to a solid bulk of a viscous aspect
in the bottom of the container. The water on the top of flocs thus settled, was more or less
translucent depending on the quantity of sepiolite addition. The flocculation phenomenon was
visible enough to easily enable comparison between a sample free from sepiolite Figure 15 and

the sample with sepiolite Figure 16.

Figure 13- Fibre cement solution free from sepiolite after 15 mn of decantation
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Figure 16- Flocculation phenomenon, cement solution after 1% (lefi) and 2% (rvigth) Dolsan sepiolite addition.

No clear differences appeared between the two different kinds of sepiolite except that
the water in top of the settled bulk was a little more translucent for the Tolsa than for the
Dolsan. Indeed, the sedimentation rate, the settled bulk volume and the flocs size were similar
for both sepiolites. Therefore in the following, no differentiation could be done for the two

kinds of sepiolite and thus the discussion is valuable for both.

The only clear differences between the various fibre cement solutions were due to the
variation in sepiolite quantities added. The more sepiolite is added, the bigger is the settled
bulk and clearer is the top water. The following pictures illustrate well these impressions

Figure 17.
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Figure 17- Sepiolife addition effects: 1% and 2% after 15mn (picture on the left); 2% and 6% after 15mn
(picture on the left)

The clearness of the top water with the 6% sepiolite addition is spectacular. Almost
every particle seems to be trap into the settled bulk Figure 17. Another tendency can be
underlined: the decantation time influences the solution aspect. The longer is the decantation
time, the more the flocculation phenomenon is noticeable (bigger settled volume of flocs,
clearer top water). Indeed, this is due to increased time enabling the sepiolite particles to

interact with the fibre cement solution ones.

Finally, the sepiolite flocculation capacity is obvious whatever the added quantity or
the type of sepiolite. In the industrial process, the flocculant addition quantity is around 0,1%.
The results observed in this survey show a significant effect with 1% of addition. This
quantity seems to be sufficient to obtain a good ratio efficiency/cost in adequacy with
Hatscheck process. Moreover, it is important to notice that the actual industrial flocculant

agent, even in small amount as 0,1%, remains much more expensive that sepiolite.

4.2 Fresh state study

4.2.1. Dewalering properties

The dewatering speed rate gives information about the permeability of the fibre
cement sheet. All curves, water loss (in weight) versus time, converge toward an asymptote,
which indicates the capacity of the material to retain water in its microstructure. All the

dewatering data are gathered in Annex 11.
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Figure 18 shows the average dewatering curves of three samples (the reference ones

(free from sepiolite), the Tolsa and Dolsan ones). These curves were obtained by averaging 5

series of data for each of the three compositions.

Average dewatering curves
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Figure 18- Dewatering curves for the three fibre cement compositions

The dewatering curves exhibit a similar shape, with a linear part  during most of the
process, and an asymptotic behavior at the end. The dewatering procedure is really efficient
in the first part (represented by the linear shape on the curves of Figure 18): almost all the
water that can be removed regarding the physical condition of the process (vacuum suction of
3atm), is actually removed during this period. Therefore to remove the major part of the
water, it takes approximately 80 s for the sepiolite-free samples and 100 s for the samples
containing sepiolite. Moreover, the dewatering speed rate is constant during this part.

The samples, which contain either sepiolite Tolsa or Dolsan, exhibit lower dewatering speed
rate than the ones free from sepiolite. Indeed, the inclination of the rectilinear part is more
important for the sepiolite-free samples than for the others. One can also notice a clear

differentiation between the two sepiolite samples. The Dolsan ones show much lower
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dewatering speed rates than the Tolsa ones. This means that the permeability of the samples
with sepiolite, especially the ones with Dolsan sepiolite, is lower than the ones free of
sepiolite, which signifies that the water has more difficulties to go through these samples. The

following graphic, Figure 19, presents the linear part of the dewatering curves with their linear
approximation:

Dewatering Curves
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Figure 19 - Approximation of the linear part of the dewatering curves

The free sepiolite-free samples show an average dewatering rate of 18,4 g.s', the
Tolsa samples of 16,1 g.s* and the Dolsan ones of 14,4 g.s. As demonstrated in the graph in
Figure 20, the dispersions around these average values are relatively low; this shows a

relatively good constancy in the dewatering process. Indeed the reference, the Tolsa and the

Dolsan samples display a standard deviation of 1,31, 0,72 and 0,40 g.s™ respectively.
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Figure 20- Dewatering speed rates for each fibre cement composition

These differences of dewatering speed rates between the samples without sepiolite and
the ones containing it can easily be explained. The presence of sepiolite fibres result in the
creation of a network that densifies the fibre cement, and so prevents the water to flow out
easily. The divergence between the two kinds of sepiolite cannot be explained simply and
requires a microstructural analysis of the fibre cement sheets, but it is surely related to the
flocculation ability of the sepiolites. Indeed, the more efficient the flocculation process, the

lower the dewatering speed rate.

Another important point that deserved to be examined is relative to the asymptotic part
of the dewatering curves (Figure 18). Indeed, this part characterizes the water retention of the
samples, which means the water that is going to stay into the samples after the dewatering
process. The water retention cannot be directly characterized by comparing the relative
position of the dewatering curve asymptotes (Figure 18). In fact at the end of the dewatering
procedure (when reaching the asymptotic behavior), the sheets were manually pressed in
order to obtain a regular planar shape. The adjustment of the balance could have been

affected, thus moving the relative position of the dewatering curves. However, this did not
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affect the linear part, which consequently allowed the calculation of the dewatering speed
rate.

The relative humidity is determined by measuring the percentage of water that stayed
into the sheet. Figure 21 shows the relative humidity of the samples, the average value and the

dispersion around it.

Figure 21- Relative humidity of the fibre cement sheet before pressing

The previous graph, Figure 21, shows that samples with sepiolite retain more water than
the one without, as expected. Indeed, the Tolsa and the Dolsan samples retained an average
percentage of respectively 35,4 % and 34,7 % of water, whereas the reference samples
retained only 27,7%. The dispersions around these average values were relatively small
around 2%, which demonstrate a good constancy in the process. These differences in the
water retention capability of the samples can easily be explained. The sepiolite induces a
flocculation phenomenon, and the thus formed flocs can trap the water in their bulk.
Moreover sepiolite possesses a good affinity with the water thanks to its numerous sorption
active centers and great specific surface area with its zeolitic channels. Therefore the water

can be simply trapped by the molecule itself during its hydration.
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After being cast, the fibre cement sheets are pressed, and during this stage water is
expelled again. It is interesting to quantify the humidity of these sheets after pressing. The

following graphic Figure 22 depicts the relative humidity of the sheet after the pressing stage:

Figure 22- Relative humidity of the fibre cement sheets afier pressing

Reference sheets show an average relative humidity after pressing of 23,4% whereas
the Tolsa and Dolsan ones exhibit a similar value of 24,7%. This shows that during the
pressing stage, the sheets containing sepiolite loose a larger amount of water than the one
without. Indeed the media relative humidity of the sepiolite samples decreased from 35,4%
for the Tolsa and 34,7% for the Dolsan to 24,7%, whereas the reference sheets decrease only
from 27,7% to 23,4%. These values show a good constancy, indeed the standard deviations
remain inferior to 1,3% (this maximum value is obtained for the reference samples). The
reason of such a water loss difference between the sample with and without sepiolite come
from the fact that most of the water trapped during the flocculation phenomenon is easily
expelled by simple pressure on the sheets. But there still remains approximately 1,3% more
water in the sheets containing sepiolite. This is due to the pressing process which is not able

to evacuate the water adsorbed by the sepiolite molecules (in the zeologic channels for
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instance). An addition of 1% of sepiolite thus leads to a difference of about 1,3% of relative

humidity of the fibre cement sheets.

4.2.2. Tensile test

As described in the above-mentioned part methodology, 8 fresh samples per
composition were submitted to conventional tensile test in order to determine interesting
mechanical properties such as the maximum stress and the sample extension at maximum
stress. This gives us information about the plasticity of the fibre cement sheet in function of
its composition. As previously mentioned, the more the fibre cement is able to deform
plastically, the lesser the risk of fissure apparition. The maximum stress and the extension
were calculated by measuring the width and thickness of each samples and entering them into
the Blue Hill program which allows the stress calculation at each point, thus simplifying the

relation between the load and the stress.
The following graphic, Figure 23, illustrates the average tensile curves of the reference,

the Tolsa and the Dolsan samples. They were obtained by averaging 8 series of data per

composition:
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Figure 23- Average tensile curves
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These curves have a similar bell shape characterized by a maximum tension. The
effect of sepiolite is evidently increasing both maximum tension and extension. All the tensile

test data are gathered in Annex I1I.

a. Maximum stress

Figure 24 emphasizes the sepiolite addition effect on the maximum stress. The
reference samples present an average maximum tension at about 0,062 MPa. The added
sepiolite has a significant effect, increasing largely this value. Indeed, an augmentation of
70,3% and 108,5% is obtained by adding sepiolite Tolsa and Dolsan with a value of 0,11 MPa
and 0,13 MPa respectively.

The standard deviation is quite important and is approximately the same for all the
samples 0,024 MPa. This underlines the need to enhance the casting process by improving the
efficiency of mixing stage in order to increase the fibre distribution. The maximum stress
augmentation shows the mechanical improvement obtained by adding sepiolite. This

improvement illustrates the noticeable reinforcement effect of sepiolite on the fibre cement

sheets.

The different values obtained between the two kinds of sepiolite cannot be explained
easily. Again, microstructural investigation on the fibre cement sheet and on the sepiolites
themselves had to be done. The Dolsan sepiolite could possess a better superficial interaction
with cementitious matrix, which would explain the efficiency of the reinforcement. It also can

be related to the morphological aspect of the sepiolite fibres, their dimension, their specific

surface area... etc.
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Figure 24- Maximum tensile stress of the three saniples

b. Tensile extension at maximum stress

The graphic Figure 25, shows the results obtain by adding sepiolite on the extension at
maximum stress. At first view, the effect is noticeable, with an average improvement of
21,3% and 26,8% for the Tolsa and the Dolsan samples respectively. Indeed, the average
extension at maximum stress was found at about 1,36 mm, 1,65 mm and 1,73 mm
respectively for the reference, Tolsa and the Dolsan samples. But as illustrated in the graph
the standard dewviation around these values are quite high, especially for the samples
containing sepiolite, of about 0,16 mm, 0,32 mm and 0,44 mm for the reference, the Tolsa and
the Dolsan samples. This reinforces the idea that a problem is encountered during the mixing
process. But still, the sepiolite addition seems to have a positive effect on the plasticity of the
fibre cement sheets. This is explained by the fact that the sepiolite fibres are able to create a
meshing by interacting with the water molecules, retaining them in by fibre hydration. Thus,
it can be said that the augmentation of the fibre cement sheets humidity thanks to the added

sepiolite has a positive effect since it increase their ductility.
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Figure 25- Extension at maximum stress _for each sample

It is convenient to confound the maximum stress point with the one of first fissure
apparition; actually this is not quite true. Practically, one observes a light shifting between
these two. The first fracture can either occur after the maximum stress point or before.

Nevertheless, it gives a good indication on the plastic deformation ability of the material.

4.3 Hardened state study

4.3.1. Bending test

The fibre cement sheets were hardened during 28 days, and cut wiht an electrical saw.
For each composition, 12 samples with 40*160 mm area were cut in order to be submitted to
a 4 points bending test. Before being tested, the samples were saturated in water according to
the international bending test norms. This test allows the obtaining of complementary
mechanical information such as the modulus of rupture which characterizes the fracture
resistance of the material, the modulus of elasticity or the toughness. These mechanical
properties were obtained by inserting the exact dimension of each sample in the Blue Hill

program which calculated them from the flexure load versus flexure extension curves.
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The following graph, Figure 26, displays a typical curve obtained by the 4 point bending test.

Typical Bending test curve
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Figure 26- Typical bending test curve

. The first linear part of the curve corresponding to the elastic domain, allows the
calculation of the Modulus of Elasticity (MoE). The second part characterizing the plastic
behaviour of the sample presents a maximum flexure load (or stress), which permits the
calculation of the Modulus of Rupture (MoR). The area, in yellow on the figure, delimited by
the maximum flexure load gives the toughness after calculation. All the bending test data are

gathered in Annex IV.

a. Modulus of Rupture (MoR)

The following graph Figure 27, displays the modulus of rupture obtained for each
composition, as well as their average value and dispersion. The effect of sepiolite addition is
quite obvious. The reference samples exhibit an average MoR of 9,81 MPa whereas the
sample containing sepiolite shows higher values. An average augmentation of 32,1% and
27,2% have been respectively found for the Tolsa and the Dolsan samples with average MoR
values of 12,96 MPa and 12,48 MPa. But the calculation of the standard deviation show that
these values can vary noticeably. Indeed, the MoR values show a standard deviation of
respectively, 1,21, 0,91 and 1,32 MPa for the reference, the Tolsa and Dolsan samples. The
variability of this value is influenced by the fibre repartition. This means that an improvement

in the mixing process is required to obtain a more homogenous sequence of results.
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Nevertheless it is obvious that the addition of sepiolite has a positive effect on the fibre
cement resistance to fracture, and no clear differentiation can be done between the two kinds
of sepiolite. This improvement is certainly due to the amelioration of the interface interaction
between the PVA fibres and the cementitious matrix. Indeed thanks to its superficial
properties the sepiolite fibres may be able to create a bridging effect between the cement
particles and the reinforcement fibres, which increase efficiently the resistance to fracture of
the composite. When we decided to add sepiolite to the fibre cement, we were seeking for this

bending property.

Modulus of Rupture (MoR)

Figure 27- Modulus of Rupture (MoR) results for each composition

b. Modulus of Elasticity (MoE)

The modulus of elasticity is a property, which depends mainly of the matrix
characteristics. As already said, the matrix governs the pre-cracking state, whereas the fibres

govern the post-cracking state. The MoE was calculated thanks to the tangent of the flexure

load versus flexure extension curve.
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The following graphic Figure 28 displays the result obtained for each composition. The
results are surprising: no clear effect can be underlined. Indeed, the reference and the Dolsan
samples show similar average values of MoE of 9675,4 and 9537,1 MPa respectively whereas
the Tolsa presents a much higher value of 13925,6 MPa. But the standard deviations of these
sequences of result are quite important of 3561 MPa for the reference samples, 1454,0 MPa
and 1182,1 MPa for the Tolsa and Dolsan ones. This means that the MoE is very sensitive to
any variation in the sample preparation. These results do not allow a conclusion on the effect
of the addition of sepiolite on the fibre cement MoE. The Tolsa sepiolite seems to increase it

whilst the Dolsan one doesn’t seem to have any effect on it.

Figure 28- Modulus of Elasticily for each fibre cement sheet composition

¢. Toughness

Toughness is an important mechanical property for fibre cement materials. It gives
information about the material resistance to impact. In other words, it can be presented as

specific fracture energy, expressed as J.m”. To a microscopic scale, it reflects the state of
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molecules’ coheston, and is not in correlation with the hardness. The higher the toughness of

the material, the less fragile it is.

Figure 29 displays the toughness of the material in relation to the composition of the

fibre cement.

Figure 29- Toughness of each fibre cement composition

The same observations can be made on the result of toughness as the ones obtained for
the modulus of elasticity. No clear tendency can be outlined, even if the Tolsa sepiolite seems
to increase a little bit the average toughness value. Indeed the Tolsa samples present an
average toughness of 3.4 J.m™” whereas the reference and the Dolsan samples exhibit lower
values, respectively of 2,4 and 2,56 J.m”. But the calculation of the standard deviations show
a great variability of this property, indeed the reference, the Tolsa and Dolsan sequence of
results show values of 0,9, 1,24 and 0,8 J.m™” respectively. This means that no conclusion can
be done on the effect of the added sepiolite on the fibre cement toughness. In the worst case, it

will not decrease it, but no improvement is noticeable.
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5. Conclusion

This study the goal of which was to analyse the influence of the addition of sepiolite
on the physical and mechanical properties of fibre-reinforced cement sheets, gave remarkable

results on numerous of points.

An addition of 1% of sepiolite to the Cellulose-PVA reinforced cement is enough to
produce a suitable flocculation effect, which increases largely the efficiency of the filtration
step during the casting process. This improvement enhances the capability of fine particle
retention thanks to a densification of the fibre cement material. Indeed, the sepiolite
molecules seem to be able to create a network within the fibre cement material preventing the
water to flow easily trough it. Moreover, the fibre cement sheets containing sepiolite retain an
average excess of humidity of about 1,3% compared to the sepiolite-free ones. This is due to
the excellent sorptive characteristic of the sepiolite which is capable of trapping the water by

hydrophilic attraction within its microstructure.

Tensile tests were performed on fresh fibre cement samples. An addition of 1% of
sepiolite showed great improvement related to the statements mentioned above. Indeed,
tensile curves of sepiolite samples presented maximum stress much higher than the sepiolite-
free ones (improvement of 70,8 % for the Tolsa samples and 108,5 % for the Dolsan ones).
This result underlines the benefit of addition of sepiolite, which enhances the interaction
between the cement particles and the fibres. The tensile extension at maximum stress exhibits
lower improvements with sepiolite addition but they are still noticeable. The higher water
content of the fibre cement sheets with sepiolite induces an amelioration of their plasticity

which is primordial to crack-preventing during their final shaping.

Four points bending test performed on hardened samples emphasized two main
statements. Firstly, a large improvement was found on the Modulus of Rupture (MoR) of the
samples containing sepiolite. This reinforces the idea that the sepiolite, thanks to its
superficial properties, induces a bridging effect between the fibres and the cement matrix, thus
strengthening it and delaying crack apparitions. The second statement comes from the high
standard deviations obtained for the Modulus of Elasticity (MoE) and toughness sequences of
results, avoiding a viable conclusion. This variability of the data, even found for the MoR

sequences of results, expresses the lack of constancy during the laboratory scale sample
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preparation. Nevertheless, the industrial process shows better constancy and would certainly
solve this inconvenience.

This study analysed the effects of two types of sepiolite: a Spanish one, the
commercially named Tolsa, and a Turkish one, the Dolsan. Light differences in their
influence on the physical and mechanical properties of the fibre cement have been observed.
However, the sepiolite Dolsan seems to present a more efficient flocculating effect, which

would explain the lower dewatering speed rate and the better tensile properties exhibited by

the samples containing it.

In order to further understand the phenomena involved with the addition of sepiolite to
the fibre cement preparation, a micro-structural investigation is required. Thus it would be
possible to characterize the meshing created by the sepiolite fibres within the fibre cement
composite, allowing a better understanding of the previous physical and mechanical

improvement observed.
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Annex I. Characterisation of raw materials

L.1. Chemical analysis
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