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Preface

Cement-based materials are hydraulic binders. Upon hydration, they produce materials
with improved physical and mechanical properties. The nature of the cement-based materi-
als allows its utilization in several applications today.

The book at hand, Cement-Based Materials, was compiled to represent advances in the devel-
opment and application of these materials in different fields, which aim to ensure their sus-
tainability. Carefully selected authorships from different countries contributed in this book.

Within this book, the recent research activities in four topics related to “cement-based mate-
rials” are included, namely, properties of cement-based materials, green cement, calcium
phosphate cement, and alkali-activated cement. The book is dedicated to researchers and
undergraduate students who are involved in these fields; we hope that this book is helpful
and provides inspiration for readers during their work/studies. In addition, we strongly be-
lieve that the issue also attracts the attention of representatives of the cement industry and
cement-based materials.

We provided the introductory chapter on cement-based materials, their properties, and their
applications, with a special reference to the hydration chemistry.

We are tremendously optimistic that the exploratory and scientific attempts collected and
summarized in the book at hand will encourage researchers all over the globe to deepen
their activities in this field and to attract the interest of undergraduates as well as of progres-
sive representatives from the relevant industrial sectors. Primarily, these activities shall
boost the impatiently desired breakthrough of “cement” manufacturing processes, which
reasonably merit this designation.

We especially acknowledge Ms. Anita Condic, Author Service Manager, for her successful
cooperation, exceptional efforts, and prompt reply to our requests. Again, we would like to
thank cordially all the contributors to this concern for their supreme work.

Hosam El-Din M. Saleh, PhD and Rehab O. Abdel Rahman, PhD
Atomic Energy Authority

Egypt
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Chapter 1

Introductory Chapter: Properties and Applications of
Cement-Based Materials

Hosam M. Saleh and Rehab O. Abdel Rahman

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73784

1. Introduction

Cement-based materials have been used to support human civilizations many decades ago.
With the increasing advancement of human activities, these materials were modified to main-
tain their roles in our lives. The main function of cement is to act as hydraulic binder, which
increases the bond between fragmented particles, so it can enable their use in different fields.
The resulted material will have different physical and mechanical properties from the initial
materials. These changed properties are attributed to the exothermic hydration reactions that
are initiated upon mixing the binder with water. The liberated localized heat will lead irrevers-
ible rearrangement of water molecules within the framework microstructure [1-3]. Ordinary
Portland Cement (OPC) is the most widely used cement. It is prepared by crushing, milling,
and mixing calcium, iron, silica, alumina, and sulfate sources with certain amounts. Then,
hydraulic cement is passed to the kiln to produce clinker, which is subsequently cooled and
pulverized. Portland cement is categorized into eight subgroups according to the ASTM C150,
namely normal (type I), moderate sulfate resistance (type II), high early strength (type III), low
heat of hydration (type IV), high sulfate resistance (type V), normal, moderate sulfate resis-
tance, and high early resistance with air entraining (types 1A, IIA, IIIA), respectively [4]. There
are four principal unhydrated phases present in all OPC types, namely tricalcium silicate
(Ca3SiOs), dicalcium silicate (Ca,SiOy), tricalcium aluminate (CazAl,Os), and calcium alumino-
ferrite (CazAl,Fe,,O5). The formula of each of these minerals can be broken down into the
basic calcium, silicon, aluminum, and iron oxides (Table 1). Cement chemists use abbreviated
nomenclature based on oxides of various elements to indicate chemical formulae of relevant
species, that is, C = CaO, S = SiO,, A = ALL,O3, and F = Fe;O;. Hence, traditional cement
nomenclature abbreviates each oxide as shown in Table 1 [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



4 Cement Based Materials

The composition of cement is varied depending on the application. A typical example of
cement contains 50-70% C3S, 15-30% C2S, 5-10% C3A, 5-15% C4AF, and 3-8% other addi-
tives or minerals (such as oxides of calcium and magnesium). It is the hydration of the calcium
silicate, aluminate, and aluminoferrite minerals that cause the hardening, or setting, of cement.
The ratio of C3S to C2S helps to determine how fast the cement will set, with faster setting
occurring with higher C3S contents. Lower C3A content promotes resistance to sulfates.
Higher amounts of ferrite lead to slower hydration. The ferrite phase causes the brownish gray
color in cements, so that “white cements” (i.e., those that are low in C4AF) are often used for
esthetic purposes. The calcium aluminoferrite (C4AF) forms a continuous phase around the
other mineral crystallites, as the iron containing species act as a fluxing agent in the rotary kiln
during cement production and are the last to solidify around the others. Figure 1 shows a
typical cement grain.

It is worth noting that a given cement grain will not have the same size or even necessarily
contain all the same minerals as the next grain. The heterogeneity exists not only within a
given particle, but extends from grain to grain, batch to batch, and plant to plant.

Modifications of cement-based materials are usually carried out by testing the effect of differ-
ent additives and/or admixtures on certain physicochemical properties that can affect the
overall performance of the material [1, 3]. Additives might be classified based on their [3]:

Origin—natural igneous, natural sedimentary, industrial waste, or modified soil

Particle size—coarse or fine

1

2

3. Density —light or heavy

4. Activity—inert, chemically active, physically active, and physically and chemically active
5

Specific surface—low, average, high, ultra, and nano dispersion.

Depending on the amount of used additive to cement ration, cement-based material could be
divided into blended cement or modified cement. Blended cement is a class of additive-
cement system that contains more than 15% additive. ASTM identified five classes of
blended hydraulic cement as follows: Ordinary Portland Cement (OPC)-blast furnace slag
(IS type), OPC-Pozzolan (IP and P types), Pozzolan-modified-OPC (I(PM) type), Slag cement
(S type), and Slag-modified OPC (SM type) [4]. Modified cement contains less than 15%
mineral additives. On the other hand, there are different classifications for the tested/used
admixture as follows [2, 3]:

Mineral Chemical formula Oxide composition Abbreviation
Tricalcium silicate (alite) CasSiOs 3Ca0.Si0, C3S
Dicalcium silicate (belite) Ca,SiO, 2Ca0.Si0, C2S
Tricalcium aluminate CazAlL, 04 3Ca0.Al, O3 C3A
Tetracalcium aluminoferrite CayAl,Fe, .0, 4Ca0.AlFe, .03 C4AF

Table 1. Chemical formula and cement nomenclature for major unhydrated OPC phases.
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1. Their effects on setting time and water requirements: ASTM C494, BS 5075, and CAN
3A2662M78 classify admixture according to their role in reducing the amount of water
only or reduce the waste and act as retarders or accelerator.

2. Their technological characteristics: used in France, Germany, and Russia where the admix-
ture effect on the setting time, rheology, air content, hardening, workability, cement prop-
erties and special properties are used to classify the admixture.

3. Classification is based on the chemical properties of the admixture themselves, that is,
soluble and insoluble in water. Under this classification, the admixture is categorized based
on their effects.

Figure 1. A pictorial representation of a cross section of a cement grain. Adapted from Cement Microscopy, Halliburton
Services, Duncan, OK.

Aluminates Phosphate Sulfoaluminate
Components Calcium source Limestone  Acid-base reactions in the presence of liquid Calcium source:

Alumina source bauxite, activators containing phosphate anions lime,

high-alumina slags Alumina source:

bauxite, kaolin
Sulfate source:

gypsum

CO, Low — Low

emission

Setting Fast Fast Fast

Strength High High adhesive, bending and compressive strength High early strength

Working condition resistance

Freeze-thaw High — High

Heat High High —

Chemical High High High in sulfate and
magnesium

Table 2. Comparison between different alternative cement and OPC properties.
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Almost all the historical applications of cement as hydraulic binders relied on the use of
pozzolanic materials with additives, and currently, alternative cements were developed to
substitute Ordinary Portland Cement in certain application or to overcome Portland cement
drawbacks. These materials include aluminate cements, phosphate cements, sulfoaluminate
cements, and alkali-activated cements [3]. The later represent a vast category of subsets of
materials that differ based on the alkaline activator of the aluminosilicate system. Table 2 lists
a comparison between the aluminate cements, phosphate cements, sulfoaluminate cements,
and OPC [3].

2. OPC hydration chemistry

The hydration reactions of cement-based materials are complex, especially when chemically
active additives/admixtures are used. However, it is generally accepted that the principal
products of hydration of OPC are calcium-silicate-hydrate gel (CSH), which composed of
mixture of tobermorite, jennite, and afwillite (60-70%); portlandite (CH) (20-25%); and other
minor phases (approximately 5-15%) [1]. The principal reactions involved may be represented
by the following two idealized equations:

2C3S5+ 6H — C3SzH3(C-S-H) + 3CH

1
(alite) C-5-H gel @)

2C2S + 4H — C35,H3(C-S-H) + CH )

(belite)  C-S-H gel @)
The stoichiometry of these reactions clearly shows that the hydration of 1 mol of tricalcium
silicate yields 1.5 mol of Ca*" ions (Reaction 1) and the hydration of 1 mol of di-calcium silicate
yields 0.5 mol of Ca*" jons (Reaction 2); these ions are released into pore solution with the
formation of C-S-H phase. Cement hydration reaction progression occurs at three distinct
periods, which are dormant, setting, and hardening. In the first (within few minutes from the
reaction initialization) period, aluminate and ferrite phases react with gypsum to form an
amorphous gel at the cement grains surface and short ettringite rods. In the second period (hours
later), more portlandite and ettringite are formed and C—S—H formation begins. At the last
period, the reaction slows down and internal C—S—H continues to grow near alite surface. The
hydration rate is dependent on water and/or ion diffusion rate to anhydrous surface, so the
timescale for each period and the development of hydrated phases in each time period are
dependent on the hydration conditions, cement composition, and the presence of additives [1, 3].

3. Properties of cement-based materials

Cement-based materials are complex systems that have transient physical and mechanical
properties. This phenomenon is related to the slow aging process in colloidal hydration
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products [2]. In this section, the properties of cement-based material and the factors that affect
them are overviewed.

3.1. Hydration heat

Heat is generated as a result of the exothermic hydration reaction, which will subsequently
depend on the chemical and physical properties of unhydrated cement system. One of the
important physical characteristics is the particle size distribution of the cement. The heat of
hydration increases if the ration of fine materials increases, where the average fineness is in the
range of 0.3-0.5 m*/g. This is related to the increased available surface for reaction which
subsequently leads to higher early strength [5].The heat of hydration plays a role in determin-
ing the setting time, as the release of this heat increases the rate of hardening. It should be
noted that aluminates and sulfoaluminate cements have higher heat of hydration than OPC.

3.2. Setting time

Hydration reactions of cement-based materials are characterized by having initial and final
setting times. The duration of setting is dependent on the chemical compositions and fineness
of the binder and additives and on the ambient temperature. In specific cases, retardates are used
to increase the setting time, so extended workability could be achieved. Retardation is applied in
hot weather, cementing oil wells, pumping the paste over long distances, and if special finishing
is required. It should be noted that in some cases, early strength development is reduced as a
result of retarder addition. Free lime, gypsum, and alkali sulfate are used to slow OPC setting
time. On the other hand, in some cases, accelerated hydration reaction with small setting time
and early age strength development is required. This could be achieved by lowering the water to
cement ration via using water reducer, curing at higher temperature or using accelerators [4].

3.3. Strength strain

Strength-strain relationship differs depending on the composition of the cement-based mate-
rial, and for hardened cement pastes, the relationship is nearly linear, which reflects the
brittleness of the material. On the other hand, hardened concretes continue to deform plasti-
cally after exceeding maximum load. The development of the strength-strain relationship in
the complex heterogeneous system of cement-based material is affected by:

1. The porosity of hardened material, where the increase in porosity reduce the strength.

2. The chemical interaction and mechanical interlocking between the hydraulic binder and
the additives.

3. Effect of hydraulic binder composition, that is, calcium, alumina, sulfate, alkali, and silica
ration.

4. Effect of curing temperature, as it increases ultimate strength is reduced.

5. Production and testing conditions, including mixing composition, curing, and load humidity

7
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3.4. Soundness

It is the ability of the hardened cement paste to retain its original volume, and the presence of
free lime or magnesium oxide can reduce the soundness of the cement-based materials.

4. Cement composites

Different materials are used as additive to cement to improve the cement characterizations. The
mechanical properties of the newly formulated composites were improved. Cement-waste fiber
composite was produced due to the incorporation of waste fibers in cementitious materials and
used in radioactive waste immobilization [6-9]. Polymers also were impregnated with cement to
increase the durability and reduce the porosity of cement, producing favorable composite suit-
able for many applications and resistive to various aggressive conditions [10-15]. Natural addi-
tives such as clay were mixed progressively with cement to treat the retardation property of
organic solvent with cement [16, 17].

5. Applications of cement-based materials

5.1. Construction

The application of OPC and its blends is widely applied in construction engineering. Table 3
illustrates the use of different OPC and OPC blend types in constructions. Aluminate cement
concrete is applied in the construction of industrial floors and refractory castables, where the
floor must resist chemical, heat, and corrosion [4]. Moreover, decorative tiles, building bricks,
and light concrete were performed [18]. Sulfate cement is used in repairing pavement and
concrete structures and for places where aggressive chemicals exist.

Purpose OPC OPC blend Applications
General use 1 IS, IP, (PM), I  For all uses including pavements, floors, reinforced concrete buildings, bridges,
(SP), S, P pipe, precast concrete products
Resist sulfate 1I IS, IP, P, I(PM), Where moderate sulfate concentration exists, that is, drainage structure, sea
attack 1(SM) structures, and soil structure should be used at low water to cement ration
v — High sulfate concentration media
Early I — Used in cold weather to shorten the curing period
strength
Hydration v p Low heat of hydration is required in massive concrete structures, such as large
heat gravity dams

I IS, IP, (PM), I = Moderate heat of hydration is required, in large structure in warm places, that is,
(SM) large piers, large foundations, and thick retaining walls

Table 3. OPC and OPC-blend applications in construction [1, 3, 4].
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5.2. Environmental aspects

The application of cement-based material in environmental protection and restoration is increas-
ing, and they are used in radiation shielding in nuclear industry, cutoff walls in remediation
activities, stabilization of contaminated soil, engineering barriers in disposal facilities, and waste
immobilization matrices [19-34]. This wide range of applications is supported by their technical
properties, where they have low diffusion coefficients and have available sorption sites; their
alkaline environments reduce the mobility of different contaminants and flexibility of modifica-
tion. In nuclear and radioactive waste industries, they are used as shield due to their good self-
shielding performance, and they are suitable to solidify different radioactive waste streams, that
is, sludge, emulsified organic liquid, fragmented solids, and exhausted ion exchangers, due to
their chemical, radiological, thermal, mechanical, and physical stability. The economic value of
these materials plays an important role in their widespread applications, as they are inexpensive
and readily available, and has reduced operational cost (which is related to the simplicity of
operation and operation at ambient temperature) [20-30]. To ensure the sustainability of these
materials for the intended use, they need to be tested to evaluate their strength, radiation,
biological and thermal stabilities, free water content, porosity, permeability, corrosion, leaching,
dissolution rates, and release mechanisms.

6. Conclusion

The continuous widespread applications of cement-based materials to support human civilization
is attributed to their simple modification ability. Different types of hydraulic binder were modified
to address the needs to have functional constructions in different environments. With the contin-
uous need to protect the environment from the effect of contaminated sites, either water or soil,
cement-based materials were applied in different areas. There is still a need to enhance the
performance of these materials in different applications, and this could be achieved by:

1. Testing the effect of industrial wastes as additives on OPC and alternate cements to
increase the productive use of these wastes.

2. A quantitative assessment of the effect of additive on the microstructure of the produced
material.

3. Developing models that could be used to predict the long-term behavior of the materials,
either physical models or mathematical models.

Author details

Hosam M. Saleh* and Rehab O. Abdel Rahman
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Atomic Energy Authority, Egypt
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Abstract

Calculation methodology of reinforced concrete elements based on the calculated resis-
tance of reinforced concrete is presented. The basic depending which allows setting the
strength of bending sections and elements is obtained. The reliability of the dependencies
is experimentally confirmed. There are calculation examples of bending elements by the
developed methodology. According to the given method, tables have been developed,
which depending on the accepted parameters allow determining the resistance of the
concrete, the stresses in the reinforced concrete and reinforcement, and the total relative
deformation of the cross section. Using the calculated resistances of reinforced concrete
allowed to reduce the calculation of reinforced concrete elements according to the
nonlinear deformation model to the application of the formulas of the classical resistance
of materials and to significantly simplifies the process of their calculation.

Keywords: bending, resistance, beam, deformation model, reinforced concrete

1. Introduction

Concrete is a composite material that is made of gravel, sand, cement, water, and various
types of additives. Each of the components has its own characteristics, which together
determine the physical and mechanical parameters of concrete. The current normative doc-
uments regulate to establish these parameters by testing the experimental samples of speci-
fied sizes—prisms or cylinders—the quality of the resulting concrete is controlled by cubes.
The resistance of the concrete to the compression is determined by dividing the maximum

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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compressive load into the cross-sectional area of the experimental sample of the appropriate
sizes [1, 2]. Considering the fact that for different sizes of samples, this ratio will have
different meanings, it can be confirming that the term “calculated resistance of concrete” is
relative. However, the introduction of this term allowed to have starting points when calcu-
lating the cross sections of concrete and reinforced concrete elements under the influence of
various force factors.

A similar situation with the tension. Tension is a characteristic of a stress-strain state, which is
determined by multiplying the corresponding deformations into a deformation module. Thus, it
is not possible to determine the tension directly by experimental way. We determine deforma-
tions and then tension by using certain assumptions. Again, without lowering the values of the
accepted terms, we have rather relative parameters. Based on these considerations, the introduc-
tion of the term calculated resistance of reinforced concrete should also take place. At first sight,
this term is perceived quite difficult, especially in conditions of classical reinforced concrete. But
at the same time its introduction reduces the calculation of cross sections of reinforced concrete
elements to formulas of resistance of materials.

2. The term calculated resistance reinforced concrete

The basic idea of accepting calculated resistance is to separate the geometric parameters from
the physical and mechanical ones. When we talk about elements from a single material, this
does not cause any contradictions. In the case of composite materials, there are physical,
mechanical, and geometric parameters of each material. In many cases geometric parameters
can be selected in general from all physical and mechanical ones, but not individually. That is
why the calculated resistance of composite materials will depend on the physical and mechan-
ical parameters of all materials of which the cross section of the element is formed. In general,
this can be expressed by the following equation:

Fry

fb1,...,bn)’ @

filar,....a,) =

where fi(ay, ..., a,,) is the calculated resistance of the cross section of the element of a composite
material under the condition of destruction on the i material, MPa; Fg,; the external calculated
force factor, which corresponds to the limiting state of the element; fib;, ..., b,) the
corresponding geometric characteristic; 4y, ..., 4, the physical and mechanical parameters of
material’s cross section of the composite element; and by, ..., b, the geometric parameters of the
cross section of the composite element.

For a single cross-section of a composite element there may be a large number of calculated
resistances due to the fact that the strength of the cross section is determined by the strength
characteristics of all materials from which the composite element is formed. Therefore, the total
calculated resistance of a composite material is determined by the minimum value of the
calculated resistances under conditions of destruction on all materials from which the cross
section of the element is formed:
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f=min(f; (a1, ...;80), oo, fi( ooy n) oo fr (o), )

where fis the calculated (total) resistance of the cross section of composite material.

The calculated resistance of composite materials can be obtained both theoretically and exper-
imentally. To determine it theoretically, the necessary valid hypotheses and statics equations
are adopted. The calculated resistance (obtained by this way) does not contain empirical
coefficients, but is determined by generally accepted experimental and theoretically grounded
hypotheses and prerequisites. In the case of the experimental setting of the calculated resis-
tance, it is more appropriate to determine the calculated resistance separately for each condi-
tion of destruction. This allows balancing various experimental studies to the same conditions.

The feature of the use of calculated resistance is that they are determined for specific tabulated
values of the corresponding classes or characteristics of the materials. In particular cases, these
may be parameters that determine the characteristics of materials of a certain class. For concrete,
this characteristic may be K = 1.05(E4¢.1/fea) [3]-

Introduction of the calculated resistance of composite materials allows the use of no less
important term fension in the cross-section of the composite material o;. It is also a conditional
hypothetical term by which it is possible to determine the parameters of a stress-strain state at
different levels of load. These tensions are determined by a formula similar to expression (1):

F;

f(by,...,by)’ ©)

G,‘(a1, ...,Lln) =

where 04(a3,...,4,) is the tension in the cross section of an element of a composite material, MPa,
and F; the external force factor, which corresponds to a certain level of load.

The geometric characteristic in expressions (1) and (3) for the same type of deformation has the
same meaning. To theoretically obtain these tensions it is necessary to consider systems of
equations of equilibrium for a certain type of deformation and to lead them to dimensionless
quantities. The parameters that are obtained this way are tabulated depending on the load
level, the accepted parameters, the classes of materials, etc. Typically, the tension is determined
on the condition that the material does not reach the limit values of the deformations in the
operating stages of work of the cross section of the element, and therefore, unlike the calcu-
lated resistance, they will have a single value, so there is no need for the introduction of
formulas of type (2).

Finally, it is worthwhile to note the features of using the method of calculated resistances:

1. The basics of calculation contain experimentally and theoretically grounded preconditions
and hypotheses.

2. Establishment of geometric parameters allows to balance calculated systems of equations to
the clear separation of geometrical, physical, and mechanical parameters of cross sections.

3. Diagrams of deformation of materials are established. It should be noted that the adopted
diagrams do not play a significant role for this method. The calculated resistance for a
certain type of deformation can be established for practically all existing diagrams.

15
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4. By conducting preliminary calculations, the main calculated parameters are tabulated.
The advantages of this method should include:

1. The only methodology for calculating composite materials for nonlinear deformation of
materials with classical material resistance.

2. Simplicity and convenience of the calculating process.
3. Ability to use different diagrams of deformation of materials.
4. Setting parameters of a stress-strain state at different load levels.

5. When obtaining new knowledge about the features of deformation of composite materials,
it is enough to specify the value of the calculated resistance, and the method of calculation
will remain unchanged, which greatly simplify the process of balance of norms [4].

6. Conducting comparative and estimating calculations of cross sections from different
materials.

Regarding the disadvantages, then they primarily relate suitability of this method for some
classes of materials, and some discomfort associated with using tables.

3. Calculation of bending reinforced concrete elements of a rectangular
cross section

Consider the definition of the calculated resistance of reinforced concrete for bending
reinforced concrete elements with single reinforcement. In order to show the universality of
this method, regardless of the calculation method (force or deformation), first consider the
term of the calculated resistance of the reinforced concrete for the force model laid down in the
design standards SNiP 2.03.01-84* [5].

For the stress-strain state shown in Figure 1, the equilibrium equation is written when & < &,
taking the sum of the moments relative to the neutral line:

fydAS _fcdbx =0. “)

2
fuAs(d =)+ f b = M. 5)

The value of x is determined from Eq. (4) and substituted by expression (5). As a result of
simple transformations received:

fiP? Mg
Fuay =5 =5 ©)
v 2f 0 bd?

In formula (6) the left part is denoted by D;; then D; = MEa/bd?.
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Figure 1. Scheme of forces in the cross section of bending reinforced concrete element for single reinforcement.

For the formula to take a familiar form, which is used in the resistance of materials in the
calculations of metal, wooden, and stone structures, the left and right sides are multiplied by 6
and written like

6ME,
bd?

MEg4
D, = . 7
or 6D W. (7)

6D; =
In this formula W, is the elastic moment of the resistance of the working cross section of
concrete; 6D, is nothing more than the calculated resistance of the reinforced concrete to the
bend f.p1 1, namely:

Mggy
fam1 = W, )
Similarly, it is obtained with & > &g:
Mg,
agf, = Iy &)
The left part is denoted by D, and then D, =M £a/bd%, finally receiving
MEq
0 10
f zM, 2 WC ( )
The conditions are used (2) for the expression of the total calculated resistance:
6f2 2
o . 6f dpf - fyd f
fam, snip = ming ¥ 2f, - (11)

6(L¥RfC
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Obtained by this way, calculated resistance of reinforced concrete for reinforcement A-400 and
A-500 is shown in Table 1.

Similar expressions are obtained for nonlinear calculations. Write the value of the corresponding
calculated resistances for different cases of destruction:

Ec
| ocecde.

0 &
sz,ldm =6 T e ‘ pfzf}z/d + 6pffyd’ (12)

2
& a.de.
(({ acdec) J

&c
[ ocecde.

_ 0 Ec
sz,de =6

. 2 &
(({ ché‘c) 6[ o.de.

To determine the corresponding calculated resistance, it is necessary for expressions (12) and
(13) to apply an extreme criterion in the form:

prEsel + 6psEsec. (13)

df zM, idm

i =0, & €[eq el (14)

The total calculated resistance to bend in calculating by the deformation model will be deter-
mined by the condition.

df w14
sz,l,élM’ chl\/(lg,l == 0, & €[‘gcl, gcu};
sz,dm = min d ‘ (15)
sz,de -0 )
sz,ZZlM’ de =U & e[‘gcl, gcu}-
c

For the further use of the expression (15), it is necessary to adopt a concrete deformation
diagram. Adopted function of the deformation diagram does not have essential value, but it
must satisfy the conditions for deformation of concrete. Accepting for deformation diagram for
concrete Eurocode-2 [3], expression (3.14), the tabulation is executed so that the maximum
fault in interpolation will not be more than 5%. The value of the calculated resistance to
bending for single reinforcement for all classes of concrete and reinforcement classes A-400
and A-500 are shown in Table 2.

Similarly, the calculated resistance for bend for double reinforcement is obtained. For this
purpose, the calculated resistance for different conditions of destruction of bending reinforced
concrete elements for double reinforcement are determined:
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Class of concrete Percentage of reinforcement p¢

0.05 0.50 1.00 1.25 1.50 1.75 2.00 2.50 3.00

f,a="375 MPa (A400C)

C8/10 1.11 9.49 15.47 15.66 15.66 15.66 15.66 15.66 15.66
C12/15 1.11 10.01 17.54 20.37 21.73 21.73 21.73 21.73 21.73
C16/20 1.12 10.33 18.83 22.39 25.50 28.14 28.61 28.61 28.61
C20/25 1.12 10.52 19.59 23.58 27.20 30.46 33.36 35.06 35.06
C25/30 1.12 10.63 20.02 24.25 28.17 31.78 35.07 40.08 40.08
C30/35 112 10.71 20.34 24.74 28.88 32.75 36.35 42.73 44.77
C32/40 1.12 10.77 20.58 25.13 29.44 33.50 37.33 44.26 49.13
C35/45 1.12 10.83 20.81 25.49 29.95 34.21 38.25 45.70 52.31
C40/50 1.12 10.87 20.97 25.73 30.30 34.68 38.86 46.66 53.69
C45/55 1.12 10.90 21.09 25.93 30.59 35.07 39.38 47.46 54.84
C50/60 1.12 10.93 21.22 26.13 30.87 35.46 39.89 48.26 55.99

f,a=450 MPa (A500C)

C8/10 1.32 10.97 15.33 15.33 15.33 15.33 15.33 15.33 15.33
C12/15 1.33 11.71 19.85 21.22 21.22 21.22 21.22 21.22 21.22
C16/20 1.34 12.18 21.72 25.50 27.87 27.87 27.87 27.87 27.87
C20/25 1.34 12.45 22.81 27.20 31.07 34.06 34.06 34.06 34.06
C25/30 1.34 12.61 23.43 28.17 32.46 36.31 38.85 38.85 38.85
C30/35 1.34 12.72 23.88 28.88 33.49 37.71 41.54 43.31 43.31
C32/40 1.34 12.81 24.24 29.44 34.29 38.79 42.95 47.42 47.42
C35/45 1.34 12.89 24.57 29.95 35.03 39.81 44.28 51.91 51.91
C40/50 1.34 12.95 24.79 30.30 35.53 40.48 45.16 53.69 55.27
C45/55 1.34 12.99 24.98 30.59 35.94 41.05 45.90 54.84 58.28
C50/60 1.35 13.04 25.16 30.87 36.36 41.61 46.64 55.99 61.44

Note: Intermediate values are determined by straight-line interpolation.

Table 1. Calculated resistance of reinforced concrete to bend for single reinforcement f,y snip, MPa.

£

f ocEcde
St ppf e (k= nk®) + ec(k — 1)*kp;Eq
szZ,ldm =6 kz . (16)
Tacscde

bt ppf o (k= 1) + pf (I — k
f oo, 2m = 06— fy( kz) fyd( ) (17)
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Class of concrete Percentage of reinforcement ps
0.05 0.50 1.00 1.25 1.50 1.75 2.00 2.50 3.00
fya =375 MPa (A400C)
C8/10 1.10 9.44 14.68 15.12 15.43 15.67 15.86 16.13 16.32
C12/15 1.11 9.97 17.38 20.09 20.85 21.27 21.60 22.10 2245
C16/20 1.11 10.30 18.70 22.19 25.20 27.38 27.90 28.71 29.29
C20/25 1.11 10.49 19.48 23.40 26.95 30.11 32.88 34.82 35.65
C25/30 1.11 10.60 19.91 24.08 27.93 31.46 34.66 39.64 40.69
C30/35 1.12 10.68 20.24 24.59 28.66 32.45 35.96 4212 4545
C32/40 112 10.75 20.49 24.98 29.23 33.22 36.96 43.69 49.26
C35/45 1.12 10.81 20.72 25.35 29.76 33.94 37.90 45.16 51.52
C40/50 1.12 10.84 20.88 25.60 30.11 34.42 38.53 46.14 52.94
C45/55 1.12 10.87 21.01 25.80 30.40 34.82 39.05 46.95 54.10
C50/60 1.12 10.90 21.14 26.00 30.69 35.21 39.56 47.75 55.26
fya =450 MPa (A500C)
C8/10 1.32 10.90 14.57 15.02 15.35 15.60 15.79 16.07 16.27
C12/15 1.33 11.66 19.40 20.15 20.70 21.13 21.48 21.99 22.35
C16/20 1.33 12.13 21.53 25.17 26.50 27.16 27.71 28.53 29.13
C20/25 1.33 12.41 22.65 26.95 30.69 32.67 33.42 34.57 35.43
C25/30 1.34 12.57 23.28 27.93 32.12 35.82 37.89 39.33 40.40
C30/35 1.34 12.69 23.74 28.66 33.18 37.28 40.93 43.80 45.10
C32/40 1.34 12.78 2411 29.23 33.99 38.39 42.40 48.01 49.53
C35/45 1.34 12.86 24.44 29.76 34.75 39.42 43.78 51.43 54.52
C40/50 1.34 12.92 24.67 30.11 35.26 40.11 44.68 52.94 58.52
C45/55 1.34 12.96 24.86 30.40 35.68 40.69 45.43 54.10 61.40
C50/60 1.34 13.01 25.04 30.69 36.10 4125 46.17 55.26 63.37
Note: Intermediate values are determined by straight-line interpolation.
Table 2. Calculated resistance of reinforced concrete to bend for single reinforcement f;u1 4,,, MPa.
]E ocecde
b+ Eupp(1 — nk)’k + Egpy (k — 1)k
famz,3am = 68— 2 . (18)
T ocEcde
L 4 Epp(1— nk) %k + 2 p (k= 1)k
fano, aqm = 68— . (19)
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In the given expressions, k is determined from the first equation of equilibrium under the
conditions of the destruction of the element.

The total calculated resistance to bend in double reinforcement according to the deformation
model will be determined by the condition:

df M, 1d
szZ,]dm’ ZdE, - = 0, & e[gcl, gcu];
c
df
sz2, 2dm’ 213/22‘1’” = 0’ Ec G[SCI, gcu];
: c
sz2, dm — min d (20)
sz,3dm —0 ¢ .
sz2,3dm’ de =V & e[éd, ‘5cu]r
c
df .11, 44
sz2,4dm’ Z{;V‘g‘l = = Or & G[SC], Ecu]-
c

In Table 3 the expression of the calculated resistance to bend for double reinforcement is derived
taking the diagram of deformation of concrete in the form of the function Eurocode-2 [3].

As can be seen from Tables 2 and 3 in some cases, double reinforcement significantly (more
than three times) increases the calculated resistance of reinforced concrete of bending elements
and accordingly increases their bearing capacity. In this way, the reinforcement can greatly
enhance the compressed area of concrete of bending reinforced concrete elements. For com-
parison, the data of the calculated resistance to bend for double reinforcement are presented by
methodology of SNiP 2.03.01-84* [5] (Table 4).

Compare the calculated resistance of reinforced concrete to bending defined by the force
model and deformation method for single and double reinforcement. As can be seen from
Tables 5 and 6, the calculated resistance of reinforced concrete to the bend differs within the
limits of the calculated fault. This makes it possible to say that for heavy concrete classes C8/
10+C50/60 and ordinary reinforcement classes A-400 and A-500, calculations of the strength of
the cross sections of bending reinforced concrete elements with single and double reinforce-
ment can be performed on any of the mentioned methods. By these ways, the maximum
difference will be within 8% and only for certain conditions.

One of the main advantages of the deformation model in comparison with the force one is the
possibility of obtaining the parameters of the stress-strain state for the operational load. Let’s
show how this can be done using the method of calculated resistance of reinforced concrete.
For this purpose, the tensions in the bending reinforced concrete element are determined
0.mm under operational loads, at which cross sections of the element can work without
cracks at M < My, with cracks in the stretched zone at M > My, without cracks at M > My,
(areas in the block between the cracks). In this case, it is proposed to determine the tension in
the reinforced concrete for cross sections until formation of cracks.

eow con

f ocecde j OctEpde

s + - 3 + Espfc(l - nkW)sz + Espf(kW - 1)2kW

OWzM = 6€c,W X oW Al kz . (21)
w

21
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Class of concrete py=0.01 pe=0.02 p=0.03
prlps
0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

n=0.06-0.1 fya=375 MPa (A400C)

C8/10 18.09 20.02 21.04 25.81 35.75 41.17 31.54 46.74 60.39
C12/15 19.28 20.55 21.16 31.33 38.53 41.70 37.42 52.38 61.58
C16/20 20.03 20.88 21.19 35.78 39.85 42.03 43.99 56.93 62.33
C20/25 20.46 21.07 21.23 37.52 40.63 42.22 50.11 58.67 62.76
C25/30 20.71 21.17 21.26 38.51 41.06 42.32 53.39 59.66 63.01
C30/35 20.89 21.22 21.29 39.24 41.39 42.35 55.04 60.39 63.19
C32/40 21.02 21.26 21.32 39.80 41.64 42.38 56.31 60.95 63.33
C35/45 21.14 21.31 21.36 40.33 41.87 42.41 57.50 61.48 63.44
C40/50 21.21 21.35 21.39 40.68 42.03 42.44 58.30 61.84 63.50
C45/55 21.28 21.39 21.43 40.98 42.14 42.46 58.95 62.13 63.53
C50/60 21.35 21.43 21.46 41.27 42.25 42.50 59.61 62.42 63.55
n=0.06-0.1 fya =450 MPa (A500C)

C8/10 20.23 23.59 25.13 27.70 39.59 48.97 34.49 52.69 70.91
C12/15 22.45 24.35 25.25 33.11 44.76 49.73 40.27 58.17 73.21
C16/20 23.52 24.82 25.31 39.06 46.91 50.20 46.71 64.31 74.28
C20/25 24.14 25.08 25.36 43.38 48.03 50.45 52.71 68.76 74.90
C25/30 24.49 25.18 25.41 4481 48.65 50.50 57.47 70.19 75.25
C30/35 24.74 25.26 25.45 45.87 49.11 50.55 61.98 71.25 75.50
C32/40 24.92 25.33 25.49 46.67 49.46 50.60 65.05 72.05 75.68
C35/45 25.08 25.40 25.53 47.42 49.78 50.65 66.84 72.80 75.74
C40/50 25.18 25.46 25.56 47.92 49.98 50.69 67.99 73.29 75.78
C45/55 25.27 25.50 25.60 48.32 50.13 50.73 68.92 73.70 75.82
C50/60 25.35 25.55 25.64 48.70 50.24 50.77 69.87 74.08 75.87

Note: Intermediate values are determined by straight-line interpolation.

Table 3. Calculated resistance of reinforced concrete to bend for double reinforcement £,y 4, MPa.

It is noted that the tension oy also allows to determine the moment of formation of cracks,
so depending on the tasks, it can also be called the calculated resistance of the reinforced
concrete to the bend until formation of cracks.

Tension in a cross section with a crack in the stretched zone at M > Myy is determined by the

& Ectu
[ocecde [ ogeqde
0 0
Om = 6 +
: I e2 I e2

c

1 — nk)? k=172 (k-1
7( nk) +68cEst_( T ) +—( k )A(fs,xpﬂ (22)

+ 6€CE5pr
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Class of concrete py=0.01 p=0.02 pe=0.03
prlps
0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

n=0.06-0.1 fya =375 MPa (A400C)

C8/10 18.20 20.06 21.04 26.23 36.61 41.20 31.51 47.37 60.48
C12/15 19.37 20.58 21.17 32.29 38.67 41.71 37.58 53.43 61.64
C16/20 20.10 20.90 21.25 36.06 39.97 42.04 44.47 57.20 62.37
C20/25 20.52 21.09 21.30 37.77 40.73 42.23 50.91 58.91 62.80
C25/30 20.76 21.20 21.32 38.73 41.15 42.33 53.91 59.87 63.04
C30/35 20.94 21.28 21.34 39.45 41.47 42.41 55.52 60.59 63.21
C32/40 21.08 21.34 21.36 40.00 41.72 42.48 56.77 61.14 63.35
C35/45 21.21 21.40 21.37 40.52 41.95 42.53 57.93 61.66 63.48
C40/50 21.30 21.43 21.38 40.87 42.10 42.57 58.71 62.00 63.57
C45/55 21.37 21.47 21.39 41.15 42.23 42.60 59.36 62.29 63.64
C50/60 21.44 21.50 21.40 41.44 42.36 42.63 60.01 62.58 63.71
n=0.06-0.1 fya =450 MPa (A500C)

C8/10 20.51 23.15 24.78 26.60 37.87 47.32 32.24 49.15 66.05
C12/15 22.31 24.07 25.11 32.49 43.72 48.64 38.12 55.03 70.58
C16/20 23.44 24.64 25.32 39.14 46.02 49.47 44.78 61.69 72.44
C20/25 24.10 24.98 25.44 43.13 47.37 49.96 50.97 67.18 73.54
C25/30 24.47 2517 25.51 44.63 48.13 50.23 55.76 68.89 74.15
C30/35 24.75 25.31 25.56 45.73 48.70 50.43 60.22 70.16 74.61
C32/40 24.97 25.42 25.60 46.59 49.14 50.59 64.33 71.15 74.97
C35/45 25.17 25.52 25.64 47.39 49.55 50.74 66.68 72.07 75.30
C40/50 25.30 25.59 25.66 47.93 49.82 50.84 67.88 72.68 75.52
C45/55 25.41 25.65 25.68 48.37 50.05 50.92 68.88 73.19 75.70
C50/60 25.52 25.70 25.70 48.82 50.27 51.00 69.89 73.70 75.89

Note: Intermediate values are determined by straight-line interpolation.

Table 4. Calculated resistance of reinforced concrete to bend for double reinforcement f, 1> snip, MPa.

The tensions between the cracks are determined by

Js, m

6D Ectu
E?(k — 1)2 | ocede (k — 1)2 | oceade )
o =6 0 +6 0 + 6k —1 o + 6M o
mzM — kzo_gm kz(‘;‘gtu k S,mpf k(k — 1) pfc s, m-

(23)

All of the above tensions in concrete are determined by expression:
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Class of concrete Percentage of reinforcement ps

0.05 0.50 1.00 1.25 1.50 1.75 2.00 2.50 3.00

f,a=375 MPa (A400C)

C8/10 0997 0995 0949 0965 0985  1.001 1.013 1.030 1.042
C12/15 0997  099% 0991 098 0960 0979 0994 1017 1033
C16/20 099 0997 0993 0991 0988 0973 0975 1.003 1.024
C20/25 099 0997 0994 0992 0991 0989 098 0993  1.017
C25/30 0996 0998 0995 0993 0992 0990 0988 0989 1015
C30/35 099 0998 0995 0994 0992 0991 0989 098 1015
C32/40 0996 0998 0996 0994 0993 0992 0990 0987  1.003
C35/45 099 0998 099 0995 0994 0992 0991 0988 0985
C40/50 099 0998 099 0995 0994 0993 0991 0989 0986
C45/55 099 0998 0996 0995 0994 0993 0992 0989  0.986
C50/60 099 0997 099 0995 0994 0993 0992 0990 0987
fya =450 MPa (A500C)
C8/10 0998 0993 0951 0.980 1.001 1.018 1.030 1.049  1.061
C12/15 0997 0995 0977 0950 0976  09% 1012 1.037  1.054
C16/20 0997 099 0991 0987 0951 0975 0994  1.024  1.045
C20/25 099 0997 0993 0991 0988 0959 0981 1015 1.040
C25/30 099 0997 0994 0992 099 0987 0975 1012 1.040
C30/35 099 0997 0994 0992 0991 0989 0985 1012 1.042
C32/40 099 0997 0995 0993 0991 0990 0987 1012  1.044
C35/45 099 0998 0995 0993 0992 0990 0989 0991 1.050
C40/50 099 0998 0995 0994 0992  0.991 0989 098  1.059
C45/55 099 0998 0995 0994 0993  0.991 0990 0986 1.053
C50/60 099 0998 0995 0994 0993  0.991 0990 0987  1.031

Table 5. Comparison of the calculated resistance of reinforced concrete to bend for single reinforcement f;us dm/fam, snip-

M
OizM = W . (24)

c

Parameters of the stress-strain state at the operating load levels are necessary for determining
the deflection and width of the crack opening. Therefore, the basic parameters that are neces-
sary for this will be: tension in the reinforcement and curvature.

The tension in the reinforcement until formation of cracks is determined by expression

Os, W = (kW - 1)€C,W/ (25)

under certain values ky; e,
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Class of concrete py=0.01 py=10.02 pr=0.03

prdlps

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
1 2 3 4 5 6 7 8 9 10
n=0.06-0.1 fya =375 MPa (A400C)
C8/10 0.994 0.998 1.000 0.984 0.977 0.999 1.001 0.987 0.999
C12/15 0.996 0.998 1.000 0.970 0.996 1.000 0.996 0.980 0.999
C16/20 0.997 0.999 0.997 0.992 0.997 1.000 0.989 0.995 0.999
C20/25 0.997 0.999 0.997 0.993 0.998 1.000 0.984 0.996 0.999
C25/30 0.997 0.999 0.997 0.994 0.998 1.000 0.990 0.996 1.000
C30/35 0.998 0.997 0.998 0.995 0.998 0.999 0.991 0.997 1.000
C32/40 0.997 0.996 0.998 0.995 0.998 0.998 0.992 0.997 1.000
C35/45 0.997 0.996 0.999 0.995 0.998 0.997 0.993 0.997 0.999
C40/50 0.996 0.996 1.001 0.996 0.998 0.997 0.993 0.997 0.999
C45/55 0.996 0.996 1.002 0.996 0.998 0.997 0.993 0.997 0.998
C50/60 0.996 0.997 1.003 0.996 0.997 0.997 0.993 0.997 0.998
n=0.06-0.1 fya =450 MPa (A500C)
C8/10 0.986 1.019 1.014 1.041 1.045 1.035 1.070 1.072 1.074
C12/15 1.006 1.012 1.005 1.019 1.024 1.022 1.056 1.057 1.037
C16/20 1.003 1.007 0.999 0.998 1.019 1.015 1.043 1.042 1.025
C20/25 1.002 1.004 0.997 1.006 1.014 1.010 1.034 1.024 1.019
C25/30 1.000 1.000 0.996 1.004 1.011 1.005 1.031 1.019 1.015
C30/35 0.999 0.998 0.996 1.003 1.009 1.002 1.029 1.015 1.012
C32/40 0.998 0.996 0.995 1.002 1.007 1.000 1.011 1.013 1.010
C35/45 0.996 0.995 0.996 1.001 1.005 0.998 1.002 1.010 1.006
C40/50 0.995 0.995 0.996 1.000 1.003 0.997 1.002 1.008 1.004
C45/55 0.994 0.994 0.997 0.999 1.002 0.996 1.000 1.007 1.002
C50/60 0.993 0.994 0.997 0.998 0.999 0.995 1.000 1.005 1.000

Table 6. Comparison of the calculated resistance of reinforced concrete to bend for double reinforcement fon12 dm/fzrz, snip-

The tension in the reinforcement in the cross section with the crack in the stretched zone are
calculated at known values k, ¢, Ao, . Average tensions in the reinforcement on the section in
the block between the cracks o, are defined as the arithmetic mean of the tensions that are
determined by expressions (22) and (23).

The curvature of the cross sections of reinforced concrete elements, taking into account the
hypothesis of plane cross sections, is determined by the expression
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U= ¢/d, (26)

where Z¢ is the total deformation of fibrous concrete fibers and stretched reinforcement.

The total deformation of fibrous concrete fibers and stretched reinforcement must be deter-
mined by the following formulas:

e  For cross sections without cracks at M < My

ZgzEC,W+€S,W:€C,W+OS,W/ES' (27)

e  For cross sections with a crack in the stretched zone:

Z €=¢a+ & fic = €2 + (kw2 — 1) (28)

e  For cross sections without cracks at M > My,

Os,m Os,m
— m= _ . 2
E E=¢Eqpm + &, E(k—1) + L, 29)

Deflections are determined by curvature by using numerical methods.

According to the given method, tables have been developed, which depending on the accepted
parameters allow to determining the resistance of the concrete, the stresses in the reinforced
concrete and reinforcement, and the total relative deformation of the cross section. For this
purpose, the deformation diagram was adopted in the form of Eurocode-2 function [3]. These
tables are given in [6].

The calculation of the strength of the cross sections of bending reinforced concrete elements
and crack resistance is recommended to be performed according to the formula:

M
WE:Z <f o (Fwan)- (30)

Calculation of tension limitation in the reinforcement is carried out as follows:

M,
OzM = W — Esi — 05 <05, Tables (31)
c

where o5 1. is the tension in the reinforcement, in which there is no need to determine the
width of the cracks opening, which are determined by Table 2.5 [7].
The calculation of the width of the cracks opening is carried out in same scheme:

o =M, /W, — &5 — 05 — S, — Wi (32)
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Calculation of deflections is performed in the following order:

o =M, /W, —LZe - 1/r=2Le/d —f. (33)

A separate important issue in the theory of reinforced concrete is the consideration of regime
loads and influences: long-term, quasi-constant, low cycle, temperature, humidity and others.
Thus, taking into account the long-term load can be realized by introducing the creep coeffi-
cient to the curvature or by introducing into the calculation of the deformation diagrams with
the corresponding parameters. The calculation of regime load under the first condition can be
carried out according to the given method by using tables for short-term load. When
performing calculations under the second condition, it is necessary to use the tables obtained
for the corresponding parameters of the diagrams. Similar tables can be made for virtually all
regime loads and influences, which greatly simplify the calculations of strength, crack resis-
tance, stiffness and width of crack opening. This is an issue that needs to be studied in detail,
but the use of the calculated resistance of reinforced concrete gives confidence in the successful
solution of this problem.

4. Examples of calculation of bending reinforced concrete elements

Example 1. Reinforced concrete beam with working cross section b x d =20 x 45 sm is made
of concrete of class C25/30 and reinforced 4@25 of steel of class A500C. Determine the carrying
capacity of the beam.

Solution. The percentage of beam reinforcement with stretched reinforcement is calculated:

As « 100% — 19.63

P =5 50 a5 = 2181%.

According to the tables the calculated resistance of the reinforced concrete to the bend is
determined:

fou = 37.12 MPa.

The carrying capacity of the beam is calculated by the formula:

bd 20 x 45
Mei = Wef g = " fos = ¢ 3712 x 10 = 250.56 kNm.

Example 2. Reinforced concrete beam with working cross section b x d =30 x 45 sm is made
of concrete of class C25/30 and steel of class A400C and should take an external moment
ME; = 266.46 kNm. Determine element reinforcement.

Solution. The moment of resistance of the concrete cross section is determined:

27
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_bd® 30 %45

=10125 sm°.
6 sm

We

The required calculated resistance of the reinforced concrete to the bending is calculated:

Mgy 266.46 x 10°

fan = 10125 6.32 MPa

According to the tables the required percentage of reinforcement is determined:

py = 1.453%.

The area of the cross section of the working reinforcement is equal:

As = py X b xd=0.01453 x 30 x 45 = 19.62 sm?.

By gage 4225, A, = 19.63 sm” is accepted.

Example 3. Determine the cross-sectional dimensions of the beam of concrete class C16/20 and
the area of the cross section of the working reinforcement of steel of class A400C, if the beam
perceives the bending moment Mg, = 136 kNm, and the contents of the working armature are
pr=1.25%.

Solution. According to the tables, the calculated resistance of the reinforced concrete to the
bend is found: fy; = 21.60 MPa. The moment of resistance is determined:

2 3
1 1
Wczbd :@:M:6296 sm3.
6  fa 2160

Accepting the ratio b = 0.5d, calculate

d= /12 x W.= V12 x 6296= 42.27 sm.

Accepting b x d =20 x 42 sm, then the area of cross section of the working reinforcement will
be A= pyx b x d=0.0125 x 20 x 42 = 10.5 sm”. By gage 220 + 218, A, = 11.37 sm”.

Example 4. Reinforced concrete beam with working cross section b x d = 30 x 55 sm has to
perceive the bending moment Mg; = 486 kNm. To define the conditions under which the
bearing capacity of the beam will be provided and accept the reinforcement.

Solution. The required calculated resistance of the reinforced concrete to the bend is calcu-
lated:
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Mrs  6Mps 6 x 486 x 10°
fomu = W. = b~ 30 x55 =32.12 MPa.
From the tables it is clear that such a calculated resistance can be provided for different
classes of concrete, reinforcement, and the percentage of reinforcement, starting with the
concrete of class C20/25 and percentage of reinforcement 1.5 and more. Following physical,
economic, and technological considerations, the designer takes the option that best suits the
customer, for example, concrete class C25/30 and reinforcement of class A500C with percent-
age of reinforcement p; = 1.42%. Then the area of the cross section of the working reinforce-
ment will be A = pr x b x d =0.0142 x 30 x 55 = 23.43 sm”. By gage 3@28 + 2320, A, = 24.75
sm” is accepted.

5. Conclusions

Obtained parameters of the stress-strain state of bending reinforced concrete elements: the
calculated resistance of reinforced concrete to bend and tension in the cross section of the
bending reinforced concrete element, the above dependencies allow to solve a number of
problems, namely:

1. Calculation of the strength of the cross section of the bending reinforced concrete element
with known cross-sectional dimensions of the concrete and reinforcement area.

2. Determination of the required cross-sectional area of the reinforcement for a given load
with known cross-sectional dimensions of concrete.

3. Foundation the dimensions of the cross section of concrete and reinforcement for a certain
percentage of reinforcement and the given load.

4. Checking strength with known cross-sectional area of the reinforcement and given cross-
sectional dimensions of the concrete.

5. Verification of the conditions for ensuring the strength of the cross section of reinforced
concrete element.

6. Calculation of the moment of formation of cracks.
7. Calculation the width of the crack opening under operating load.
8. Determination of the deflections of the elements under the operational load.

Using the calculated resistances of reinforced concrete allowed to reduce the calculation of
reinforced concrete elements according to the nonlinear deformation model to the application
of the formulas of the classical resistance of materials and to significantly simplify the process
of their calculation.
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Abstract

Progression in cement-based technology has driven the development of fibre reinforced
concrete (FRC) materials; such as concrete technology. Steel fibre and synthetic fibre are
fundamental fibre types, which include glass, carbon, polyvinyl, polyolefin, waste fibre
materials and polypropylene. The mechanical properties of FRC members are affected
from these fibres individually and in hybrid aspects. The type, content and geometry of
fibres are relied to these mechanical properties. A significant improvement in mechani-
cal and dynamic properties of reinforced concrete members is enabled due to additional
fibres into cementitious composites. Most mechanical properties are enhanced through
intercept micro-cracks. The level of enhancement accomplished relied on the type and
dosage of fibre as compared to plain concrete. Effective tensile strength, energy dissipa-
tion capacity and toughness are explained through FRC. The shear, punching and flexure
are significantly increased through the level of enhancement accomplished. These fibres
include polyvinyl, glass, carbon, polyolefin and polypropylene that improve the mechan-
ical properties of concrete. The historical use of fibres and types of fibres are reported
in this chapter. Similarly, the curing of steel, structural synthetic fibres, the mechani-
cal properties of cement, the addition, placing, finishing and mixing are based on waste
fibres, hybrid fibres, steel and structural synthetic.

Keywords: cement, steel fibre, synthetic fibre, hybrid fibre, waste fibre, concrete

1. Introduction

Advancements in cement-based technology, such as concrete technology, have led to the
development of fibre reinforced concrete (FRC) materials [1]. Considerable research efforts
have been made contributing to theoretical and technological knowledge about properties
and behaviour of FRC across the globe. Applications of FRC are very common in civil and
structural engineering.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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There are numerous fibre types, in various sizes and shapes, available for commercial and
experimental use. The basic fibre types are steel fibre; synthetic fibres, such as polypropylene,
glass, carbon, polyolefin and polyvinyl; and waste fibre materials. Using these fibres individ-
ually as well as on hybrid basis has an effect on the mechanical properties of FRC members.
These mechanical properties depend on the type, geometry, and content of fibres [2, 3] as
described below.

The addition of fibres into cementitious composites enables considerable improvement in
mechanical and dynamic properties of reinforced concrete members. The delay and control of
tensile cracking in the composite material are the most considerable outcome of fibre associ-
ated with concrete [4]. Most mechanical properties of composite are enhanced using intercept
micro-cracks. ACIFC [5] stated the reliance of the level of enhancement accomplished on the
type of fibre and the dosage rate as compared to plain concrete. Thus, FRC demonstrates excel-
lent tensile strength, toughness and energy dissipation capacity [6, 7]. It also increases signifi-
cantly the shear [8-10], flexural [9, 11, 12], punching [13, 14], resistance and durability ([15, 16];
Kunieda et al., 2014) of concrete structures as well as superb resistance to cracking [17].

Those attractive properties allow the direct application of fibres in concrete. However, each
fibre type could enhance specific concrete properties. Accordingly, the aim of this chapter is
to investigate into the potential of using various types of fibres which include steel fibre and
synthetic fibres such as polypropylene, glass, carbon, polyolefin and polyvinyl in enhancing
the mechanical properties of concrete.

Recent researches have shown that waste fibres can also be a valuable reinforcement system
to decrease significantly the brittle behaviour of cement-based materials, by improving their
toughness and post-cracking resistance [18]. It also has beneficial environmental and economic
impacts [19, 20]. The effect of using waste fibre in enhancing concrete properties is also reported.

The use of two or more types of fibres in a suitable combination showed a great potential to
optimise the properties of concrete material as well as to improve the mechanical performance
of reinforced concrete members. This combining of fibres, often called hybridization is currently
used as the inclusion of single fibre in concrete cannot attain an optimal performance. The use of
hybrid is commonly limited to two types. These are a mix of steel and polypropylene fibres and
a mix of steel fibres with different geometry, shape and size. A further description on different
fibre combinations is shown in the below sections. This chapter reported on the historical use of
fibres; types of fibres; the addition, mixing, placing, finishing and curing of steel, polypropylene
and structural synthetic fibres and the mechanical properties of cement-based composites rein-
forced with steel, polypropylene, structural synthetic, water fibres and hybrid fibres.

2. Fibres: origin and history

Fibres were used at least 3500 years ago to build the 57 m high hill of Aqar Quf near Baghdad
through brittle matrix materials and sun-baked bricks [21]. Additionally, masonry mortar and
plaster were reinforced through horsehair [22]. Similarly, cement products were reinforced
through asbestos fibres for about 100 years ago. In contrast, alternate fibre types were insti-
gated within the 1960s and 70s due to health issues related to asbestos fibres.
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In the nineteenth century, the use of reinforcing rods in the tensile zone of the concrete was
imposed for the low tensile strength and brittle character of concrete [23]. In addition, the
incorporation of discontinuous steel reinforcing elements including metal chips, nails and
wire segments into concrete was attempted through patents recently.

Romualdi and Baston [24] have investigated the steel fibres potential for steel reinforcing
rods in concrete during the early 1960s in the United States. Afterwards, steel fibre reinforced
concrete has been advanced through assorted experimentation, industrial application and
research development. Similarly, Goldfein [25] conducted experiments with and without rein-
forcement using plastic fibres in concrete. Structural synthetic fibres were used explicitly by
Japanese construction companies since 1997 as an alternate of steel fibre reinforcement. The
expansion of structural synthetic fibres is attempted in Europe, North America and Australia.

Most applications suggest the use of fibre reinforced concrete such as refractory materials,
concrete products, and road and floor slabs over the past 40 years [23].

3. Types of fibres

Fibre types are accessible for experimental and commercial use in assorted sizes and shapes.
The basic fibre categories are steel fibre; synthetic fibres, such as polypropylene, glass, carbon,
polyolefin and polyvinyl; and waste fibre materials. However, in structural cement-based ele-
ments, steel, polypropylene and structural synthetic fibre reinforced concrete as well as waste
fibres are the main types of fibre, which are used as a replacement for conventional steel fabric
reinforcement. Using these fibres individually as well as on hybrid basis has an effect on the
mechanical properties of FRC members. These mechanical properties depend on the type,
geometry and content of fibres [2, 3] as described below.

3.1. Steel fibres

Many efforts have been made in recent years to optimise the shape of steel fibres to achieve
improved fibre-matrix bond characteristics, and to enhance fibre dispersibility in the concrete
mix [26]. The classification for four general types is provided by ASTM A 820 on the basis of
manufacturing products [22]. These products include cut sheet, melt extracted, cold-drawn
wire and other fibres.

Figure 1 has shown other common types of steel fibres. By cutting and chopping wire, rounded
and straight steel fibres, having a diameter between 0.25 and 1.0 mm are produced. Furthermore,
shearing sheet of flattening wire produces flat and straight steel fibres of 0.15-0.41 mm thick-
ness by 0.25-1.14 mm width. The production of crimped and deformed steel fibres is based on
the full-length crimpling or bent or enlarged at each side of the fibres. The bending or flattening
process is used to deform fibres to expand bond and allow mixing and handling [28].

The handling and mixing process is facilitated through fibres being collated into bundles. The
bundles are distributed into single fibres during the mixing process. Similarly, cold-drawn
wire is used to produce fibres that are smooth for making steel wool. In addition, the melt
extraction process is used to produce steel fibres [22].
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Figure 1. Different steel fibre types [27].

Young’s modulus is 205 MPa, aspect ratio varies from 30 to 100, ultimate tensile strength of
steel fibre varies from 345 to 1700 MPa, and length varies from 19 to 60 mm for respective
fibres.

The largest fibre producers offer a statistical analysis to claim the sale of 67% fibre based on
the hooked type. Katzer (2006) explained that crimped fibre (8%), straight fibre (9%) and fibre
with deformed wire (9%) are other most popular fibre types.

3.2. Synthetic fibres

Research and development reflect the efforts of man-made fibres in the form of synthetic
fibres specifically in the textile and petrochemical industries. Organic polymers derive fibres
for synthetic fibre reinforced concrete based on available formulations [22]. Acrylic, polyeth-
ylene, polypropylene, nylon, polyester, carbon and aramid are the concrete-based matrices
for synthetic fibre types in Portland cement. However, there is a dearth of these fibres, but
other fibres are found extensively in commercial applications [22]. Low modulus of elasticity
and high elongation properties are found in synthetic and organic fibres. In contrast, high
modulus of elasticity is found in steel, glass, carbon and asbestos and fibres [29]. Similarly,
structural and polypropylene are emerged as synthetic fibres and extensively found in con-
crete ground floor-slabs.
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3.2.1. Polypropylene fibres (micro-synthetic fibres)

The significance of polypropylene fibres emerged due to their high alkaline resistance and low
price of the raw polymer material [30, 31]. Their formation is based on fibrillated or mono-
filament manufactured in an enduring process through polypropylene homopolymer resin
extrusion. Micro synthetic fibres are used for reducing, plastic settlement cracking and plastic
shrinkage cracking in ground-supported slabs based on 100% polypropylene. According to
Perry [32], micro-synthetic fibres are usually 12 mm long by 18 um diameter.

3.2.2. Structural synthetic fibres (macro-synthetic fibres)

During the last 7 years, the development of micro-synthetic fibres has expanded compre-
hensively. The potential of these fibres is evident in providing concrete with significant
ductility. These fibres have potential to control cracking resultant from lasting drying
shrinkage and thermal movements in concrete floors and slabs [33]. These macro-syn-
thetic fibres vary from polypropylene micro-fibres due to their large and higher poly-
mers even though they typically comprise few polypropylenes [32]. A significant level of
post-crack control is provided from synthetic structural fibres to accomplish steel fibres
and fabrics [34].

Steel fibres and polypropylene fibres as well as structural synthetic fibres are the most
common types of fibres used in structural members. Therefore, the following section dis-
cusses the addition, mixing, placing, finishing and curing of steel, polypropylene and
structural synthetic fibres. Also, they present the effect of adding these fibre types on the
properties of fresh and hardened concrete. However, using waste fibres is relatively a new
practice and it is not limited to one type of wastes. Therefore, there is no clear guidance
for the addition, mixing, placing, finishing and curing of such fibres. On the other hand,
using hybrid fibres is limited to the use of steel and polypropylene as well as using differ-
ent types of steel fibres. Thus, the below practices of adding single steel or polypropylene
fibres are applicable.

4. Fibre reinforced concrete addition, mixing, placing, finishing and
curing

4.1. Steel fibre

4.1.1. Composition and quality

Higher cement, smaller aggregates and fine contents are generally combined in the fibre rein-
forced concrete as compared to plain concrete. The fibre content increases to decrease the
extent of the slump [21, 22]. Therefore, a steel wire manufacturer signifies the following speci-
fication for acquiring steel fibre reinforced concrete [35].
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4.1.2. Addition and mixing of steel fibre

It is deemed that 2040 kg/m?® is usually the recommended dosage for steel fibres. According
to Knapton, [27], the flexural strength of the concrete results in higher dosage rate. In gen-
eral, the fresh concrete is combined with the fibres and; afterwards, these fibres are moved
initially to the mixer. Newman and Choo [21] revealed that these fibres can be incorporated
to the aggregated conveyor belt. The fibres might be dispensed directly regardless of any
balling risk, when the aspect ratio of the fibre is less than 50. Particular packing techniques
are employed by manufacturers for reducing the risk with higher aspect ratios [22]. On the
contrary, the satisfactory outcome of visual inspection is evaluated for fibre distribution dur-
ing pouring [27].

4.1.3. Placing finishing and curing

Approved mixing, quality control procedures, and finishing are required for good quality
and economic construction of steel fibre reinforced concrete [22]. The placement of concrete
through good concrete practice is affective in positioning during curing. The reduced flow
characteristics allow positively the final placement of steel fibre reinforced concrete (Unwalla,
1982; [36]).

Placing, curing and finishing steel fibre reinforced concrete are satisfactorily used by tradi-
tional tools, procedure and equipment [36-39]. Antiwear products and cement are usually
expanded on the concrete surface after levelling and compaction [27]. Same methods and
techniques can be used for curing and protecting SFRC. Plastic and shrinkage cracking can be
produced through insufficient curing methods in traditional concrete [36, 37, 39].

4.1.4. Mechanical properties of fresh steel fibre-reinforced concrete

The important problem produced during the steel fibre reinforced concrete is the accomplish-
ment of sufficient workability. Fibres are included in the concrete mix with aspect ratio and
fibre volume, which affect the workability [36, 40]. The steel fibres can mitigate the estimated

Element Quantity
Cement 320-350 kg/m?®
Well-graded sharp sand 750-850 kg/m?
Continuous aggregate grading 28 mm
Crushed stone 14 mm, 15-20%
Characteristic compressive strength 25 N/mm?
Water/cement ratio 0.50-0.55

Table 1. Concrete mix design of steel fibre reinforced concrete.
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composite slump as reported from the variations of volume fractions included in steel fibre
reinforced concrete (0.25-1.5 vol%). Furthermore, the effects of vibration are suggested to
assess workability of a SFRC mixture with the VB test because mechanical vibration is sug-
gested in a number of SFRC applications as compared to traditional slump measurement. A
good workability is maintained through the inclusion of superplasticiser. In contrast, the fibre
balling should be ignored when considering above specifications.

4.2. Polypropylene fibre-reinforced concrete
4.2.1. Addition and mixing (polypropylene)

The addition of polypropylene fibres is at a recommended dosage of approximately 0.9 kg/m?
(0.1% by volume) [27]; the fibre volume is so low that mixing techniques require little or no
modification from normal practice [21]. The fibres may be added at either a conventional
batching/mixing plant or by hand to the ready-mix truck on site [27].

4.2.2. Placing finishing and curing (polypropylene)

Polyproline fibres are comprised of concrete mixes that can be transformed by normal meth-
ods and; therefore, flow easily from the hopper outlet. The essential compaction might be
used for providing traditional means of vibration and tamping. The traditional concrete can
be considered strictly for curing procedures. The floating and trowelling of fibre-dosed mixes
can be used for normal hand and poor tools [27].

4.2.3. Mechanical properties of fresh fibre-reinforced concrete

According to Ramakrishnan [4], proper design and application of fibre reinforced concrete
mixes can be essentially considered on the basis of knowledge of the fresh concrete proper-
ties. The occurrence of polypropylene fibres is mechanically observed since a comprehensive
impact is imparted on the concrete, cement hydration and delaying evaporation by holding
water [27]. The polypropylene fibres did not affect the slump of fibre-dosed concrete. The
properties of the fresh concrete are modified through the primary role of polypropylene. The
movement of solid particles, the bleed of water chemicals and the homogeneity of the mix
are stabilised, blocked and increased through polypropylene fibres. The bleed capacity of the
concrete and plastic settlement is reduced, and decreases the rate of bleed through polypro-
pylene fibres.

The plastic concrete is formed due to plastic cracking and drying shrinkage. The formation of
plastic cracks took place in the first 24 h, when there is high evaporation rate and the concrete
surface dries after the placement of the concrete [27]. The appearance of concrete along with
its durability and physical and mechanical properties is affected through this high evapora-
tion rate [41]. The width of plastic shrinkage cracks can be restricted due to the polypropylene
fibres. In the initial phases, the post-cracking ductility of the concrete emerged from the fibres,
increasing strain capacity and affecting plastic shrinkage cracking [21].
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4.3. Structural synthetic fibres

For synthetic structural fibres, the dearth of available references and design guidelines are the
considerable barriers for effective comprehension to add, mix, compact, finish, cure, and place
within concrete properties. The information associated to these sources are mentioned in the fol-
lowing paragraph [32, 34, 42]. During the patching or mixing processes, the fibres can be incor-
porated to the concrete at any point.

The particular application and intended properties relied on the additional rate, which differs
from 1.8 to 7 kg/m?. Careful attention is required for their additional rate within both batching
procedures and mix design to accomplish optimum consequences. The required workability
is accomplished by ensuring the adjustments into the mix design. Afterwards, the fine aggre-
gate contents include a slight increase for coating the fibres comprehensively. The concrete is
assisted with efficient finishing and rapid placing. In contrast, medium to high level of work-
ability is accomplished through the inclusion of a superplasticiser. It is evident that the posi-
tion of structural synthetic fibres is appropriately similar according to the normal concrete.
Moreover, concrete must be compacted adequately to assure the surface placement with the
easy finishing. An easy float is typically transformed over the concrete for patching the sur-
face after compaction. The fibre reinforced is enabled to cure effective concreting practice once
itis levelled, floated and compacted. Structural synthetic fibre mostly relies on surface friction
to achieve anchorage across a crack. It controls plastic shrinkage cracking and cracking due to
drying shrinkage of the concrete. Moreover, it improves concrete properties including ductil-
ity, fracture toughness, impact and fatigue resistance.

5. Effect of using single type of fibres on concrete mechanical
properties

5.1. Steel fibres

Steel fibre is becoming an important type of concrete reinforcement due to the numerous advan-
tages that it offers for concrete. Compared to traditional fabric reinforcement, steel fibres have
a tensile strength typically two to three times greater and a significant greater surface area
to develop a bond with the concrete matrix [5]. Over the past three decades, the potential of
using steel fibre reinforced concrete (SFRC) to improve the performance of structures has been
investigated [43]. The available literature on the subject shows that steel fibre reinforcement can
increase significantly the compression, tension, flexure, impact and toughness, shear and punch-
ing resistance, as well as the energy dissipation capacity and durability of concrete structures.

The occurrence of fibres affects the compressive strength as it varies from 0 to 15%. In con-
trast, the order of 30—40% fibres is increased with direct tension. There are little data dealing
strictly with the torsion and shear even though they are usually increased [22, 44]. Moreover,
steel fibre has a noteworthy effect on the residual tensile strength and flexural strength, with
increase of more than 100% being reported [45, 46]. The most important part of the commer-
cial use of steel fibre is the post-crack flexural performance, which is based on the steel fibre
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concrete and sections subjected to point or flexure load. The flexural behaviour of concrete
reinforced with straight and hooked end steel fibres was studied by Pajak and Ponikiewski
[26]. It was found that the increase of fibre volume ratio increases the flexural tensile strength.
The fracture energy increases with the increase of fibre dosage and is higher for hooked end
steel fibres than for straight ones. Steel fibres continue to carry stresses after matrix failure.
This is also confirmed by many researchers [9, 11, 12].

According to Hauwaert et al. [47], impact strength and toughness are significantly increased,
which is defined as energy absorbed to failure. Under the load deflection curve, the toughness
increases resulting in tension and flexure due to the increase in area [21]. A claim is usually
made due to fatigue and increased resistance to dynamic load. The resistance of increased
resistance to dynamic loading highly emerged as it is associated with the fibre distribution in
concrete [48].

In studying the effect of steel fibres on the shear capacity of concrete, some investigations
were carried out for evaluating the performance of beam—-column sub assemblages. Susetyo
et al. [10] undertaken experimental investigations on concrete panels based on pure-shear
monotonic loading conditions for assessing the steel fibre effectiveness to meet minimal
shear reinforcement requirements for concrete elements. Ductile behaviour, good crack con-
trol attributes and sufficient shear strength are exhibited through the test results. Minimum
extent of traditional shear reinforcement is accomplished through the level of performance.
The role of steel fibres in enhancing the shear strength of concrete was also confirmed by
many researchers [8, 9, 49].

Labib (2008) conducted experimental investigations on concrete slab-column connections
reinforced with hooked end steel fibres failing in punching; it was found that the inclusion
of steel fibres significantly increases the load carrying capacity of tested specimens and is
strongly dependent on the fibre dosage. Moreover, the crack opening restraint provided by
the reinforcement mechanisms of steel fibres bridging the crack surfaces leads to a significant
increase in terms of load carrying capacity and energy absorption capability of concrete struc-
tures. This was also confirmed by [13, 14].

In particular, steel fibre possesses a positive impact on the shrinkage behaviour of concrete
that mitigates the extent and organises the cracks width, as compared to plain concrete [22, 28].
The fibres will corrode quickly in exposed situations, if the concrete compacts the fibre corro-
sion under the surface. The deterioration caused due to freeze-thaw cycling and the perme-
ability of cracks can be reduced from the fibres [22, 50].

The role of fibres in bridging the crack opening and enhancing the load capacity and post-
peak behaviour leads to better concrete durability and structural integrity ([15, 16]; Kunieda
et al., 2014). This was also confirmed by the experimental results of Stephen (2001) which
showed that the introduction of steel fibres into the concrete can arrest the early spalling of
the concrete cover and increase the load capacity as well as the ductility of the columns over
that of comparable non-fibre reinforced specimens. Similar observations were reported more
recently by Lee et al. [49], Joao (2010), and R6hm and Arnold [51]. Steel fibres improve the
ductility of concrete under all modes of loading.
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5.2. Synthetic fibres

Synthetic organic fibres have low modulus of elasticity and high elongation properties [29].
Therefore, they have the potential to provide concrete with significant ductility. As a result,
when added to concrete, these fibres are able to control cracking caused by thermal move-
ments and long-term drying shrinkage [33] and improve the performance of concrete by
negating its disadvantages such as low tensile strength, low ductility and low energy absorp-
tion capacity (Lakshmi et al., 2010; [52]; Mu et al., 2000; [53, 54]). Glass, polyvinyl, polypro-
pylene, polyolefin and carbon are concrete-based matrices used in the synthetic fibre types in
Portland cement.

Synthetic fibre types that have been tried in Portland cement concrete-based matrices are:
polypropylene, glass, carbon, polyolefin and polyvinyl. For many of these fibres, there is lit-
tle reported research or field experience, while others are found in commercial applications
and have been the subject of extensive reporting [22]. Among these materials, polypropylene
fibres are one of the most widely used for construction applications such as blast-resistant
concrete and pavements (Mwangi, 2001).

Polypropylene fibres are gaining significance due to the low price of the raw polymer
material and their high alkaline resistance [30, 31]. Their formation is based on fibrillated
or monofilament manufactured in an enduring process through polypropylene homopoly-
mer resin extrusion. Micro-synthetic fibres are used for reducing, plastic settlement cracking
and plastic shrinkage cracking in ground-supported slabs as based on 100% polypropylene.
Polypropylene fibres are used extensively in concrete for the purpose of reducing, plastic
shrinkage cracking and plastic settlement cracking [32].

Mazaheripour et al. (2011) investigate the effect of polypropylene fibre inclusion on fresh and
hardened properties of concrete. The results obtained have shown that the polypropylene
fibres did not influence the compressive strength and elastic modulus; however, applying
these fibres at their maximum percentage volume increased the tensile strength and the flex-
ural strength of concrete.

Fire still remains one of the most serious risks for tunnels, buildings and other concrete
structures. Thereby, the risks related with increased temperatures should be considered by
engineers when designing concrete structures, including explosive spalling due to adverse
concrete deterioration (Phan et al., 2002; Horiguchi et al., 2004).

It has been widely shown that polypropylene fibres are very effective in mitigating spalling
in concrete exposed to elevated temperatures. Bangi et al. (2012) conducted an experimental
study for investigating the fibre type effect and maximum pore pressure amount in fibre rein-
forced high-strength concrete. It uses different lengths of steel fibres, polyvinyl and polypro-
pylene. The pore pressure reduction in heated concrete is contributed through pore pressure
measurements based on organic fibres. The most effective maximum pore pressure develop-
ment is polypropylene fibres as compared to polyvinyl alcohol fibres. On the contrary, there
is a low effect found on the steel fibres. This result has been proved by studies from different
researchers. These studies found that the complex mechanism of porosity variations in con-
crete at elevated temperatures, enriched with polypropylene fibres (Khoury, 2008; [55, 56];
Zeimi et al., 2006; Muzzucco et al., 2015).
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On the other hand, polypropylene fibres can improve not only mechanical properties of con-
crete but also its durability due to reduced crack width by fibre bridging effect. Therefore,
it could be considered as solution to extend lifecycle in terms of improvement of durability
(Kunieda et al., 2014). The polypropylene fibres enhance the resistance to frost attack and the
surface of abrasion resistance. The protection of the steel reinforcement is increased through
these aspects alongside corrosion and mitigates the concrete water permeability. Knapton
[27] states that the chemical resistance of concrete is not changed in this process. In particular,
polypropylene fibres are usually more durable as compared to plain concrete [28].

As stated previously, while polypropylene is extensively used in concrete, other synthetic
fibres such as glass, carbon, polyolefin and polyvinyl had little reported research or field expe-
rience. Barhum et al. (2012) studied the impact of the dispersed and short fibres of carbon
and alkali resistance on the textile-reinforced concrete’s fracture behaviour. The strength, frac-
ture behaviour and deformation of the study are performed through a series of deformation-
controlled and uniaxial tension tests. Pronounced enhancement of first-crack stress was
achieved due to the addition of glass and carbon fibres. While more and finer cracks were
observed on the specimens with short fibres added, a moderate improvement in tensile strength
was recorded.

The formation of polyolefin fibre reinforced concrete is based on the employment of poly-
olefin fibres since they are lighter and possess a final lower cost and not chemically stable.
They have been proved to be suitable for structural uses. Moreover, in some cases, they have
substituted steel fibres (Behfarnia et al., 2014; Pujadas et al., 2014; Alberti et al., 2015). On the
other hand, polyvinyl alcohol organic fibres and nylon are also effective in mitigating spall-
ing, while others like polyethylene fibres are not so effective. Investigations from Laura et al.
(2014) indicated that the use of synthetic fibre reinforced concrete can enhance the ductility
and energy dissipation capacity of concrete.

5.3. Waste fibres

The use of waste fibres plays an important role in sustainable solid waste management. It
helps to save natural resources, decreases the pollution of the environment and saves energy
production processes. It has beneficial environmental and economic impacts; therefore,
wastes and industrial by-products should be considered as potentially valuable resources
merely awaiting appropriate treatment and application [19, 20]. Therefore, the addition of
waste to concrete corresponds to a new perspective in research activities, integrating the areas
of concrete technology and environmental technology.

Steel fibres originated from the industry of tyres and plastic wastes are among these wastes;
their disposal has harmful effects on the environment due to their long biodegradation period,
and therefore one of the logical methods for reduction of their negative effects is the applica-
tion of these materials in other industries.

Recent research is showing that steel fibres originated from the industry of tyre recycling
and can be a valuable reinforcement system to decrease significantly the brittle behaviour of
cement-based materials, by improving their toughness and post-cracking resistance. Recycled
steel fibre reinforced concrete is therefore becoming a promising candidate for both structural
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and non-structural applications [18]. Zamanzadeh et al. [43] compared the characterisation
of the post-cracking properties of recycled steel fibre reinforced concrete and industrial steel
fibre reinforced concrete, on its use as shear reinforcement. Although the results indicated
that the fibre reinforcement mechanisms for relatively small crack width levels were not as
effective in the recycled steel fibres as the industrial steel fibres, it was verified that both fibres
have similar trend in the post-cracking behaviour.

Much research effort has focused on reusing waste materials from plastic industries in con-
crete. Different works have analysed the effect of the addition of recycled polyethylene tere-
phthalate (PET) to the properties of concrete (Choi et al., 2005; Jo et al., 2007; Robeiz, 1995).
The reinforced concrete with PET bottles has been analysed by Foti (2011). The study has
found that there is a great influence on post-cracking performance of simple concrete ele-
ments, when incorporating little amount of recycled fibres from PET bottle wastes. The sam-
ple’s toughness and the concrete plasticity are enhanced and increased, respectively, through
these fibres. Moreover, fibres are used from recycled PET bottles in reinforced mortar by De
Oliveira et al. (2011). The findings have shown that a significant enhancement on compres-
sive strength of mortars is shown from these PET fibres on their toughness and their flexural
strength. The possibility of recycling PET fibres is explored by Foti (2013) as acquired from
waste bodies with assorted shapes. The ductility of concrete is increased through these tests
and PET fibres in a concrete mixture. At the end, as limited research has been carried out in
this area, therefore, more studies could be carried out on the effect of using the previously
mentioned wastes on the mechanical properties of concrete to prove the above results and to
further examine different mechanical properties. In addition, the effect of using other types of
wastes on the mechanical properties of concrete could be investigated.

6. Effect of using hybrid fibres

It is noteworthy to examine that the concrete failure is based on a multi-scale and a grad-
ual process even though the research mentioned above have convinced us that remarkable
improvement in mechanical performance can be achieved by using single fibre type in con-
crete. Therefore, significant attempts are made toward fibre combinations with different
functions and constitutive responses and dimensions into cementitious composite. Potential
advantages can be offered through hybrid combinations of steel and non-metallic fibres to
enhance concrete properties and to reduce the entire cost of concrete production (Bentur and
Mindess, 1990). Fibre fractions result in a uniform and a denser fibre distribution within the
concrete as it enhances post-crack strength of concrete and reduces shrinkage cracks. This
combination of low- and high-modulus fibres can arrest the micro- and macro-cracks, respec-
tively, which could be also achieved by using a combination of long and short fibres as differ-
ent lengths of fibres would control different scales of cracking.

A number of studies indicated the overall benefits of using combinations of steel fibres and
polypropylene fibres (Xu et al., 2011; Sivakumar, 2011; Chi, 2014; Ding et al., 2010; Sahoo et al.,
2015), while limited research was carried out on the effect of using steel fibres and other types
of fibres such as glass and polyethylene (Banthia et al., 2014) or using a mix of short and long
steel fibres [11].
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Xu et al. (2011) found that the tensile strength of steel-polypropylene hybrid fibre reinforced
concrete. The results indicated that the tensile strength of conventional concrete can be dra-
matically improved by mixing with hybrid steel-polypropylene fibres. The enhancing effect of
hybrid fibre is better than that of single fibre, and the volume fraction of steel fibre is observed
to have a great impact on the tensile strength. The same results were found by Sivakumar
(2011) who studied the flexural strength, toughness, and ductility of concrete specimens
containing individual steel fibres and hybrid combinations of steel and non-metallic fibres
such as glass, polyester and polypropylene. He found that the ability of non-metallic fibres
to bridge smaller micro-cracks was suggested as the reason for the enhancement in flexural
properties compared to individual steel fibre.

The effect of inclusion hybrid steel-polypropylene fibre reinforced concrete on triaxial com-
pression was developed by Chi (2014). The results showed that the steel fibres mainly contrib-
ute to the composite’s triaxial strength that was observed to improve significantly when both
the volume fractions and aspect ratios of steel fibre were increased. On the other hand, the
polypropylene fibres were found to have considerable effect on improving the tensile merid-
ian rather than compressive meridian.

Ding et al. (2010) analysed the influence of various fibre types, including steel macro-fibre
and hybrid fibre (macro-steel fibre and macro-plastic fibre) on the shear strength and shear
toughness of reinforced concrete beams. The results indicated that hybrid fibres can evidently
enhance both the shear toughness and the ultimate shear bearing capacity.

Sahoo et al. (2015) studied the influence of using both high-modulus (steel) and low-modulus
(polypropylene) fibres on the shear strength of reinforced concrete beams. A better post-peak
residual strength response is noticed in the case of all FRC beam specimens due to multiple
cracking associated with the fibre bridging action. The main parameters investigated are shear
strength, failure mechanism and displacement ductility. The FRC specimens with combined
steel and polypropylene fibres showed that the shear resistance and deformability values are
improved significantly; multiple cracks of smaller crack width are noticed at the failure stage
of the specimens indicating the better fibre bridging action of combined metallic and non-
metallic fibres.

Banthia et al. (2014) used hybrid fibres by using two types of macro-steel fibres and a micro-
cellulose fibre. Flexural and direct shear tests were performed, and the results were analysed
to identify the degree of enhancement in the mechanical properties associated with various
fibre combinations.

7. Conclusion

This chapter reported on the historical use of fibres; types of fibres; and the addition, mix-
ing, placing, finishing and curing of steel, polypropylene and structural synthetic fibres. This
chapter also discussed the potential of using various types of fibres in reinforced concrete
to optimise the properties of concrete material as well as to improve the mechanical perfor-
mance of reinforced concrete members. The reviewed literature highlighted the role of fibres
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in enhancing the concrete tensile strength, flexure strength; shear strength, punching shear
strength, toughness, energy dissipation capacity, resistance to cracking and durability. The
reviewed literature also indicated that, in most cases FRC contains individual type of fibres,
which includes steel, polypropylene, glass, carbon, polyolefin and polyvinyl. Although exten-
sive research is conducted on the FRC, the reviewed literature showed a dearth of research
conducted on waste fibre. The reviewed literature highlighted that the research conducted on
the use of waste fibre in concrete is limited to the effect of waste fibre on toughness, flexural
strength, compression strength and post-peak behaviour of concrete elements. In addition,
this chapter reported on the use of two or more types of fibres in a suitable combination
which has proved the potential to improve the mechanical properties of concrete. Numerous
studies on hybrid fibre reinforced concrete have been performed. The reviewed literature
showed that combination of fibres is commonly limited to two types of mixes, a mix of steel
and polypropylene fibres and a mix of steel fibres with different geometry, shape and size. It
is recommended that more mixes should be analysed to identify the degree of enhancement
in the mechanical properties associated with various fibre combinations.
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Abstract

The singularities and the qualities of the hydrated cement microstructure have been
identified by researchers as enhancers to promote photocatalytic processes, mediated by
titanium dioxide, to create environment-friendly cement. In this chapter, we intend to
expose the microstructural characteristics of cement and those aspects that make it pos-
sible for the promotion of photocatalytic activity. Within the inherent complexity of the
cement microstructure, we describe a framework of two key elements in the microstruc-
ture of this material that affects the promotion of TiO, photocatalysis, to offer a more
comprehensive view of the physical-chemical processes involved. These elements are:
the porosity and the nanostructure of the C-S-H. This framework is also a starting point
for future studies that seek to improve the photocatalytic response of titanium dioxide
inserted in the cement matrix, as well as to provide implications for the application of
photocatalytic cement technology in the construction materials industry.

Keywords: titanium dioxide, photocatalysis, cement porosity, calcium-silicate-hydrate
(C-S-H), photodegradation, photocatalytic cement

1. Introduction

Cement develops its microstructure during its hydration process, which is, without any doubt,
one of the most studied phenomena in materials science. Its high complexity is due to the num-
ber of actors involved in the process as well as the conditions in which it is being developed.
Several physical-chemical processes take place in a perfectly coordinated manner, resulting
in a material with exceptional properties. Cement clinker reacts with water giving insoluble
hydration products which, in a cement paste (a mixture of cement powder and water) or con-
crete (a cement paste containing sand and aggregate filler), gradually replace the water in the

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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spaces between the cement grains and aggregate particles, and eventually provide a matrix
that effectively binds the composite mass together. The reaction products, called hydrates, are
responsible for strength development and they give cement its binding properties.

The hardening reaction in a cement paste is mainly associated with the hydration of the two
calcium silicate compounds which occupy more than 80% by mass of the anhydrous clinker
of ordinary Portland cement. These two phases produce the same products when they react
with water: on the one hand, a colloidal calcium silicate hydrate, also known as a C-S-H gel, is
formed together with a crystalline solid solution of calcium hydroxide, Ca(OH), or CH, also
called portlandite, which tends to form large crystals with a distinctive hexagonal-prism mor-
phology. Within a few hours of mixing with water, cement paste starts to gain in stiffness and
strength, going from a viscous fluid to a plastic solid, and finally, to a stiff solid. This change
occurs because the hydration products have a lower density than the anhydrous phases and
occupy more space, filling most of the space created by the consumption of water and increas-
ing the solid volume. There are two main steps involved: the rapid initial formation of gelati-
nous hydrate coatings around the cement grains and, after a dormant period, the growth from
these coatings of fibrillar C-S-H gel material into a reticulate network between the cement
grains. Figure 1A and B show two scanning electron micrographs of Portland cement pastes.
Figure 1A illustrates early hydration of the paste, where amorphous-looking gelatinous enve-
lope of C-S-H gel bridges the cement grains at their points of contact. CH portlandite can also
be observed among micro and macroporous structure of the hydrated material. Figure 1B
corresponds to a mature paste, where C-S-H gel shows a fibrous morphology, which provides
a reticular network within the system. C-5-H is then considered as responsible for the cement
paste’s internal skeleton, for the paste’s adherence to the aggregates in the formation of mor-
tar and concrete and for the strength and durability of cement-based materials.

This complex microuniverse has been explored by scientists for decades and even more since
the recent developments of nanotechnology. The new and powerful tools for visualization,
manipulation, and analysis of nanostructures have made it possible to host nanomaterials in
the cement microstructure, providing the material with novel properties, or consolidating or
improving its most characteristic behavior. In this sense, nanotechnology has allowed interest-
ing developments which include the use of nanoparticles, carbon nanotubes, nanofibers and
latest generation of additives to improve the strength and durability of cement-based materials

Figure 1. Scanning electron micrograph of hydrated Portland cement, (A) at early stage of hydration, and (B) fibrillar
C-S-H gel in mature Portland cement paste.
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[1-3]. Of special interest for building materials is nano-titanium dioxide. Its photocatalytic char-
acteristics provide additional functionality mainly used to remove organic contaminants from
surfaces exposed to ultraviolet radiation, such as road pavements and cement-based facade
finishing products [4]. In addition, it has been proven that TiO, nanoparticles accelerate the
hydration rate and increase the degree of hydration of the cement matrix [5].

This growing interest that has appeared in recent years by the nanoscale, is derived from the
fact that the properties of the same material vary, and even new ones appear, depending on the
size. This is the case with titanium dioxide, a semiconductor formed by covalent bond between
titanium metal and oxygen. Titanium, the ninth most common element in the earth’s crust, is a
metal that is found in nature but not in a free form. Titanium interacts naturally with oxygen to
form titanium oxides, which are commonly found in minerals, powders, sands and soils. The
beginnings of the TiO, industry go back 30 years when paint manufacturers were looking for a
substitute for white lead, which is considered toxic. It was then when it caught the attention of
the entire scientific community, to verify the important positive characteristics that it has: it is
chemically stable, non-toxic and inexpensive. On the other hand, the increase of the specific sur-
face that occurs when this semiconductor is in the form of nanoparticles gives it greater func-
tionality to promote reactions that take place on the surface, such as photocatalytic processes.
Titanium dioxide as a nanomaterial can be found in several crystalline phases, the most com-
mon being anatase, brookite, and rutile. The first two are transformed to rutile with the increase
in temperature, since the latter is the most thermodynamically stable under normal conditions.
Anatase and rutile have an octahedral structure, while brookite has an orthorhombic system.

In this chapter, we intend to expose the microstructural aspects of hydrated cement that pro-
mote photocatalytic processes based on titanium dioxide. Initially, the physical mechanisms
that give photocatalytic properties to TiO, in the form of nanoparticles will be detailed. Next,
the microstructural characteristics of the cement-base materials modified with titanium diox-
ide nanoparticles will be described, analyzing their feasibility as new construction materi-
als. Consequently, we describe a framework of two key elements in the microstructure of
this material that affect the promotion of TiO, photocatalysis, to offer a more comprehensive
view of the physical-chemical processes involved. These elements are: the porosity and the
nanostructure of the C-S-H gel. At the end, several possible routes are suggested for future
investigations in heterogeneous photocatalysis in cement.

2. TiO,-driven heterogeneous photocatalysis

Heterogeneous photocatalysis is a physical-chemical process that occurs in certain semicon-
ductors when they are excited by electromagnetic radiation of a certain wavelength. The pho-
tocatalytic reaction begins when an incident photon promotes an electron from the valence
band (VB) to the conduction band (CB), provided that the energy absorbed from the photon
is equal to or greater than the semiconductor gap, leaving behind a hole in the valence band.
The electron-hole pair produced catalyzes oxidation reactions of certain organic compounds
adsorbed on the surface of the semiconductor, such as the NOx pollutant, in the presence of
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water molecules. Electrically, titanium dioxide is a wide-band-gap semiconductor (3 eV for
rutile and 3.2 eV for anatase), requiring photons of wavelength less than 383 nm and greater
than 403 nm respectively to promote valence band electrons.

Four chain reactions are fundamentally involved in the overall process: (1) photoexcitation:
transfer of energy from a photon to an electron producing an electron-hole pair, (2) adsorp-
tion of organic species on the surface of the semiconductor, (3) capture and recombination of
charge carriers and (4) interfacial load transfer. These four mechanisms compete with a possi-
ble electron-hole recombination. Figure 2 illustrates the process of TiO,-driven heterogeneous
photocatalysis of NOx species.

The effectiveness of the photoinduced reactions is controlled by the light absorption charac-
teristics of the semiconductor, which in turn depend on (1) the microstructural characteristics
of the semiconductor itself, (2) the energy of the incident photons and (3) the substrate where
the reactions take place. As for the semiconductor microstructure, it would be desirable for it
to have a series of important properties:

* high specific surface;
* uniform distribution of particle size;
* spherical particles; and

¢ presence of superficial defects that promote the adsorption reactions of contaminating
species.

In this regard, TiO, has been successfully nanostructured in the form of nanoparticles by a
variety of techniques and a wide range of sources. Due to its greater surface area, porosity and
number of defects and its photochemical reactivity, the catalytic performance obtained from
TiO, nanoparticles is significantly improved compared to that obtained if the material was not
nanostructured. On the other hand, it is necessary that the photocatalyst process is triggered

cee

HO co,

Figure 2. Heterogeneous photocatalysis of titanium dioxide for NOx degradation: photoexcitation of an electron from
the semiconductor valence band to the conduction band, leaving a positive hole in the valence band.
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by photons belonging to the spectrum of ultraviolet radiation, which can be obtained from
solar radiation. This aspect, together with the excellent properties of TiO, as a photocatalyst,
results in a clearly versatile and low-cost degradation technology for air pollutants.

Despite these proven functional characteristics, such as self-cleaning, antimicrobial proper-
ties as well as the degradation of a range of organic (e.g., volatile organic compounds) and
inorganic pollutants (e.g., NOx and SO,), technical aspects such as UV radiation acquiring, are
still a limitation for the large-scale application of this light-driven technology [6]. In addition,
the photocatalysis mechanism of TiO, has certain limitations that hinder the development of
commercial applications, for example, the large band gap of TiO,, the electron-hole recombi-
nation process and deactivation of TiO, by partially oxidized intermediate blocks that occupy
active catalytic sites on the photocatalyst.

3. Influence of nanosized TiO, on cement hydration

The incorporation of nano-TiO, as a filler in a cementitious matrix presents distinctive micro-
structural characteristics. Research has shown that the photocatalytic activity is superior in
nano-crystalline TiO, and that it exhibits maximum efficiency in anatase phase compared to
rutile or brookite phase [7]. When added to Portland cement, it is considered to act as inert
filler and has not been believed to take part in the hydraulic reaction of Portland cement.
However, the modification of particle size distribution due to chemically inert filler addition
changes the system porosity, providing additional sites for nucleation of cement hydration
products; consequently, the kinetics reaction might be catalyzed. In this sense, Jayapalan
et al. [8] reported an increasing effect in the rate of early age hydration proportional to the
dosage of TiO,, as well as found that smaller particles seem to accelerate the reaction more
than larger particles. While in this and other reported studies TiO, particles were added as
TiO, nanopowder and mixed with water prior to the addition of cement, researchers have
recently being investigating the effects on the microstructure and photocatalytic activity of
cement pastes doped with nanosized TiO, prepared by other techniques; as, for example,
sol-gel method [9].

Consequently, relevant research on this topic concludes in the same consequences that
come from housing TiO, nanoparticles on the cement microstructure. On the one hand, the
nanoparticles are located in the porous structure of the cement and promote the formation
of C-S-H gel around, forming microspheres that are interconnected by fibrillar structures of
C-S-H (Figure 3A and B). On the other hand, the nanoparticles of TiO, present in the cement
matrix decrease the pore size and promote the formation of hydration products through the
consumption of capillary water displaced from the pores. As observed in Figure 3, the TiO,
nanoparticles are covered with inner C-S-H gel. Most of the nanoparticles preferentially clus-
ter at the entrance of the micropores, which may reasonably increase the overall density and
promote the formation of C-S-H inside these micropores. These findings, widely confirmed
by many researchers, point out that TiO, nanoparticles present in the cement matrix acceler-
ate C-S-H gel formation and improve the microstructure of cementitious materials by shifting
the distributed pores to finer ones.

53



54 Cement Based Materials

WA
_ L / G s ddBE W
Sagewi 4w 18 Himrn 2um Pl Mg = 16 B,
T B 7 508 [Feh e 4Ry CROEM | |f— - e = M uage aziry (CEENM

Figure 3. (A) Detail of SEM micrograph of TiO,-doped cement paste after 7 days hydration time, showing shell microspheres
of amorphous inner C-S-H gel formed around the TiO, nanoparticles. Fibrillar outer C-S-H bridges the spheres filling the
inter-hydrate space. (B) Same TiO,-cement paste after 14 days hydration displaying the same features.

4. Fostering photocatalysis through cement microstructure

In the previous section, we have exposed the most significant effects that nanoparticles of
titanium dioxide, as filler, cause on the microstructure of the hydrated cement. Extensive
research has been reported to show these clear modifications in the microstructure: decrease
of porosity, increase of density in the C-5-H gel and increase of hydration products in the
cement matrix. However, there exist not many works dedicated to the study of the cement
microstructure as a valid support to favor the processes of photocatalysis. In this section, we
try to explore the most relevant microstructural characteristics of hydrated cement for the
promotion of the photocatalytic activity of nano-TiO,.

The first view of the problem indicates that in order to obtain reasonable rates of photocata-
lytic activity, the substrate must be able to adsorb the pollutant particles and trap them in
some way to expose them to the photocatalytic process. The adsorption of contaminants on
the surface of the photocatalyst is, therefore, an important factor in achieving high rates of
degradation. To promote adsorption, composite structures comprising inert domains coexist-
ing with photocatalytic domains can be used. In this way, the pollutants are adsorbed first in
the inert sites and then diffuse to the photocatalytic domains. This is the so-called “Adsorb
and Shuttle” (A&S) effect [10]. In this sense, there are important benefits derived from the use
of the microstructure of the cement matrix as a suitable substrate for the nano-TiO, photo-
catalyst. The TiO, nanoparticles are located in the porous microstructure of the cement, where
surface and volume irregularities occur. This defects population also promotes the adsorp-
tion of inorganic species that are trapped on the surface. On the other hand, since the water
molecules participate in the photocatalytic process both as adsorbents, as OH sources and as
reaction products, it is obvious that the water content that naturally possesses the cementi-
tious materials can have a significant effect on photocatalytic efficiency.
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It is evident then that the porosity and the presence of water of hydration in the microstruc-
ture of the cement are influential factors in the photocatalytic activity. With the aim to deeply
analyze these factors, we propose a framework that helps identify the conditions for potential
photocatalysis substrates in the cement material. Porosity and nanostructure of C-S-H gel are
the two key elements in the microstructure of this material that affect the promotion of TiO,
photocatalysis and will be studied in the following subsections.

4.1. Pore system of cement microstructure

When cement particles are dissolved and surrounded by water, they can react to produce solid
reaction products (surface products) or spontaneously nucleate in the capillary water to produce
crystals (pore products) [11]. The surface product is mainly the C-S-H gel and the major pore
product is portlandite (CH). Yet, the surface product (C-S-H) is still porous media at nanoscale,
forming gel pores, thus small molecules can diffuse through, and generally, its surfaces are
negatively charged. In Figure 4, the presence of surface products (C-S-H, labeled as (1)) and
pore products (portlandite crystals, labeled as (2)), can be observed in the microstructure, which
occupy different spots, leaving spare room in between them. These voids are macropores (pore
size larger than 50 pm), which are normally filled by water vapor. The capillary pores, how-
ever, are voids with average radius ranging from 5 to 5000 nm, where water persists even after
hydration in completed, and that were previously available for pore products” nucleation.

This landscape draws a complex porous structure whose pore size distribution can vary from
nanometers to thousands of microns, if macropores due to inadequate compaction are also
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Figure 4. Scanning electron micrograph of cement paste displaying (1) C-S-H gel and (2) portlandite crystals as surface
product and pore product respectively.

55



56 Cement Based Materials

present. Moreover, large pores could be connected to gel pores through the fine capillary pores.
Cement porosity is therefore directly related to the water present in the mix. The classification
of the state of water in cement paste is generally based on the location where it is held and the
nature of its bonding with the solid structure. Apart from the water vapor in the pores and the
capillary water, it is suggested that water can also exist as adsorbed water (held by hydrogen
bonds on the surface of the hydrated particles) and interlayer water [12]. Thus, the inherent
availability of water in the vicinity of capillary pores leads to consider these porous structures
as possible inert domains for hosting the photocatalytic nanoparticles.

4.2. Nanostructure of C-S-H gel

Since the C-S-H gel is the main solid reaction product that is formed during the hydration
process, its presence must necessarily be compatible with the nanoparticle housing. As we
have seen, nanoparticles not only do not interact negatively with the gel, but they are able to
promote its development; therefore, the nanostructure of the C-S-H must be a clear reference
in the photocatalytic capacity of TiO,.

Hydrated cement is a continually evolving material: even after the hydration process has
reached its end, the material keeps experimenting changes due to both increased hydration of
the cement particles and changes in the microstructure of the products after they form. These
changes include increases in the specific surface area, changes to the pore size distribution and
a continued increase in stiffness. Likewise, the evolution of the C-5-H gel during hydration
time implies changes in its density. Therefore, understanding the formation of the gel nano-
structure is crucial to predict its mass/volume ratio.

Among the many different structural models suggested for C-S-H, the colloidal models proposed
by Jennings [13] successfully explain various bulk properties of C-5-H found in hydrated cement
pastes. The basic of these models is the existence of a 5-nm-diameter building block. These basic
units pack together to form the microstructure of C-S-H. However, more recent studies [14] pro-
pose that the basic building block is a unit of C-S-H that is roughly spherical and approximately
2 nm across with a specific surface area of about 1000 m?/g. These building blocks flocculate to
form larger units. This model has been already validated by many experimental works [15],
where spherical nanostructures of C-5-H gel have been found. According to this model, the den-
sity of the smallest unit that can be used to build the nanometer structure of C-5-H is taken as
2450 or 2800 kg/m® which are typical of the values for densities reported in the literature. Taking
into account the high density of the C-5-H basic unit, the probability of a nanoparticle falling
within a volume close to the gel is reasonable. Furthermore, according to this model, water fills
the pore space starting with the finest, which impulses the idea of placing the TiO, nanoparticles
in capillary pores that might be directly connected or closely near to fine deposits of water.

4.3. Cement as substrate-mediator for TiO, photocatalysis

Before discussing the validity of cement microstructure as support for photocatalysis of nano-
TiO,, let us expand the implications of the photoinduced reactions that take place during photo-
catalysis. Once the UV photon has promoted the electron to the conduction band, leaving a gap
in the valence band, this electron-hole pair is “trapped” and should proceed with the interfacial
charge transfer process to directly oxidize/reduce contaminants or generate reactive oxidants.
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Figure 5. [llustration of cement-mediated charge recombination on nano-TiO, in the photocatalysis conversion process.

The transfers of trapped electrons and trapped holes should be fast enough to compete against
electron-hole recombination, which is the main process that limits the overall photocatalysis
performance. All this occurs on the surface of TiO,; therefore, the charge transfer reactions are
clearly limited by the photocatalyst surface conditions.

In the cement microstructure, the TiO, nanoparticles are naturally placed in the capillary
pores, since these locations are surrounded by vapor water and are thermally stable. In this
situation, the nanoparticles exhibit high surface specific area and have defects around them
that act as traps for the adsorbents. Moreover, the capillary pores are connected to each other
by capillary water, which ensures the provision of water molecules essential for the photo-
catalytic process to take place.

In this picture, we now add the presence of C-S-H gel nanostructures as nanosphere clus-
ters, in addition to portlandite crystals that prefer to nucleate in the surface pores. We must
remember that the density of the C-S-H gel is very high, and it is also surrounded by negative
charge. On the other hand portlandite, namely calcium hydroxide, tends to react with oxygen
and carbon dioxide to form calcite. These facts ensure the presence of molecular oxygen in the
vicinity of nano-TiO,. The situation is illustrated in Figure 5.

Owing to the negative charges of the C-S-H gel nanostructure framework, it is expected that
the trapped electron feels the Coulomb repulsion force that pushes the electron away favor-
ing its reaction with adsorbents. The overall effect results in providing charge reservoir sites
which promote the interfacial charge transfer mechanism. Cement microstructure can there-
fore effectively mediate in TiO, photocatalytic performance.

5. Nano-TiO,-cement composites preparation for photocatalytic
applications

When preparing photocatalytic cement, it is crucial to take into account some key factors that
will determine both the compound photodegradant capacity and its final performance as struc-
tural material. On the one hand, the choice of photocatalytic dosage and insertion method
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usually depends upon the composition of the host cement-based composite. On the other
hand, TiO, photocatalyst can be used either as freestanding particulate or as coating on a sub-
strate. However, much more insight is needed from engineering design and modeling point
of view, for successful application of the laboratory-scale techniques to large-scale operation.
Questionless, there exist some beneficial effects on the environment derived from inclusion of
TiO, nanoparticles to cement production. But on its own, cement is a highly efficient material
in terms of energy consumption and welfare that generates; therefore we should aim to respect
its identity in attempting to develop a more sustainable material.

5.1. Optimal content and inclusion method of nano-TiO, in cement

Initially, we focused on the optimum weight fraction of TiO, nanoparticles that should be added
to the cement to develop a sulfficiently efficient photocatalytic activity. Many works reported
in literature ensure that the minimum fraction of nanoparticles to be added to cement in order
to obtain a minimum photocatalytic activity must exceed 1% by mass of cement [16]. In fact,
the photocatalytic properties begin to be significant from the eco-efficient point of view when
the percentage of nanoparticles included in cement is close to 3%. This percentage not only
provides photocatalytic activity to the material, but also favors the development of hydration
products, leading to improvements of up to 62% in mechanical properties for long ages [17].

Regarding the preparation method, the TiO, nanoparticles can be synthesized by chemical-
physical methods, such as sol-gel, using different precursors based on titanium oxides, such
as titanium tetrabutoxide and titanium tetraisopropoxide (TTIP). These methods have proven
to be suitable for the formation of spherical nanoparticles with controlled particle size. In
addition, the so obtained nanostructured material features high specific area, which is an
essential requirement to obtain adequate rates of photocatalysis.

At the end of the synthesis procedure, the nanoparticles can be kept in liquid medium or be
subjected to a calcination process in order to increase their crystallinity and achieve a particu-
late system. Regardless, the most appropriate way to include the nanostructured TiO, in the
cement matrix is found to be adding it directly to the hydration water. Thus, the nanoparticles
will directly occupy the capillary pores that remain as the water is consumed due to the forma-
tion of products. In addition, the aqueous environment around the nanoparticles is guaranteed.

5.2. Suitable fabrication parameters of the cementitious matrix

Another key factor when preparing photocatalytic cement with adequate structural char-
acteristics is the correct choice of manufacturing parameters for the cement mixture. Many
researchers have used white cement to prepare their photocatalytic mixtures. The choice of
white cement basically supports esthetic reasons, since from its preparation, it already seems
a “clean” material and therefore more conducive to integration in a pollutant-free environ-
ment. In any case, other types of cement are also valid to form the cementitious matrix in
which the nanoparticles are going to be housed. The requirement is so that the matrix must be
properly hydrated and provide an adequate porous structure. In this sense, the water-cement
ratio plays an extremely important factor.
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The water-cement ratio directly influences the permeability properties of the material. Thus, a
water-cement ratio of cement paste above 0.4 likely leads to having prohibitive sedimentation
and bleeding. At the same time, the “Adsorb and Shuttle” (A&S) effect explained in previous
sections implies that cement particles need to be kept in suspension before setting and harden-
ing, in order to allow the adsorbents to be located in the microstructure. On the other hand, an
excessive amount of cement would give rise to a material with significant hydration defects,
since the available water would be almost entirety consumed, without leaving enough water
molecules in the environment of the nanoparticles, in addition to a significant amount of clinker
that would remain anhydrate.

Taking into account the previous comments as well as the experimental results reported in the
literature, given that the water cement ratio is directly involved in the porosity of the resulting
mixture, it seems essential to estimate what percentage of porosity will be in the cementitious
matrix manufactured with a reasonable water-cement ratio. In this regard, 0.5 is the ratio
most widely used in literature related to the manufacture of photocatalytic cements. Such
water-cement ratio produces about 32.3% porosity in the cement matrix [18], along with a
specific surface area of 134 m?/g and bulk density of 1448 kg/m?. These microstructural values
have been used to predict the photocatalytic performance of nano-TiO,-cement composites
through a Monte Carlo approach [19], resulting in an increase of the amount and distribution
of adsorbents within the exposed area. This likewise explains the effect of higher reaction rate
constant obtained when 0.5 water-cement composite is present as the TiO, substrate.

6. Conclusions

This chapter concludes that the singularities and the qualities of the hydrated cement micro-
structure enhance the photocatalytic processes, driven by titanium dioxide, to create envi-
ronment-friendly cement. We have exposed the microstructural characteristics of cement
and those aspects that make possible the promotion of photocatalytic activity. The cement
porosity and the nanostructure of the C-S-H have been identified as surface modificators
of nano-TiO, providing charge reservoir sites which promote the interfacial charge transfer
mechanism. Cement microstructure can therefore effectively mediate in TiO, photocatalytic
performance. Suggested directions have been provided for the preparation of photocatalytic
mixtures, taking into account both the suitable content of nano-TiO, as well as the formulation
of the cementitious material, according to the most recent trends reported. This framework
is also a starting point for future studies that seek to improve the photocatalytic response of
titanium dioxide inserted in the cement matrix as well as to provide implications for the appli-
cation of photocatalytic cement technology in the construction materials industry.
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Abstract

Hardened cement paste (hcp), binding the components in cementitious composites, usu-
ally controls most strength, transport, and durability properties of these materials. Water
sorption in hcps can cause durability problems such as sulfate and chloride ingress,
frost deterioration, and esthetic problems. Replacement of air by water in the pores can
also increase the thermal conductivity of the material and affect the energy efficiency.
Capillary suction test as a simple method for characterization of the material resistance
to water sorption is described in this chapter. Different factors affecting water sorption
of hcps such as changing water to cement ratio (w/c), using pozzolanic materials, and
internal hydrophobation are also discussed. Furthermore, resistance number, capillary
number, and pore protection factor as different criterions for characterizing the mois-
ture transport in cement-based materials are described. Since cement-based materials
modified for reducing water sorption have different behavior in capillary suction test
compared to ordinary materials, the abovementioned criteria may become inapplicable
for characterizing these materials. Thus, “effective moisture transport (EMT)” factor is
introduced here which can be a more comparative measure for modified cementitious
materials with denser or internally hydrophobed pore structure.

Keywords: cement paste, hcp, water sorption, pozzolanic materials, capillary suction,
resistance number, hydrophobic agent, silane, silica

1. Introduction

Water sorption of hardened cement pastes (hcps) is one of the key factors that can affect par-
ticular properties of cement-based materials. Chloride and sulfate ingress as well as frost
deterioration and esthetic appearance are some of durability problems that are caused by
water transport in these materials. Thermal properties are also affected by changes in water

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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sorption of cementitious composites. Reducing moisture content can, for example, lower ther-
mal conductivity and reduce heat exchange through the materials in the building envelope.

Water is mainly transported through the capillary pores in hcps. Since increasing water to
cement ratio (w/c) increases capillary porosity, the first solution to reduce water permeability
is usually reducing w/c [1]. Using pozzolanic materials such as silica fume, fly ash, and slag can
also result in a denser pore structure and average pore size, which results in more resistance
to water sorption. The other method to modify water permeability in cement-based materials
is using hydrophobic agents. Both the material surface and the internal structure can be made
water-repellant by using these agents [2-5]. While UV light of the sun can affect water repel-
lence of the surface-treated material, internal hydrophobation does not have this drawback.

In this chapter, water sorption of hcps as the important factor in permeability of cement-based
materials is described. Moreover, the resistance number and the capillary number [6], which
are calculated based on capillary suction test, will be described here. These numbers are used
for the characterization of the material resistance to water sorption. However, this method is
not suitable for modified structure of hcps that have high resistance to water sorption. Thus,
an alternative parameter “effective moisture transport (EMT)” factor is proposed in this chap-
ter instead of the resistance number according to the experimental results.

2. Capillary suction test

Smeplass and Skjelsvold [6] improved the test for capillary suction by including information
about the pore structure of hardened concrete. Martys and Ferraris [7] have also studied capil-
lary transport in mortars and concrete. In order to perform the capillary suction test, the speci-
mens are usually placed in a ventilated incubator at 105°C until reaching constant weight.
Lower temperatures (e.g., at 50°C in an oven or at 20°C in a desiccator) with longer drying
interval may also be chosen to reduce the effect of drying on pore structure and composi-
tion of the material components. After drying, the specimens are placed on a grating 1-2 mm
below the water surface. The test is usually performed in the following order:

drying to a constant weight,

capillary suction for 4-5 days,

submersion in water for 3-4 days at 1 atm,
submersion in water for 1-3 day at 50-80 atm,

recording the specimen volume,

L S o A

drying the specimen at 105°C to reach a constant weight.

The duration of each step may vary depending on the water resistance of the sample as well
as its height. For ordinary materials, the standard test procedure in each country may be used;
however, for modified materials, it may be necessary to adjust the test parameters such as
duration and water pressure.
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3. Specimen preparation for capillary suction test

In case of concrete samples casted in the laboratory, 20-mm slices from cylinders cured for
28 days are usually cut for the test. To avoid material spalling from edges due to cutting,
epoxy or other hard-wearing coating can be applied on the cylinders. Figure 1 illustrates an
example of sample preparation from concrete cylinders.

A similar procedure may be used for preparing hcp samples. The size of these specimens is
usually smaller than concrete samples. The mixing procedure for hcps may also be differ-
ent from ordinary concrete. Using a high-speed kitchen blender to facilitate proper mixing

TOP

1 Top surface
. Rottom surface

BOTTOM

100 mm

G mm

20 mm

G0 mumn

Figure 1. Cutting specimens from concrete cylinders for capillary suction test [4].

of water and cement is popular in this process. The following order may be carried out for
mixing: a 1-min medium rate mixing; cleaning the mixer wall with a flexible plastic spatula;
a 4-min fast rate mixing; cleaning the mixer wall with a spatula and finally a 1-min slow
rate mixing. Moreover, the admixtures (such as hydrophobic agents, plasticizer air-detraining
admixture) may be mixed with water for 1 min, before adding to the cement to assure proper
dispersion in the cement paste. The specimens with high w/c that have risk of separation may
be cured on a slow-rate rolling machine on the first day.

4. Parameters affecting water sorption of hcps

Changesin the pore structure by altering w/c or adding pozzolanic materials as well as incorpo-
rating hydrophobic agents are the main parameters affecting the water sorption of heps. In this
part, the effect of each parameter will be illustrated by presenting the results from experimental
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Mix type w/c  Alkyl alkoxysilane Rapeseed oil  Silica Plasticizer Air-detraining
(% m) (% m) fume (% m) admixture (g/1)
(% m)
Ref 058 0 0 0 0.6 8
044 0 0 0 0.6 8
036 0 0 0 0.6 8
Si 058 1 0 0 0.6 8
0.44 1 0 0 0.6 8
036 1 0 0 0.6 8
Oil 058 0 1 0 0.6 8
044 0 1 0 0.6 8
036 0 1 0 0.6 8
SF w/b=048 058 0 0 20 0.72 8
w/b =0.40 044 0 0 10 0.66 8
w/b =037 044 0 0 20 0.72 8
w/b=0.34 044 0 0 30 0.78 (SP) 8
w/b=0.30 036 0 0 20 1.44 (SP) 8

Table 1. Mix proportions for reference (Ref) samples and the sample containing rapeseed oil (Oil), alkyl alkoxysilane
(Si), and silica fume (SF).

investigations [5, 8]. Table 1 presents mix proportions for four mix series of hcps. The effect
of changes in w/c is investigated by considering three different ratios of 0.58, 0.44, and 0.36 in
each series.

Portland cement (CEM I 45.5 R) with a specific area of 550 (m*kg) and a specific density of
3120 (kg/m?) were used. The series include reference (Ref) which is plain hcp, two series con-
taining hydrophobic agents, and one series containing silica fume (SF) as pozzolanic material.

One percent of cement mass (mc) of a silane-based product (100% alkyl alkoxysilane) which
has a small molecular size of 5-10 A was used in the “Si” series. This material is devel-
oped for surface hydrophobation but it was used here as an admixture to study its effect
for internal hydrophobation. In addition, food quality rapeseed oil with 8% saturated, 62%
monounsaturated, and 30% polyunsaturated fatty acids was used as the other hydrophobic
admixture in the “Oil” series with a dosage of 1% mc. The oil was selected as an environ-
mental friendly substitute for existing chemical hydrophobic agents [9, 10]. Today, there
are different hydrophobic agents in the market as concrete admixture where the producer
claims effective hydrophobicity and no negative effect on mechanical properties; the selected
hydrophobic agents here are to show how these agents may affect the water sorption of hcps.

The “SF” series contain densified silica fume with a specific density of 2200 (kg/m?) and a
dosage of 20% mc. This high dosage was considered to see the effect of finer pore structure in
water suction of hcps.



Water Sorption of Hardened Cement Pastes
http://dx.doi.org/10.5772/intechopen.76378

In order to reduce undesirable macro-air pores, an air-detraining admixture based on modi-
fied polysiloxanes with 0.5% dry matter was used in all of the mixes. In addition, a plasticizer
based on ligno-sulfonates with 40% dry matter and a super plasticizer (SP) based on modified
acrylic polymers with 30% dry matter were used in the cement paste mixes. The composition
of the mixes is listed in Table 1. The water to binder ratio (w/b) is also given for the SF series
in this table since pozzolanic materials work as a part of binder in cementitious composites.

The samples were cured in water for 12 weeks, and then dried in ventilated oven for 2 weeks
at 50°C. Parameters obtained from capillary suction test are given in Table 2. Capillary suc-
tion porosity (e ), capillary submersion porosity (e,,), and pressure saturated porosity (e ,)
are calculated from the mass gain after capillary suction, submersion in water at 1 (atm) and
submersion in water at 50 (atm), respectively. Furthermore, Figures 2—4 show the pore dis-
tribution of different mixes with the same w/c. Note that this test is not an accurate test for
porosimetry and is intended for characterizing material behavior under water sorption. The
results show that the total capillary porosities (¢ + €_,) are decreased for the Oil samples
due to reduction in water absorption by using hydrophobic agents. Unlike impregnating
agent emulsion that was used by Haugan [4], alkyl alkoxysilane had a minor effect on internal
hydrophobic treatment for all the three selected mixes with different w/c, showing that not all
the hydrophobic agents developed for surface treatment are also effective in reducing water
sorption when used as admixture.

csul

Furthermore, using silica fume has decreased ¢ _and increased ¢_, and it is more obvious in
lower w/c. In fact, there is a minor reduction in the total capillary porosity of SF samples, but
the reason and amount of this reduction is different from the Oil samples. Moreover, consider-
ing Ref and SF samples with w/b in the same range, we can see that although the total porosity
has slightly increased for SF samples, ¢ _has decreased, indicating more resistance to water
transport in SF samples due to reduction in pore size and connectivity between the pores.

The oil shows the best effect on reducing absorption, with a large amount of pore space that
can only be accessed by high water pressure. The performance of oil is probably due to some
water repellency effect, whereas the performance of silica fume is due to a reduction in pore
size and connectivity between the pores. In fact, changes in the pore structure by altering w/c
have only changed the total porosity of the material and did not have a significant effect on
reducing the capillary suction of hcps. Adding silica fume had a minor effect on reducing the
total capillary water absorption (¢ + ¢, ) but decreased the capillary suction by creating a
denser pore structure. However, using a low amount of proper hydrophobic agent as admix-
ture can reduce the water sorption of hcps significantly.

In addition to the results shown in Table 2, the degree of hydration was calculated from w/c
and ¢ _ shown in this table to calculate the dry sample density (p,) according to Power’s model
[11] which agreed very well with measured p, (mainly less than 2% difference). Thus, these
hcps behave as they should in terms of Powers model.

“Pore protection factor” (PF) is a criterion for assessing frost resistance of concrete in Finnish
Standard SFS 4475 [12]. It is defined as the air content as a percentage of the total porosity
(PF = ¢, /e ). It is worth noting that ¢  is usually considered as ¢, for normal concrete, but
the abovementioned hcps contain a low amount of air pores as judged from Table 2 for the
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“wREF =Oil »Si sSF|  w/c=0,36

Capillary Suction Capillary Submersion  Pressure Saturation

Figure 2. Pore distribution of different mixes with the w/c of 0.36 for reference (Ref) sample and the samples containing
1% rapeseed oil (Oil), 1% alkyl alkoxysilane (Si), and 20% silica fume (SF).
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Figure 3. Pore distribution of different mixes with the w/c of 0.44 for reference (Ref) sample and the samples containing
1% rapeseed oil (Oil), 1% alkyl alkoxysilane (Si), and 20% silica fume (SF).

reference materials. On the other hand, in case of internal hydrophobation of these samples, a
considerable amount of the capillary pores are not filled after 3 days of submersion in water at
1 atm but they fill at 50 atm. The apparent air voids may thus be a part of ¢ . Figure 5 shows
PF values for different mixes by considering ¢  as ¢ . According to this figure, it is concluded
that although silica fume gives a denser pore structure, it has a minor effect on blocking the
pores from the suction of water at atmospheric pressure. On the contrary, oil has been effec-
tive in increasing the PF value, indicating water repellency effect in the pores. This effect has
been increased by a reduction in w/c where the overall pore size becomes smaller.

Eq. (1), La Places or Washburn’s equation, shows the pressure that forces water with surface
tension between air and water (o) into a pore of radius (r). Since the contact angle for the
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[ ®REF =Oil =Si mSF wic=0,58

Pores (%)

Capillary Suction Capillary Submersion  Pressure Saturation

Figure 4. Pore distribution of different mixes with the w/c of 0.58 for reference (Ref) samples and the samples containing
1% rapeseed oil (Oil), 1% alkyl alkoxysilane (Si), and 20% silica fume (SF).
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Figure 5. Pore protection factor (PF) for reference (Ref) sample and the samples containing rapeseed oil (Oil), alkyl
alkoxysilane (Si), and silica fume (SF).

hydrophobed surface is more than 90°, the pressure sign will be positive, thus the smaller
the pore radius, the larger the repellency effect if these small pores are hydrophobed. The
pore structure of hcp is more complicated than a capillary tube with connections between
the pores. In addition, the hydrophobic agents may not cover all the pore surface areas. One
may generally assume that the pore structure of heps with lower w/c is finer than the higher
w/c, simply by comparing the volumetric fraction of gel pores. Consequently, it is expected
that water-repellant admixtures will be more effective in lower w/c if these smaller pores are
the main part of the pore system that is impregnated. This effect is observed in the current
example as an increase in ¢ by using hydrophobic agents (Figure 6).

P = (—Zcrfose) (1)
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Figure 6. Hydrophobic and non-hydrophobic surfaces [13].

Note that the behavior of hcps to water sorption may have some differences with concrete speci-
mens. Hardened cement paste gets some micro-cracks during drying period. Visual observa-
tions of micro-cracks on these pastes indicate that they cause faster water suction when placed
on the water surface. These micro-cracks will, however, close after water absorption and are not
expected to highly change the total porosity, but they may open some of the pores that were not
accessible to capillary water and reduce pressure-saturated porosity. Since the effect of cracking
can be more in higher w/c due to a higher amount of capillary water, the PF value may be less for
higher w/c compared to lower w/c for Oil samples. On the other hand, the interfacial transition
zone (ITZ) between the cement paste and aggregates in concrete that is the weak part of the con-
crete matrix can be the reason for different behavior of hydrophobic agents in hcp and concrete.

In addition, pore blocking by oil droplets and denser pore structure are the other possible rea-
sons that have been mentioned by [3] for less PF values in some concrete samples. The effect
of denser pore structure can be seen in Figure 5 by comparing the PF value for Ref samples
with w/c=0.36 and SF samples with w/c = 0.44 which have a w/b of 0.37. The PF values for SF
samples are higher than Ref samples due to denser and more discontinuous pore structure,
but this effect is not comparable to the water repellency effect of rapeseed oil.

5. Effective moisture transport factor

In order to measure the resistance to capillary suction, Smeplass and Skjelsvold [6] have sug-
gested calculating the time, ¢, and the corresponding absorption value, Q_ , that the water
front reaches the top surface of the specimen with the height “h” (see Figure 7). The mass
storage is usually registered in the following order during capillary suction test:

¢ 10 and 30 min,
e 1,2,3,4,and 6 h,

* 1,2, 3,4 and alternatively 5 days.
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Figure 7. Regression analysis for calculating the resistance number () and the capillary number (k).

A regression analysis is then carried out based on the data points from 10 min to 6 h for the
first/left linear part, and the rest of the points (from 1 to 4 days or alternatively 5 days) for the
second/right linear part. Then, the resistance number, m, and the capillary number, k, will be

calculated using the following equations:

m = 2 (2)
k Doy
=5 3)
cap
10 | —+Ref -#Si il SF wlc=0,36
= 91
E i
‘E‘g 8
e ? o
[ah]
g 6
g 5
Ul
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Figure 8. Water absorption versus the square root of time of different mixes with the w/c ratio of 0.36 for reference
(Ref) samples and the sample containing 1% rapeseed oil (Oil), 1% alkyl alkoxysilane (Si), and 20% silica fume (SF)

(w/b =0.30).
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The resistance number and the capillary number reflect the fineness of the pore system. In
cementitious composites, the capillary number indicates the amount of the binder in the
material by neglecting water sorption of the other composite components. However, these
values cannot be properly calculated to give a good reflection of the material behavior under
capillary suction in the current SF and Oil samples. The reason is high resistance of these
specimens to water suction which does not give a clear nick point for calculating f, and Q.
Thus, another method for characterization of these samples is desired which can give a proper
comparison between ordinary materials and the modified ones. EMT factor will be defined in
this part for this purpose.

Figure 8 presents the water absorption versus the square root of time for specimens with
w/c=0.36. As seenin the figure, although silica fume does nothave a high effect on PF, it reduces
capillary suction compared to reference and silane samples. The reason can be described
as the finer pore structure as well as less connection between the pores (less percolated),
but since it does not repel water or block the pores, the pores will more easily be filled with
water than hydrophobized samples in case of submersion. Moreover, the Ref samples have
a higher absorption than the other samples since they have less resistance to water transport
in the pores. On the other hand, although the rate of mass transport (the slope of the lines
in Figure 8) in SF and Oil samples is similar in this case, but the absorption in SF samples is
larger than QOil samples. This is probably due to the initial moisture content of SF samples.
In other words, SF and Oil samples have shown similar resistance to water suction according
to Figure 8, but since the SF samples had a higher moisture content after drying at 50°C, the
moisture content is higher for SF samples after the water suction test. Since the samples have
been dried in the oven for 2 weeks at 50°C, it can be judged that the moisture content after this
drying period is not very active in water transport during capillary suction test. Therefore, by
considering the initial moisture as mass content with low mobility, we can define the mobile
capillary suction porosity (¢, ) as the weight gain after capillary suction excluding initial
moisture (Table 2). This can be a more realistic estimation of the part of the pore structure
which is involved in capillary suction compared to the value obtained after severe drying at
105°C which highly affects the pore structure of the material as well.

The slope of the line obtained from the first 6 h of suction curve, K”, can be an indication of
the rate of mass transport in the material. Furthermore, the final mass storage after water suc-
tion test could be different for the samples with the same K” due to different gradients in the
curves after the first 6 h. In other words, ¢, can be different for the samples with the same
K” due to different pore structure or pore chemistry. Thus, both ¢ _ and K” are indications
of moisture transport in the material in the abovementioned capillary test. A general experi-
ence with capillary suction testing of cement-based materials is that the capillary nick points
become less clear at reducing w/b, when adding pozzolana, increasing the initial moisture
content and in hydrophobed samples. In such cases, the resistance number and the capil-
lary number are not useful, and therefore a different parameter is proposed here: “effective
moisture transport (EMT)” factor. EMT can be defined as a criterion for the effective mass
transport in the material where we have problems of defining a nick point:

EMT =+Je  xK~ 4)

mcsuc
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Figure 9. Effective moisture transport factor (EMT) for reference (Ref) samples and the sample containing 1% rapeseed
oil (Oil), 1% alkyl alkoxysilane (Si), and silica fume (SF).
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Figure 10. Effective moisture transport factor (EMT) for reference (Ref) samples and the sample containing 1% rapeseed
oil (Oil) and 10, 20, and 30% silica fume(SF) as a function of water to binder (w/b) ratio.

where ¢ is the mobile capillary suction porosity and K” is the slope of the line obtained
from the first 6 h of suction curve. Both ¢, and K” depend on the fineness, connectivity,
chemistry, and volume of the mobile capillary suction pores in the material but from different
perspectives; thus, a square root of multiplication of these two values can be a criterion for

effective mass transport in the material.

Figure 9 shows EMT for different wj/c ratios of the mixes. The effect of fine pore structure is
shown for both adding the same amount of silica fume to different w/c ratios and increasing
the dosage of silica fume for a constant w/c ratio. All correlation coefficients from the regression
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analysis of the slopes were more than 0.93. Since the slopes of the lines for both SF and Oil have
been similar during the first 6 h and the rest of the capillary suction test (Figure 8), a similar EMT
value has been obtained for these samples. Furthermore, the difference between the resistance of
SF to water suction compared to Si and Ref samples is clearer in Figure 9. Moreover, the figure
shows that using 1% rapeseed oil has a reduced EMT of the hcp with w/c = 0.58 to a level even
lower than the reference material with w/c=0.36. Using 30% SF was as effective as using 1% rape-
seed oil in samples with w/c = 0.44. It is worth noting that adding silica fume is more effective in
resistance to mass transport than reducing w/c ratio. This is shown in Figure 10 in which the effect
of adding 10, 20, and 30% silica fume in reducing EMT is compared to the Ref and Oil samples as a
function of water to binder ratio (w/b). However, 1% oil is found to be more effective than using SF.

6. Conclusions

Factors affecting the water sorption of hcps such as w/c, pozzolanic materials, and internal
hydrophobation were described in this chapter. The hcps with lower w/c have a less total
porosity which results in a less water sorption. The amount of pores filled with water under
capillary suction (¢_, ) was near to total porosity (¢, ) for plain hcps (Ref samples). In addi-
tion, silica fume as pozzolanic material increases resistance to water transport in heps due to
a reduction in the pore size and the connectivity between the pores, but it is not effective in

reducing the total water suction of hcps.

A minor effect on water sorption was observed using alkyl alkoxysilane showing that this
agent which is developed for surface treatment is not suitable for internal hydrophobation.
However, rapeseed oil as a hydrophobic agent resulted in an obvious reduction in the water
suction of hcps. Pore blocking by oil droplets and denser pore structure can be the other pos-
sible reasons for less PF values in some samples. However, the effect of a denser pore struc-
ture is not comparable to the water repellency effect of the oil. The behavior of hcps under
water suction can be different from cement-based composites due to the effect of ITZ in the
composite materials and the formation of micro-cracks in heps during drying.

Due to the lack of clear capillary nick points, for the determination of resistance number and
capillary number, an alternative parameter “effective moisture transport (EMT)” factor was
proposed instead in this chapter. The EMT factor can be a more comparative measure for
denser or hydrophobed samples, especially when the samples are dried at lower temperatures
to reduce the effect of drying on pore structure and composition of the material components.
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Abstract

Triggered by the recent advance in materials synthesis and characterization techniques,
there has been an increasing interest in manipulating properties of calcium silicate
hydrates (C-S-H), which constitute the fundamental, strength-responsible building
blocks of concretes. Concretes are the indispensable constituents of today’s modern infra-
structures and simultaneously the most widely used synthetic material on the planet.
Despite the widespread impact and high societal values, the production of their major
binder component, Portland cement (PC), is the major culprit for global warming since
it contributes to 5-10% carbon dioxide emission worldwide. Consequently, enhancing
the ultimate strength and durability of concretes by tuning structural, compositional and
mechanical properties of their basic building units and assembling them via bottom-up
engineering is one of the key strategies to mitigate the aforesaid concerns. This is simply
because the longer the concretes last, the less production of PC would incur. Furthermore,
the current role of C-S-H in industry is not only confined to the context of construction
materials but to diverse sectors of industry including drug delivery, CO, sorbent and
materials for bone replacement. This wide scope of potential applications can be ascribed
to the high versatility regarding tunable structural properties such as porosity, size and
morphology, all of which can be fine-tuned during the synthetic procedure. Among
the listed properties, understanding and gaining control over morphological factors of
C-S-H is particularly important since they are directly associated with their functional
roles. C-S-H with various morphologies can be produced by altering key experimen-
tal conditions, which encompass types of synthetic procedure, precursor types such as
different calcium and silicate sources and types of additives. This chapter discusses a
variety of morphologies of C-S-H acquired in multiple environments. The latter include
the hydration of PC or PC-blends containing supplementary materials such as slag, syn-
thetic C-S-H produced using silica-lime reactions and crystalline CSH synthesized using
hydrothermal treatment. At the end, the chapter will provide a complete review on the
current range of morphologies for calcium silicate hydrate.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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1. Morphology of C-S-H observed during the hydration of PC or
PC-based blend

Before reviewing the morphology of naturally formed, semicrystalline C-S-H acquired during
the hydration of PC, it is necessary to review its nucleation and growth mechanism during the
hydration process. Despite the decadelong efforts, the complete picture for the mechanism of
C-5-H formation during the hydration of cement is yet to be acquired, and several nucleation,
growth and structural models have been proposed [1, 2]. The consensus is that the initial stage
is comprised of dissolution of cement phases such as tricalcium silicate (C,S) and dicalcium
silicate (C,S), releasing calcium, hydroxide, and silicate ions [3, 4]. Jennings et al. studied
morphological development of hydrating C.S, one of the major phases of cement, using the
combination of multiple electron microscopic techniques, transmission electron microscopy
(TEM), scanning transmission electron microscopy (STEM), and scanning electron micros-
copy (SEM) [5]. The authors herein found that the morphology of C-S-H formed during the
hydration of C.S varies between the early, middle and the late stages of the cement hydration.
At the early stages of the hydration, fibrous products were observed on the surface of the
grains. During the middle stages, where the rapid exothermic reaction takes place, a mixture
of different morphologies was observed. The complete layer of amorphous gel product along
the boundaries of the C,S particle was found while needles with the lengths of 0.75-1.0 um
radiating from the grain and tapered fibers with the length of 0.25-0.5 um were also observed.
In the late stages, the authors found that crumpled foils and dense inner products dominate.

The amorphous, gel-like layer found on the grain at the middle stage of C.S in Jenning’s
study above support that the initial reaction products form via heterogenous nucleation and
grow outward into water-filled pore solutions. Herein, the rates of nucleation and growth
of C-S-H are heavily influenced by the degree of supersaturation of the constituent ions
encompassing calcium and silicate ions [4]. It was later found via multiple studies that natu-
ral C-5-H found during the PC hydration can be divided into two types showing distinct
morphologies. C-S-H gel that occupies the boundary region of the anhydrous cement grain
is called an “inner product” and that forms in the originally water-filled pore spaces is called
an “outer product.” Those two types form at different stages of hydration and exhibit distinct
morphologies [6, 7]. Richardson et al. found via TEM analysis that the outer product C-S-H
has a fibrillar morphology and that the aspect ratio of the corresponding fibrils depends
on the amount of available space in pore spaces [8, 9]. Coarse fibrils with the high aspect
ratio were present in larger pore spaces and vice versa. On the other hand, the inner prod-
uct exhibited a dense, homogeneous morphology with the significantly decreased porosity
compared to the outer product (Figure 1). Furthermore, within each of the inner and outer
type of C-S-H, the size of the anhydrous cement grain also affected the final morphological
features [8]. The inner product formed within the smaller cement grains, with each grain
being less than around 5 um, exhibited less density and higher porosity compared to that
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Figure 1. TEM image showing fine, dense morphology of the inner C-S-H and less dense, fibrillary morphology of the
outer C-5-H formed during the hydration of C,S [9].

formed within the larger grains. Richardson et al. further divided the outer product into two
morphologically distinct types exhibiting different Ca/Si ratios. The higher Ca/Si ratio cor-
responded to the fibrillar, directional morphology, while the lower Ca/Si ratio corresponded
to the foil-like morphology.

Taylor et al. also found that the age of the sample also significantly affects the morphology
of C-5-H found in PC and PC-slag blends [10]. The authors compared the morphology of
C-5-H existing in 20-year-old neat PC and PC-slag blend samples with those found in similar
samples, which are only 14 months old [10]. The authors found that the outer product found
in the 20-year-old neat PC sample is finer, showing little variation in morphology between the
inner and the outer product in contrast to the samples, which are 14 months old. Furthermore,
the morphology of the outer product C-5-H was different for the PC-slag samples containing
different amounts of slag. As the amount of slag was increased from 0 to 90%, the fibrillar
morphology was gradually transformed to foil-like morphology and only the crumpled foil
was observed for the slag-only paste at the end.

Alkali-silica reaction, which is the common reaction between reactive silica species and alkalis
found in cementitious materials, also produces C-S-H with the unique “sheaf of wheat” mor-
phology [11]. Zampini et al. studied the evolution of the wet cement paste-aggregate interface
from 5 minutes to 10 days using environmental scanning electron microscopy (ESEM) and
found that the C-S-H with a “sheaf of wheat” morphology was formed from the alkali-silica
reaction [12]. The authors concluded that formation of this specific morphology is favored at
water-to-cement ratio of 0.5, and also facilitated by the inclusion of silica fume. This in turn
implies that the presence of silicate ions in a supersaturated solution of hydrated lime is criti-
cal in inducing the aforesaid “sheaf of wheat” morphology.
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2. Morphology of synthetic C-S-H

Synthetic C-S-H exhibits varying morphologies depending on types of synthesis techniques
and experimental factors encompassing the initial Ca/Si ratio and the types of precursors
[13, 14]. Common reaction pathways encompass silica-lime reactions, where lime or hydrated
lime is reacted with pozzolans such as silica fume and double decomposition technique,
where both calcium nitrate and sodium silicate become decomposed into their constituent
ions, the ionic building blocks for C-S-H [14-16].

Silica-lime reaction can be performed via either mechanochemical synthesis, where the mix-
ture of silica and lime are reacted in solid state under the assistance of mechanical milling, or
solution-based synthesis, where the precursors are reacted in the form of solutions [17-19].
Rodriguez et al. performed the mechanochemical synthesis using lime and fumed silica at
different starting Ca/Si ratios, and also carried out the solution-based synthesis using prepre-
pared slurries containing lime and fused silica separately [19]. The authors found that both
mechanochemical and solution-based synthesis lead to the formation of foil-like C-S-H regard-
less of the initial Ca/Si ratio. In contrast, when the authors performed the controlled hydration
of pure C.S at a constant lime concentration, the initial Ca/Si ratio exerted a greater effect on
the final morphology. As the Ca/Si ratio was increased from the value below 1.58 to the value
above 1.58, the morphology transformed from a foil-like morphology to fiber-like status.

Kurtis et al. synthesized C-S-H via the alkali-silica reaction, where silica sources in the form of the
alkali-silicate gel acquired from dam, silica fume and silica gel were reacted with saturated solu-
tion of calcium hydroxide. In case of the silica gel, another reaction was performed where it was
also exposed to a separate solution of sodium hydroxide and calcium chloride [20]. The authors
studied each reaction using high-resolution transmission soft X-ray microscopy and observed

Figure 2. X-ray image showing the “sheaf-of-wheat” morphology for C-S-H acquired from the alkali-silica reaction.
Scale bar is 1 pm [36].
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the “sheaf of wheat” morphology for the reaction between the alkali-silicate gel and supersatu-
rated solution of calcium hydroxide (Figure 2). This implies that the unique “sheaf of wheat”
morphology can be materialized by mimicking the natural alkali-silica reaction described above.

3. Formation of crystalline CSH

Hydrothermal synthesis is a common technique used to grow crystalline calcium silicate
hydrate phase such as tobermorite Ca,Si O, (OH),4H,O, jennite Ca,Si O,,(OH)-8H,O and

9776 18

xonotlite Ca,5i O, (OH),, the mineral analogues of amorphous C-5-H from cement hydra-
tion. Hara et al. synthesized lath-shaped crystals of jennite, with the width of around 1 pm

elongated along b-axis based on hydrothermal reactions of fumed silica and lime at 80°C [13].

During the hydrothermal treatment, addition of metal ions such as sodium and aluminum
ions, which are commonly present in supplementary cementitious materials including slag
and fly ash, also influences the final type and morphology of crystalline calcium silicate
hydrate [21]. Nocun-Wczelik et al. performed the hydrothermal synthesis using the mixture
of metal hydroxide, various powder forms of silica and hydrated lime at the temperature
range of 160-240°C. It was shown that sodium and silica content exceeding 20 and 50 wt%,
respectively, favor the formation of pectrolyte, the sodium-bearing crystalline product, with
broom-like morphology. The addition of aluminum ions to the initial mixture comprising
calcium hydroxide, silica and sodium hydroxide facilitated the transformation of amor-
phous C-5-H to crystalline tobermorite, accompanying the morphological change from the
interlocked fibers to plate-like morphology. Furthermore, needle-like xonotlite crystals were
formed when the initial Ca/Si ratio was set close to 1 during the hydrothermal synthesis.

Tobermorite, the most commonly referred material for the crystalline analogue of amorphous
C-S-H, typically has a basal spacing of 1.1 and 1.4 nm. It can be readily synthesized via the
hydrothermal treatment of the ternary CaO-SiO,-H,O system. 1.1 nm tobermorite is also often
observed in hydrothermally cured concretes (tobermorite synthesis under hydrothermal con-
ditions) [22]. Bell et al. performed the hydrothermal treatment of the mixture containing lime
and high-purity quartz at the Ca/Si ratio of 0.83 and the pH of 12.6 at 150°C [22]. The reaction
led to the formation of two distinct morphologies for tobermorite, platelets and fibers, with
the former possibly induced by the heterogenous nucleation and the latter stemming from the
homogenous nucleation.

Galvankova et al. studied the effect of different experimental conditions on the formation of
tobermorite [23]. Hydrothermal synthesis was performed using the mixture of silica source and
grounded limestone, which had been preheated, at the temperature range between 170 and
190°C. Acicular crystals of tobermorite were observed when silica sand was used as the precursor
and the reaction temperature beyond 180°C favored the conversion of tobermorite to xonolite.

Hartmann et al. also investigated the effect of the additive Ca-formate on the morphology of
crystalline CSH during the hydrothermal reactions [24]. The authors hydrothermally treated
the mixture of quartz, lime and calcium formate at 200°C for 40.5 hours and investigated the
effect of varying amounts of calcium formate on final morphology of the resultant CSH. The
calcium-bearing additive, even with the lowest amount added, induced the morphological
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change of tobermorite crystals from typical acicular shape to bent needle-like morphology.
This morphological change is likely to have arisen from the adsorption of formate ions on
growing (001) faces during the synthesis, thereby impeding the normal growth process of
tobermorite. This switches the major growth direction from [001] axis to [010] axis, leading to
the observed morphological change.

4. Synthesis of cubic C-S-H and morphology-induced improvement
in mechanical properties

The aforesaid control over the morphology of calcium silicate hydrate is somewhat limited to
crystalline CSH grown in hydrothermal conditions or amorphous C-S-H with the restricted
scope of final shapes encompassing fibrils, plates and foil. Therefore, the extensive control
over a wide range of morphologies for gel-like C-S-H had not been accomplished and the
range of experimental techniques somewhat lacked diversity. Considering that the surfactant-
assisted, template-based synthesis had been widely applied to generate compositionally simi-
lar calcium-silicate glass particles with well-defined shapes, the similar techniques could be
applied to synthesize C-S-H with a wider range of morphologies than described above [25, 26].

Moghaddam et al. accomplished for the first time the well-defined rthombohedral and cubic
morphology for C-S-H, concomitantly proving beneficial properties arising from the specific
morphology in the context of construction industry [27]. Herein, the authors employed the
surfactant assisted, seed-mediated technique to materialize various well-defined morpholo-
gies for C-S-H, where the naturally formed calcium carbonate particles were exploited as seed
particles for C-S-H nucleation and growth.

When the silicate source, sodium silicate and calcium source, calcium nitrate were dissolved
in water solution under sonication, atmospheric carbon dioxide was also dissolved in the reac-
tion mixture, releasing carbonate ions. The authors hypothesized based on the free energy of
formation that in the presence of two types of anions, the silicate and the carbonate ions, cal-
cium ions combine selectively with carbonate ions, thereby forming calcium carbonate seeds
[28]. The cationic surfactant, cetyltrimethylammonium bromide (CTAB) stabilized the nano-
sized seeds, promoting their combination and growth in [104] directions to form microsized
seeds with cubic/rhombohedral shapes. Owing to the formation of the seeds described above,
the amount of available CO,* ions naturally decreased, thereby prompting the subsequent
reaction between calcium and silicate ions to form C-S-H. The formation of C-S-H started with
the heterogenous nucleation on the microsized CaCO, seeds as the seed-mediated nucleation
is more energetically favorable than homogenous nucleation. The subsequent growth led to
the formation of C-5-H with well-defined cubic and rhombohedral morphologies.

Experimental factors such as the initial Ca/Si ratio, temperature of the reaction medium and
the types of surfactants all exerted the significant influence on final morphology of the as-
formed C-S-H.

Selecting the appropriate type of surfactant was the critical factor for achieving the final
well-defined morphology. Cationic surfactants including cetylammonium bromide (CTAB)



Morphogenesis of Cement Hydrate: From Natural C-S-H to Synthetic C-S-H
http://dx.doi.org/10.5772/intechopen.77723

could undergo electrostatic interactions with silicate ions and stabilize them, directing the
reaction pathway toward the formation of cubic particles. Similarly, tetra(decyl)ammo-
nium bromide (TDAB) ultimately induced a greater variety of morphologies ranging from
cubic to rods. In contrast, anionic surfactants such as sodium dodecylsulfate, owing the
inherent negative charges, repel the silicate ions and thus could play the stabilizing role
similar to CTAB. It is likely that they exerted the undesired electrostatic attraction with
calcium ions, disrupting the formation of cubic calcite seeds. Consequently, this led to the
formation of highly aggregated, irregularly shaped C-5-H. Also, it was found that using
nitrate ions as counterions was the most favorable for the formation of cubic and rhombo-
hedral morphologies, while chloride or hydroxide ions resulted in irregular particles and
sheets, respectively.

Aside from the types of surfactants, the final morphology was also influenced by various
reaction conditions such as precursor concentration and temperature. An increase in the pre-
cursor concentration prompted the formation of larger particles due to the greater availability
of ionic building blocks to participate in growth of C-S-H. This also resulted in a greater
proportion of twins, triplet and multiplet particles with poorly defined morphologies. On the
other hand, when the precursor concentration was low, the as-formed C-S-H seed particles
assembled to form dendritic structures instead of serving as the cubic seeds for nucleation
and semiepitaxial growth of C-S-H. This hypothesis was verified by the observable cubic sub-
units, which constitute tails and edges of the dendritic structures under SEM.

The types of counterions within the calcium source also affected the final morphology of
C-S-H. The use of calcium nitrate yielded the best results in terms of the cubic/rhombohedral
morphology. However, the use of calcium chloride and calcium oxide resulted in C-5-H with
poorly defined irregular shapes and crumpled sheets, respectively.

Overall, this sonication-assisted, in situ seed-mediated pathway mapped out the complex,
morphology-oriented synthesis of semicrystalline C-S-H using four reaction parameters,
encompassing the initial Ca/Si ratio, types of counterions within a calcium source, types of
surfactants and the mixing method (Figure 3).

The authors then verified the morphology-induced enhancement in mechanical properties
based on the combination of nanoindentation technique and compressive testing. Although
mechanical properties of synthetic C-S-H have been linked to its final Ca/Si molar ratio or sili-
cate polymerization before, the authors herein proved for the first time the shape-dependent
mechanics from the scale of a single particle to assembled states [29, 30]. Compared to the
previous reports, where the mechanics of C-S-H had been often evaluated using compacted
samples, the authors devised a de novo matrix-based strategy to probe the mechanics of indi-
vidual C-S5-H particles first. The results showed that the individual cubic particles exhibit
approximately 650 and 300% increase in hardness and stiffness, respectively, compared to
the control C-S-H with irregular morphology. Nanoindentation was also performed on a
pressure-induced sample using a (10 x 10) grid, thereby exhibiting ~83 and ~30% increase
in the average values of hardness and elastic modulus for cubic samples compared to the
control samples, which consisted of irregular C-S-H compacted under external pressure.
Furthermore, the compressive toughness and ductility of the cubic samples were ~300 and
77% higher compared to the control samples.
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Figure 3. Morphology map as a function of surfactant concentration and the initial Ca/Si molar ratio [27].

5. Morphology of C-S-H for drug delivery

Outside the framework of construction industry, C-S-H also offers numerous benefits as
drug carriers, such as high bioactivity and the enhanced affinity toward certain organic drug
molecules owing to the presence of calcium ions on the surface [31-33]. Wu et al. synthe-
sized near-spherical, mesoporous C-S-H particles using the surfactant-free, sonochemical
method with tetraethylorthosilicate (TEOS) and calcium nitrate as the silicate and calcium
source, respectively [33]. Each particle exhibited a 3D-network produced by the assembly
of nanosheets, leading to the presence of meso- and macropores (Figure 4). The resultant
large surface area later facilitated the subsequent loading and unloading of Ibuprofen, uti-
lized as the model drug. Zhang et al. applied the similar sonochemical technique but along
with CTAB to produce hollow CSH microspheres [34]. The authors sonicated the mixture
of sodium silicate and calcium hydroxide or calcium nitrate, thereby investigating the effect
of two distinct calcium-bearing precursors on the final morphology, and also tried two
separate mixing techniques, simple stirring and sonication. It was found that well-defined
spherical shapes were only produced under sonication while stirring induced the forma-
tion of irregular agglomerated nanosheets. Furthermore, calcium hydroxide was found to
be a more effective calcium source in inducing hollow spherical morphology than calcium
nitrate, owing to the higher dissociation speed of the latter. The fast release of calcium and
nitrate ions led to the increased combination rate of calcium and silicate ions prior to the
attachment of silicate ions onto the CTAB micelle, thereby resulting in a greater proportion
of nonspherical particles. Wu et al. also synthesized ultrathin calcium silicate nanosheets
for use as adsorbents for drugs and metal ions [35]. The solvothermal treatment using the
as-synthesized nanosheets at 180°C for 24 hours increased crystallinity of the products
and induced the nanobelt-like morphology with the thickness of around 5 nm. Further
extending this reaction time to 120 hours produced the similar nanobelt-like C-S-H with
the enhanced width.
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Figure 4. Hierarchically structured, mesoporous C-S-H spheres for drug delivery [33].

6. Conclusion

Calcium silicate hydrate, the most commonly renowned as the glue of concretes, has now
found widespread potential applications encompassing cementitious and insulation materi-
als, drug delivery, water treatment and bone-tissue engineering. In addition to the inherent
benefits including high strength, high bioactivity and high biodegradability, a long list of vari-
ous C-5-H members accompanying different stoichiometric ratios implies that there exists a
room for the attainment of diverse morphologies. Consequently, a large number of efforts have
been directed toward achieving specific, well-defined morphologies, which can optimize the
functions. For example, enhanced mechanical properties of cementitious materials arising from
cubic building blocks and large drug-loading capacity stemming from the large surface area of
mesoporous spherical shapes have been achieved. Based on the rapidly advancing nanofabrica-
tion techniques, greater diversity regarding the shapes of C-S-H will be accomplished in future.
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Abstract

The cement industry sector is an energy-intensive industrial sector; cement is the most
widely used material for construction and modern infrastructure needs. The cement
industry is one of the largest consumers of carbon-containing primary energy sources
and one of the primary polluters of the environment. Energy consumption represents
the largest part of the production cost for cement factories and has a significant influ-
ence on product prices. The potential of waste heat utilization of cement production
was determined and a recovery potential accounting site wide in demand is defined
by the process integration technique. The author has analyzed the energy consumption
of a cement factory to obtain minimum energy needs of production and proposed the
options to improve energy efficiency by the process integration approach. The authors
conclude that the energy consumption of the cement factory can be reduced by 30%.
The results help to the cement plant’s profitability and reduce environmental impact
of the cement industry as well as sustainability. Given that it is realized in modern
society that infrastructural projects lead to a higher level of economy and sustainability
for countries, reducing the production cost in the cement industry is a very important
problem.

Keywords: process integration, pinch analysis, energy efficiency, cement production,
energy targets, heat exchangers

1. Introduction

Nowadays, cement manufacturing is an energy-intensive industry. The energy costs of cement
industry are about 40% of the product cost that indicates that this sector is one of the biggest CO,
emitter. The global anthropogenic CO, emission of cement industry is approximately 5% [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



94 Cement Based Materials

The International Energy Agency reported in 2011 that the world cement production was 3635
Mt. with a forecast rising up to 4556 Mt. in 2020, 4991 Mt. in 2030 and 5549 Mt. in 2050 accord-
ing to scenarios with high demands. In case of the same scenarios, by 2050, the cement manu-
facturers have to reduce the CO, emissions by 15%, with a direct decrease of up to 913 Mt. [2].

Hence, cement manufacturing has to implement more energy reduction to be more environ-
mentally friendly. However, as there is a large amount of CO, coming from the existing tech-
nology, it is important to estimate a renewable energy potential use in the cement production
industry or even switch from conventional fuel to a new one with low CO, emissions.

Due to great significance of the cement industrial sector and high environmental perception
[3] last time, a lot of researches worldwide have shown the energy efficiency improvement
of cement factories and pollution reduction. Most of the published researchers investigated
the improvement of the cement technology and different varieties for CO, emission reduc-
tion. Pardo et al. [4] are trying to define the potential of energy efficiency improvement of the
EU’s cement sector and CO, gaseous emission reduction by 2030. Liu et al. [5] have presented
the retrofit and building of new cement factories in China, accounting different technologies.
Chen [6] had defined the advantages of the clinkering process by compact internal burning
of carbon inside a cement shaft kiln. This research demonstrated the competitiveness of the
proposed measure with the existing one that uses the precalciner kiln process. The work pub-
lished by Hasanbeigi et al. [7] points out the CO, cost curves for the Thailand cement sector. An
estimated potential and expenses of CO, abatement were investigated taking into account the
expenses and CO, abatement for a variety of applications. As presented by Worrell et al. [8],
an in-depth analysis of a US cement industry considering a potential for energy cost and CO,
emission decreasing by the national technologies database was done. It was found that one
of the most effective pyro-processing cement manufacturing systems composed of a calciner,
several preheaters and the rotary kiln. The data of observed factory for the analysis of the
parameters influencing the energy usage of a rotary kiln were utilized in the research by
Atmaca and Yumrutas. Their work highlighted that high-energy savings may be obtained
by reduction of heat losses with use of insulation, decreasing the outlet gas temperature and
heat transfer enhancement. Sheinbaum and Ozawa [9] have presented the energy demands
and CO, emissions of the cement sector of Mexico, summarizing, that the measures of a fossil
fuel, CO, and other pollutants reduction have to be focused on the use of environmentally
friendly energy sources. These assumptions were also concluded by Mikul¢i¢ et al. [10]. With
the use of real industrial data and combination of kinds and flow rates of alternative energy
sources, the work [11] estimated the ecological impact of cement manufacturing process. It
is concluded that the environmental impact of the cement manufacturing process could be
lowered if a more energy-saving process of cement manufacturing is utilized along with alter-
native fuels.

Stefanovic¢ et al. [12] estimated the potential of CO, emission reduction that may be lowered
partly by use of cement with fly ash in the concrete. The research showed that the properties
and quality of the new kind of concrete remain the same. Another work by Zervaki et al.
[13] investigated the properties of the cement mortars manufactured by use of sludge water.
It was examined that the sludge water, as well as a dry or wet sludge, may be employed in
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a mortar manufacturing process without remaining its physical properties. As presented by
Wang et al. [14], the exergy approach combining with an organic Rankine cycle (ORC) and
Kalina cycle were made to estimate of cogeneration opportunities of a cement factory as
well as the calculation of optimal conditions and maximum efficiency. Process integration
methods may be used as well to decrease energy use and emissions as were summarized
in the work of Professor Seferlis et al. [15]. Presented approaches are based on thermody-
namics laws and have different applications in different processing sectors; this issue was
reported by Boldyryev and Varbanov [16]. In order to employ the industrial low potential
heat and improve a heat utility system of different users and suppliers, a total site integra-
tion (TSI) may be employed as shown by Klemes et al. [17]. Later, a similar approach was
developed by different authors. As an example, Chew et al. [18] expanded the content of a
pinch approach of individual process changes to improve a TSI and adapted the plus-minus
principle for process modification options to improve process efficiency. Grip et al. [19] used
the mixed-integer linear programming (MILP) approach, exergy analysis and pinch analy-
sis (PA). Experience and results of a multiple approach were presented and considered in
literature by many authors. For instance, Baniassadi et al. [20] represented a technique for
an industrial energy system analysis with the use of modified R-curve approach. This meth-
odology estimates the use of the most efficient fuel type for the industrial utility system.
Mian et al. [21] employed the pinch analysis and the process integration approaches for
energy optimization of cement manufacturing with primary energy demands of 3600 M]J/t.
Authors calculated the thermodynamically and exergy available amount of heat that can be
utilized and summarized that the potential of thermal energy reduction is 30%. However,
the authors did not propose the retrofit project design nor was the definition of a feasible
temperature approach provided. Summarizing the abovementioned, the recent works were
rarely supplemented with proper industrial applications of the methodology, especially for
the new heat exchanger network (HEN) design and retrofit of existing ones. The analysis
and application of different methodologies are usually faced with process features of dif-
ferent industries. In addition, there is a lack of industrial applications of process integration
techniques in the cement manufacturing processes owing to its specific process features and
process limitations, such as solid particles of process streams, solid-gas and solid-air heat
exchange and fast cooling of gaseous streams. Such approaches can be analyzed and subse-
quently used in appropriate case studies to achieve a real efficiency of the cement manufac-
turing processes. Thus, this chapter is dedicated to energy efficiency and pathways toward
maximization of feasible heat recovery and the concept design of heat exchange system at
the particular cement factory.

The energy efficiency potential of a cement factory is estimated. The total energy consumption
of the particular cement manufacturing was compared with the benchmark value. Nowadays,
considering a best available technology (BAT), the one with the lowest energy consumption of
cement production is the rotary kiln use, many cyclone preheaters and the calciner. This tech-
nology has energy demands of a cement factory at about 2.93 GJ/t. The same amount is now
used for benchmarking point [22]. Present technologies that use the kiln process have total
energy consumption at about 3.65 GJ/t of cement. As mentioned, there are still opportunities
to reduce the energy consumption of the particular cement factory.
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The main goal of this chapter is to identify the potential of feasible energy recovery and to
suggest pathways for a new concept design of heat exchange system avoiding the process
traps and limitations. The maximum heat recovery of the particular cement manufacturing
was obtained, and the updated heat exchange system was proposed. The author concluded
that the energy consumption of the particular cement plant may be lowered by 30%. Thus,
the features of the cement production process forced a methodology update to suggest fea-
sible retrofit pathways with the objective of achieving the optimal temperature approach of
the heat exchange system. There are different streams and processes that contain solid par-
ticles, gaseous phase and fast cooling down; these facts make a solution more complicated by
the special construction of the process equipment, which causes impossible a heat transfer
between some process streams.

2. Description of process flow diagram

Quarrying is the first step of the cement manufacturing (see Figure 1). Inside the quarry that
is close to the cement factory, low- and high-grade marl and limestone are mined by blasting.
Further, the raw material with granulation of up to 800 mm has to be transported via dump
trucks to the hammer crusher, where it is crushed to the granulation of 0-80 mm for marl and
0-50 mm for limestone.

The low-grade and high-grade marl and quartz (silica corrective material) are then stored
separately. From the depository the raw materials are transferred to the vertical roller mill
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Figure 1. Principal flowsheet of the cement manufacturing process.
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with a capacity of 170 t/h and appropriate raw meal is produced. The storage of current raw
meal has two silos with a capacity of 2200 t each.

The prepared raw meal from the silos is supplied to the kiln. The kiln has an operation
capacity of 90 t/h and upper bound of 110 t/h. A total of 57 t/h of the clinker is produced
inside the kiln. For the heating of the raw mill, kiln raw meal, and a coal mill, hot flue gases
from the kiln are deployed. Gases exit from a preheating tower with a temperature at about
370°C. Flue gases have be cooled down at the cooling tower because the filter bags cannot
operate at the temperature higher than 140°C. The flue gases at the cooling tower are cooled
to a temperature of 175°C by 10.5 m? of cooling water. To further reduce the flue gas tem-
perature from 175 to 105°C, fans are used to pump the ambient air. Flue gases go to the stack
after filtration, and further, they are discharged into the environment.

At the kiln outlet side the temperature of the clinker is approximately 1450°C. At this stage,
to preserve the clinker mineral structure, that is, its quality, the clinker has to be cooled very
quickly to a temperature of approximately 150°C. A large amount of ambient air is introduced
through seven clinker cooler fans to achieve the target temperature outlet. The ambient air is
heated up to 290°C. After that, a small amount of this air is employed as an additional oxygen
source in the kiln and a bigger part is supplied for cement mill heating if it is under operation.
The operation mode with disabled cement mill envisages air cooling down before the filter
bags. The gas has to be cooled to 105°C prior to the clinker cooler filter bags, after the gas is
eliminated to the stack by four rows of four blowers.

The hot gases are needed for the cement grinding process. The hot air is taken to the separa-
tor where materials (clinker, limestone/slag and gypsum), pre-grinded on the roller press, are
heated to extract moisture and prepare the resulting material for filter bags. They can be deliv-
ered from the clinker cooler or, in the case when the kiln does not operate, generated by a hot
gas generator (HGG) with use of light oil as a fuel. It is the expensive option but it is used only
in several weeks when the kiln overhauls. The consumption of the light oil is about 200 1/h.

A material mixture is kept in a bin with a capacity of 70 t that is supplied by a cement ball
mill. Dust and fly ash are supplemented after the ball mill depending on the required kind
of cement. The cement is then transferred through a bucket elevator to the next separator.
Particles comprise the final product that is supplied to the cement silo.

3. Process integration in cement production

The methodology is grounded on the thermodynamic analysis of the heat energy system by
composite curves of process streams. The general issues are based on process integration
aspects. The pinch analysis (PA) for optimal process structure synthesis is well illustrated
by Klemes et al. [23]. It provides a solution that is very close to the global optimum in a
simply and understandable way. The methodology produces the result of potential savings,
capital cost and payback period prior to the flow-sheet design. Often, a super targeting pro-
cedure is employed to obtain the optimal temperature approach (AT . ) of the heat exchanger

min)
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network, but in this case, it is difficult due to manufacturing issues. The existing process
design presumes a hot meal heating inside the kiln by flue gases that cannot be executed by
another stream owing to the technology. Another problem is a hot clinker, which is from the
kiln. The clinker must be cooled down rapidly, and that is done by fresh ambient air. The level
of technology that is used now has several restrictions for process changes. They have to be
taken into account when the retrofit of HEN is made. The methodology stages were updated
and are presented later to obtain the more feasible solution of an efficient heat exchanger
network design.

3.1. Data extraction by energy expertise execution

An audit expertise of a particular cement factory was conducted to verify energy and mass
balances. A measurement of temperatures, flow rates and fuel burning efficiency is accom-
plished. The composite curves approach and balanced grand composite are employed for
the estimation of energy targets, heat recovery and the operation condition of heat trans-
fer equipment, taking into account the cross-pinch heat exchange. Inefficient heat transfer is
identified, and process restrictions and forbidden matches between heat transfer equipment
are determined.

3.2. Targeting

Considering the next step, the composite curves of cement production are constructed to
obtain the energy target and pinch point position of the existing and improved process. At
this step, process restrictions are not considered, and only thermodynamically available heat
recovery is obtained.

3.3. New concept of heat exchanger network

Based on the previous stages, the heat exchanger network is built taking into account the
process restrictions. It is shown that the cross-pinch heat transfer still exists and it cannot
be avoided in this production process due to features. Process streams with limitations are
not excluded from the considerations to show the actual heat recovery and the real energy
efficiency potential of cement manufacturing. The heat exchanger network was built for the
range of AT . from 1 to 300°C with step 1°.

3.4. Heat recovery improvement

Based on the previous step, energy targets and pinch point location are defined for different AT .
and maximum heat recovery was found. This procedure determines the heat exchanger network
temperature approach, cross-pinch heat transfer and topology heat matches in the heat network.

3.5. Economic analysis

All topologies of heat exchanger network are compared with the base case taking into account
operation cost, investment for new networks, operation time, tax rate and other economic
prerequisites. Economic results of retrofit execution are defined based on the determination
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of the reduced total cost of the new design with the use of reduced operating and investment
cost [23].

3.6. Utilization of waste heat in cement production

The next step is performed by the analysis of the waste heat potential in the retrofitted
cement production. As was identified by grand composite, there is waste heat utilization
potential, and its possibility should be analyzed additionally. The appropriate integration
and efficient placement of heat engines is used by grand composite, which shows the avail-
able energy, the supply and demand temperatures of heat engines and a heat source. The
waste heat utilization that is discarded by cooling capacity, along with attempts to derive
energy from low-potential heat sources, has motivated the use of heat engines, for exam-
ple, by the organic Rankine cycle (ORC) [24] or utilization of wide site cooling and heating
demands [16].

An additional intermediate stream may utilize the heat from process streams to site heating
capacities. This may be steam of different pressure, hot water, thermal o0il and so on. The
selection of the intermediate utility stream is mainly dependent from its start and target
temperatures. The T-H diagram represents a total site sink and source profiles by employ-
ing individual AT __ specifications of heat transfer between process streams to show the real
stream temperatures [25]. Total site targets of heating and cooling, heat engine capacity and
produced emissions are considered by Sun et al. [26]. The use of multiple intermediate utili-
ties of heat recovery and modified total site targets is represented by Boldyryev [27] and
methodology advances are discussed. All computations were performed by the HILECT
software [28] applying integrated process design with technological restrictions mentioned
earlier.

4. Representative case study

4.1. Data collection and reconciliation

This case study was previously introduced by Boldyryev et al. [29, 30]. The energy expertise
of the cement factory was conducted during the summer operation mode. The steady-state
devices and portable equipment were used. The historical data of process monitoring were
collected and analyzed. There are two operation modes of the particular cement factory. The
first one is when the raw mill is under operation and, in this case, the cooling water flowrate
at the cooling tower is 3 t/h. A hot gas from the kiln is fed into the raw mill and a raw material
is heated. The second operation mode presumes that the raw mill is out of operation. In this
case, the cooling water flowrate greatly increases and it is 11 t/h. At the same time, the waste
heat with hot gases from the kiln is also increased. There are 18 process streams, which may
be included to the heat integration of a particular cement factory. There is a heat recovery of
an inspected cement plant and a necessary process heat is provided by the fuel combustion
while a cooling capacity is delivered by ambient air that is pumped by air fans. Table 1 has all
necessary thermophysical parameters of process streams under analysis.
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Noe  Name of the stream Type Supply Target Heat capacity ~ Heat load (kW)
temperature (°C) temperature (°C) flowrate (kW/K)

1 Gases to raw mill Hot 370 105 13.35 3537.42

2 Gases from the kiln Hot 860 380 40.97 19,663.31

3 Hot gases to cooling Hot 370 175 11.68 2276.67

4 Gases to coal mill Hot 370 90 0.73 204.75

5 Clinker from the kiln Hot 1450 60 15.00 20,850.00

6 Air after clinker cooling  Hot 290 100 70.28 13,352.75

7  Airto cement grinding  Hot 270 105 8.86 1461.60

8  Raw material in a raw Cold 25 110 41.62 -3537.42
mill

9 Kiln raw material Cold 105 810 21.44 -15,114.42

10  Hot meal Cold 810 1450 21.19 -13,559.47

11 Coal/petcoke to coal mill Cold 25 90 3.15 -204.75

12 Coal dust to kiln Cold 55 170 1.75 -201.25

13 Air to the kiln Cold 25 170 38.13 -5528.29

14  Tires to the kiln Cold 25 170 0.14 -20.30

15  Used oil to kiln Cold 25 170 0.28 -40.48

16 Ambient air for clinker Cold 25 290 78.68 -20,850.00
cooling

17  Clinker to cement Cold 25 105 15.00 -1200.00
grinding

18  Mineral components Cold 25 105 3.27 —261.60
grinding

Table 1. Extracted data of inspected cement factory: raw meal under operation.

Economic data of utilities were also extracted to be able to execute the economic calculation of
the retrofit solution. There are two types of fuel supplied to the kiln: coal and petcoke. Cooling
water cools down the exhaust gases before the filter bags; the water is fed by the desalination
plant. Another cold utility is electricity, and it is used by the hot air coolers, which emerges
from the clinker cooling. Cleaned and cooled air from air filter bags is ejected to the environ-
ment. A total of 15.6 MW of low-grade heat is ejected to the atmosphere during raw mill
operation; this amount is increased up to 19.4 MW if the raw mill is turned off. All fans and
pumps of the cooling tower use the electricity.

The primary fuel that is used for this particular cement factory is coal and petcoke. The coal/
petcoke ratio is 40/60%, and the caloric values of the fuel are 25.5 and 33 GJ/t, respectively, for
coal and petcoke. The average power supply of the cement plant is 5.8 MW, whereas the mini-
mum power consumption is 1.1 MW and the peak load reaches 10 MW. The reduced price of
the hot utility is 75.9 EUR/kWYy, and the cold utility is 82.0 EUR/kWy.
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4.2. Results and discussion
4.2.1. Existing process analysis

Based on the energy expertise, heat balances and stream table data, the composites of the
existing cement factory were constructed considering different operation modes of the raw
mill. The composite curves of the existing process are presented in Figure 2.

The composite curves in Figure 2 present the energy requirements of the existing cement
factory. The operation mode with the raw mill has a heat recovery of 41,125 kW, whereas the
process requires extra heating of 19,397 kW and extra cooling of 20,225 kW. For the operation
regime without raw mill it is necessary to have larger utility load as presented in Figure 2. The
energy demands increase to 22,923 kW and 24,006 kW for heating and cooling, respectively.
At the same time, the heat recovery decreases to 37,599 kW during raw mill operation mode.
The minimum temperature approach of the heat exchanger network of the existing process
with the raw mill operation is 247°C; without the raw mill operation, it goes up to 308°C. Both
these temperature differences are calculated by energy expertise, mass and heat balances and
data reconciliation. It should be noted that the minimum temperature approach of the partic-
ular process is 1°C due to direct heat transfer in a raw mill or at cement grinding. The raw mill
operation mode is under further consideration to get low bound of energy-saving potential.
It has to be extended in future by development of the factory operation modes taking into
account fluctuations of process parameters and to develop a tool for operators. The significant
difference between the thermodynamically grounded (see Figure 2) and real minimum tem-
perature approaches may be additionally explained by cross-pinch heat transfer in the exist-
ing heat exchanger network. This is well presented in Figure 3 by composite curves. Arrows
show that the heat transfer from hot to cold streams and cross-pinch lines is absent as well as
cold utilities are used above the pinch in E-108 (Figure 4).

Q..
e 3.526kW
T°C r
' A
/
U
1000
Pinch area
3
500
J08
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0 = : .
o Q 3.TET kW 5 75 AH=10" kW

Figure 2. Temperature profiles of a particular cement factory. 1—Hot composite; 2—cold composite raw mill operation
mode; 3—cold composite no raw mill operation; Q. = 24,006 kW—cold utility demands (cooling water, air);
Q,iin = 22,923 kW —hot utility demands (fuel) (developed after [30]).
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Figure 3. Heat transfer in cement production with raw mill considering the minimum temperature difference. 1—Hot
composite curve; 2—cold composite curve, 3—heat exchangers (developed after [30]).

Grid diagram shown in Figure 4 illustrates the initial heat exchanger network representing
the heat transfer between the hot and cold process streams and utilities. The grid diagram
illustrates cross-pinch heat transfer; it is a reason of increased utility consumption and low-
ered efficiency. It is a result of concept design, which was done without the use of optimal
heat exchanger network methods and mostly oriented proper product quality.

Cold utili

Figure 4. Grid diagram of existing cement production (developed after [30]).
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Heat exchanger label Cross-Pinch heat transfer (kW)
E-100 2229.0
E-101 133.1
E-102 0.0
E-103 3180.0
E-104 261.6
E-105 1200.0
E-106 1132.0
E-107 12,088.5
E-108-E-113 0.0
Network cross-pinch load 20,224.2

Table 2. Analysis result of heat exchanger placement.

The process design, which was oriented to obtain a product rather than energy efficiency,
reduces opportunities for overall efficiency of plant operation as highlighted in [31]. The over-
view of heat exchangers placement of the initial plant design is shown in Table 2. The initial
cross-pinch transfer is now greater than 20 MW that confirms the low efficiency of the initial
design of the heat exchanger network.

4.2.2. Maximization of heat recovery considering process limitations

By providing pinch analysis, it is possible to get thermodynamically available energy targets
for particular cement production that shows a large energy-saving potential. Eliminating the
cross-pinch heat transfer and cold utility use above the pinch, it is possible to decrease energy
consumption and heat recovery improvement. Additionally, the minimum temperature
approach may be lowered to minimize the energy targets. This is well illustrated in Figure 5
by composite curves position for AT = 20°C. Energy targets for hot and cold utilities are
4076 and 4904 kW, respectively; the heat recovery is enlarged up to 56,446 kW; the heat recov-
ery improvement in case of maximum saving is 15,321 kW.

However, the cement manufacturing process has different features previously mentioned in
Part 3 of this chapter, such as process streams with a mixture of solid-gas and others. These
issues make the feasibility of the heat exchanger network retrofit with maximum heat recov-
ery as impossible. Based on this, the heat exchanger network of the cement factory has huge
energy efficiency potential, but it is not easy to achieve a profitable solution owing to the pro-
cess limitation connected to heating and cooling process streams No 5 and No 10.

It is impossible to avoid process restrictions when implementing an integrated solution. There
are some process streams that have such technological limits. First one is a hot meal that has
to be heated from 810 to 1450°C inside the kiln. It is not possible to heat it in another with
particular technology. Another issue that should be analyzed additionally is clinker from the
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Figure 5. Composite curves of cement production with maximum heat integration. 1—Hot composite curve; 2—cold
composite curve with raw mill operation; Q,, . =4076 kW —hot utility demands; Q. =4904 kW —cold utility demands
(developed after [30]).
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kiln; it has to be cooled down rapidly to 60°C. This is done in the existing process by big fan
coolers, and the heat of air is ejected to the environment.

The maximum possible heat recovery of the cement factory taking into account the process
restrictions was previously discussed in this chapter. There is an energy target (see right
Y-axis, Figure 6) and pinch temperatures (left Y-axis, Figure 6); these indexes depend from
the minimum temperature approach of the heat exchanger network. Figure 6 shows energy
targets (lines 1 and 2 in Figure 6, right axis Y) of the cement factory, which may be lowered
to a process limit that is 50°C. The reduction of AT__ below 50°C is useless, as shown in
Figure 6, due to its increases in the cross-pinch heat transfer and heat transfer area while
the energy consumption remains unchanged. This issue also influences the heat exchanger
network topology and reduces the cross-pinch heat transfer. The traditional super targeting

AHS10° (kW Tree:
800
15 600

400

200

0 F"I‘OICESS 100 200 Etilsling AT_{"C)
limit process

Figure 6. The definition of maximum heat recovery taking into account process restrictions. 1—Cold utility target; 2—
hot utility target; 3—hot pinch temperature; 4—cold pinch temperature (developed after [30]).
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procedure [23] does not take into account the technological restrictions, for example, as for
particular cement manufacturing, and does not have a feasible solution. In our case, the mini-
mum of total reduced cost corresponds to AT . =29°C (see Figure 7). Nonetheless, the design
of the retrofit for AT = 29°C has the same energy targets as one with AT__ = 50°C but the
heat transfer area is much higher (see Figure 6).

4.2.3. New concept of retrofit design

Based on results presented in Figure 6, the targets of the retrofit design of cement production
are taken, including the minimum temperature approach, energy requirements and pinch
point position.

The grid diagram shown in Figure 8 is the base concept of a new heat exchanger network of
a cement factory with minimized energy consumption. It has additionally installed four heat
exchangers with an estimated heat transfer area of 1555.1 m? and total recovered heat energy
of 5790.08 kW. The basic parameters of the new heat exchangers are illustrated in Table 3. The
new heat exchanger network is presented in Figure 8, and it is shown that there is still a large
cross-pinch transfer of 8850 kW. This issue may be additionally investigated in the future
research of new efficient technologies of cement manufacturing. The cross-pinch heat transfer
of the proposed heat exchanger network is illustrated in Table 4; there is only one cross-pinch
heat exchanger.

The estimated total investment for new heat exchanger network implementation is 256,079
EUR, accounting the installation cost of E-114 and E-115 as 5000 and 10,000 EUR and 30,000
EUR for E-116 and E-117, respectively. The price of the heat transfer area is 800 EUR per 1 m?,
and the nonlinearity price coefficient is 0.87. A new concept design allows reduction of opera-
tion cost of 914,401 EUR/year assuming 8200 operation hours per annum. The simple payback
period of investments is 3.4 months. By applying the process integration approach, the energy
consumption is lowered by 2.56 GJ/t of produced cement, which is 14% less than the existing

Cost <107, EUR

15

I ———

0.5 I —

0 20 40 60 80
Temperature difference, “C

Figure 7. Super targets of cement production. 1—Operation cost; 2—investments; 3—total cost (developed after [30]).
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Figure 8. A grid diagram of a retrofit concept design of cement factory (developed after [30]).
Heat Cold stream Hot stream Load (kW)  Area (m?
h
CXCRANEET Name T,¢0) T,  Name T, T,C0
°C) (°C)
E-114 Tires to the kiln 25 170 Hot air to 290 275.6 20.30 3.4
coolers
E-115 Used oil to the 25 170 Hot air to 290 261.2 40.48 6.7
kiln coolers
E-116 Coal dust to the 55 170 Hot air to 290 242.3 201.30 39.9
kiln coolers
E-117 Air to the kiln 25 170 Hot air to 290 202.6 5528.00 1505.1
coolers
Total 5790.08 1555.1

Table 3. Calculated parameters of new additional heat exchangers of cement factory.

benchmark level. The developed new concept design of energy-efficient cement manufactur-
ing demonstrates the feasible and profitable solution that could be potentially used for retrofit
as well as new factory design.
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Heat exchanger Cross-pinch heat transfer (kW)
E-100-E-102 0.0

E-103 8850.0

E-104-E-118 0.0

Network cross-pinch load 8850.0

Table 4. Cross-pinch heat load of retrofitted heat exchanger network.

Making an additional analysis with taking into account site-heating needs and power demands
of a cement factory other solutions were also proposed in this chapter. The waste heat poten-
tial may be used, for example, for electricity generation with use of Organic Rankine Cycle,
which is shown in Figure 9a. The heat sources, in this particular case, are process streams 3
and 6 (for more details see Table 1), and the calculated power generation is 2482 kW.

The estimated investment cost of power generation design is about 3.4 million EUR. The analysis
of site demands in winter operation mode identified the other option of waste heat utilization,
which is a district heating system. The low-grade heat potential of existing cement factory is given
in Figure 9b (see curve 3) and due to this measure it is possible eliminating cold utility while the
hot utility remains. In a particular case, the primary cold utility is power for air fans (680 kW), and
from the other side, 20,225 kW of site heating demands may be covered by low-grade waste heat.
The implementation of winter mode retrofit measures requires an estimated investment cost of
20.3 million EUR. The total saving of both retrofit designs during winter and summer opera-
tion modes is 7.648 million EUR. The payback time of combined retrofit for winter and summer
operation modes is 3.01 per year assuming the total investment cost of 23.7 million EUR.

4.2.4. Impact and future work

An additional analysis of the energy-saving heat exchange system for cement factory presents
a room for improvement in terms of efficient energy use. The grid diagram of the proposed

75 AM=10° KW

(=)

Figure 9. Composite curves of cement manufacturing for low-potential heat utilization; a—summer operation mode;
b—winter operation mode; 1—hot composite curve; 2—cold composite curve with raw mill operation; 3—site heating
demands; Q, . —hot utility demands (developed after [29]).
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heat exchanger network of the cement plant (Figure 8) has illustrated the ways to use waste
heat. The potential of waste heat may be used for power generation by heat engines’ applica-
tion as demonstrated by Quoilin and Lemort [32]. The heat duty of waste gas is 14,338 kW
and the temperature is 200°C or higher (see Figure 8). However, if the plant is operated in
the mode without a raw mill, the power generation increases as well. Important points that
have to be additionally discussed are the fluctuations of plant operation parameters, solid—
gas source streams and installation features of power generator.

Another option of waste heat utilization from integrated cement production is the covering
of site heating demands. The district heating system may be potentially supplied by waste
heat to fulfill energy demands. The maximum capacity of waste heat that may be used is
14,338 kW as illustrated earlier. However, the technical implementation, including the heat
losses and pressure drops, has to be additionally analyzed in details along with the economic
issues of the retrofit design as well as energy planning. The results presented in this chap-
ter have a cross-disciplinary impact and additional potential for future development of new
cement manufacturing processes. A new design of a heat exchanger network could be a part
of an energy-efficient environmentally friendly cement manufacturing process. It reduces fos-
sil fuel consumption, CO, emission and operation cost of cement factories.

The utilization of low-grade heat for district heating systems could help for planning
energy systems. The cement manufacturing process may be also considered as an energy
source of district heating systems, additional power generation and so on. Nevertheless,
the locations of cement factories have to be additionally analyzed with use of other system-
atic techniques, for example, based on total site analysis [33] to find a solution really close
to the optimum.

5. Conclusion

This chapter provides results of research, which identified large energy-saving potential in
the cement manufacturing process. Main results may be achieved by improvement of heat
recovery, and potential of utility reduction is 30% and 29% for heating and cooling capacity,
respectively, which translates to lower primary energy sources. These results were achieved
by an updated process integration technique and update of a heat exchanger network. The
case study of a particular cement factory was considered and feasible solutions were described
that require an investment cost of 256,079 EUR with a payback period of 3.4 months. Besides,
the improvement of energy efficiency may be additionally reached by improving the existing
process of heat transfer equipment. Low-potential heat utilization covering 43% of power
demands of the factory during summer operation mode and utilization of 20,225 kW of waste
heat to site-district heating during winter operation are determined.

The use of excess heat may provide a way to reduce the primary energy sources and contribute to
global CO, mitigation. This chapter shows a pathway for energy efficiency, main process restric-
tions and most feasible solutions for a new concept design of the cement industry. Nevertheless,
the technical issues have to be additionally discussed for successful implementation.
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Abstract

This chapter presents a review on the use of various industrial wastes, by-products in the
development of green ultra-high performance fiber-reinforced cementitious composites
(UHPFRCCs), and their effects on mechanical properties of UHPFRCC, such as metakaolin,
rejected fly ash, glass powder, and palm oil fuel ash. The outcomes of this chapter would
encourage the use of by-product as a supplementary cementitious material. This could be
useful in protecting the environment by minimizing the volume of waste disposed on the
wasteland and minimizing the emission of greenhouse gases that are released during
cement production, besides contributing to cost-saving, which could somehow contribute
toward the sustainability of the concrete industry.

Keywords: waste materials, green concrete, cement, concrete technology, by-product
materials

1. Introduction

Ultra-high performance fiber-reinforced cementitious composites (UHPFRCCs) are defined as
a concrete matrix that are characterized with a high compression strength of 150-200 MPa, a
uniaxial tension strength of 7-15 MPa, and a bending strength of 25-40 MPa [1-3]. UHPFRCC
is characterized with a large binder content (cement and silica fume), a large volume of steel
fiber, a low water/binder ratio (W/B), and a high microsilica [4]. Accordingly, UHPFRCCs
compared with normal concrete (NC) and high-performance concrete (HPC) have become
popular in practical applications [5, 6]. UHPFRCCs are more efficient in producing smaller,
lighter, and thinner sections due to its superior properties [5, 7].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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On the other hand, an increase in the cement content implies an increase in the overall demand
for cement [8, 9], which could be translated into a greater cement production, which corre-
spondingly increases the emission of certain greenhouse gases (CO,, etc.), in addition to
increasing the concrete cost as well as the electrical energy consumption [9]. Therefore,
UHPFRCC products can be considered as uneconomical construction materials and pose a
threat to the environment.

Aldahdooh et al. [10] stated that there are several methods that can be employed to reduce the
binder content (cement and silica fume) in UHPFRCCs. For example, (i) optimizing the mix
design of concrete using mathematical or statistical methods, such as response surface method-
ology, and so on [11, 12], (ii) utilizing industrial solid wastes and by-products as a supplementary
cementitious materials (SCMs) in producing green UHPFRCCs, such as crushed quartz (CQ)
[13], fly ash (FA) [14-16], palm oil fuel ash (POFA) [10, 17], recycled glass powder (RGP) [15],
activated metakaolin (AM), and ground granulated blast-furnace slag (GBFS) [15, 18, 19].

Nowadays, the utilization of solid wastes is the challenge for engineers to use friendly SCMs
produced at a reasonable cost with a low environmental impact. The addition of cost-saving
materials by the replacement of a considerable amount of cement reduces CO, emission
during the manufacturer of Portland cement. Moreover, SCMs can improve the majority of
fresh and hardened properties of concrete [12, 20].

Based on the above, this review focused on the second method that is particularly dependent
on the utilization of wastes and by-products in developing green UHPFRCCs, including their
influence on the mechanical properties of UHPFRCCs.

2. Significance of review

This review focused on the utilization of industrial wastes and by-products in UHPFRCCs.
This could lead to the greater utilization of SCMs in concrete. Subsequently, it could be useful
in protecting the environment by minimizing the volume of waste disposed on the wasteland
and minimizing the emission of greenhouse gases. Furthermore, it contributes to cost-saving,
which contributes to the sustainability of the concrete industry.

3. UHPFRCCs

UHPFRCC is an advanced reinforced cementitious material and is one of the high-strength
ductile concrete (HSDC) [1, 21]. In this review, the product is generally called UHPFRCC
according to [22]. In the case of mechanical performance, UHPFRCC is characterized with a
super-compressive strength, tensile strength, bending tensile strength, elastic modulus, energy
absorption capacity, and elastic post-cracking bending strength. In terms of durability,
UHPFRCC shows an extremely dense microstructure (negligible water adsorption, water and
gas permeability, and porosity) and an extremely low diffusion coefficient [1-3, 23-25].
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Meanwhile, in the case of sustainability, this type of concrete still needs to be evaluated with
regard to their high binder content (especially the cement content) relative to the regularly
used mixtures [25].

3.1. Principles of UHPFRCC composition

The principles applied in UHPFRCC matrix development can be detailed based on previous
studies:

1. Removal of coarse aggregate to enhance concrete homogeneity [3]; the recommended
mean aggregate size used in producing UHPFRCCs is less than 1 mm and the aggregate-
cement ratio can be up to 1.4 [21, 26].

2. Optimization of granular mixture [1, 3, 27]; ultrafine powder is added for the composition
of fine-grained mixture, such as silica fume, fly ash, and so on. Figure 1 shows the physical
effect of ultrafine powder (e.g., silica fume), as

¢  Filler between the cement particles,
e  Lubricant,

*  Psozzolanic materials because this substance reacts chemically with calcium hydrox-
ide (Ca(OH),) that is also written as (CH). These substances produce compounds with
cementitious properties (calcium silicate hydrates (C-S-H)/“cement gels”). This find-
ing is reflected automatically by the decrease of porosity in the bulk and particularly
in the interfacial zone. These materials improve the mechanical properties of the
cement paste by reacting with CH.

3. Decreasing the W/C ratio using high-range water-reducing admixture; this maintains the
small spacing of the cement grains, which decreases the space for the interfacial zone
formation [1].

4. Optionally, post-setting heat treatment to enhance mechanical properties of the micro-
structure [1, 28].

5. Optionally, the application of pre-setting pressure for better compaction [1, 28].

Ullnfim: .“.dw :
; afine powder g8

Figure 1. Ultrafine powder acting as “filler” between the cement particles [1].
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3.2. Constituent materials and mix proportions of UHPFRCCs

In general, UHPFRCC is characterized as a composite that has a large content of cement and
silica fume, a large volume of steel fiber, a high dosage of superplasticizer (SP), a low water/
binder ratio, and the absence of coarse aggregates that are larger than 4 mm [4]. Table 1 shows
a summary of the ranges of UHPFRCC compositions and the average material properties. One
example of UHPFRCCs is known under the trade name, CARDIFRC [22, 29, 30].

More details about the function of each ingredient in the UHPFRCC mix are presented in the
following subsection.

3.2.1. Cement

Normally, ordinary Portland cement (OPC) can be used to produce UHPFRCCs [13, 35, 36].
UHPFRCC is characterized with a high cement content, which can be as high as 1000 kg/m’
(Table 1). Vernet [37] stated that in the matrix of UHPFRCCs, not all of the cement contents
become hydrated because of a low water content.

For a given W/C, the strength of concrete is largely dependent on cement content. Increasing
the cement content does not improve the strength, after the required content is reached [38, 39].
A high cement content both increases air permeability and chloride penetration and may cause
shrinkage-related-cracking problems [40-42], which will shorten the longevity of concrete,
thus decreasing its performance (durability and strength). To prevent these problems,

UHPFRCCs (kg/m®) CARDIFRC [2, 22, 29, 30]
Matrix composition Portland cement (700-1000) [1, 31] 744-855
Coarse aggregate (0-200) [1, 31] 0
Fine aggregate (1000-2000) [1, 31] 940-1173
Silica fume (200-300) [1, 31] 178-214
Water (110-200) [1, 31] 149-188
Superplasticizer (9-71) [32] 28-55
Reinforcement/fibers (>150) [1, 31] 468
Water/cement ratio (<0.24) [1, 31] 0.20-0.22
Water/binder ratio (<0.22) [1, 31] 0.16-0.18
Superplasticizer/cement ratio (0.018-0.051) [32] 0.033-0.074
Silica fume/cement ratio (>0.25) [1, 31] 0.24-0.25
Properties Compressive strength (MPa) (>150) [1, 31] >185
Tensile strength (MPa) >7)[3 12-13.5
Modulus of elasticity (GPa) (50-70) [1, 31] >48
Splitting tensile strength (MPa) (>18) [34] 24-25
Flexural strength (MPa) (>25) [1, 3] >30

Table 1. The range of UHPFRCC compositions and average mechanical properties.
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appropriate cement content should be used [39]. On the other hand, for a given W/C, decreas-
ing cement content reportedly decreases permeability [38, 39, 41].

Yurdakul [39] stated that workability is a function of W/C and cement content; increasing W/C
or cement content improves workability. The workability is affected by paste volume, because
the paste lubricates the aggregates [39, 41]. For a given water content, decreasing the cement
content increases the stiffness of concrete having poor workability [39, 43]. Although work-
ability is increased by an increasing cement content, it causes higher internal temperatures in
the concrete during the finishing and curing processes [39]. In addition, the workability
increases as the cement content (paste content) increases for a given W/C ratio and aggregate
content because there is more paste to lubricate the aggregates in the mixtures [38, 39].

Aldahdooh [12] stated that no special standard is published for UHPFRCC mix design. There-
fore, an ideal strategy is needed for improving the mechanical properties of UHPFRCC relative
to the binder contents. This finding can be realized by optimizing the mix design of concrete
using mathematical or statistical methods or by utilizing SCMs.

In the case of using the mathematical or statistical methods, the mix design of UHPFRCC is
still based on trial mix; therefore, no standard has been adopted yet and no rigorous mathe-
matical approach is available. De Larrard and Sedran [44] already optimized the ultra-high
performance concrete (UHPC) mix proportion using density-packing model (solid suspension
model). The optimal mix was characterized with a cement content up to 1080 kg/m> and silica
fume was up to 334 kg/m>. Furthermore, the mix proportion of reactive powder concrete can
be optimized using the group method of data handling and genetic programming [45]. They
concluded that the optimum cement amount must be approximately from 1400 to 1600 kg/m?,
and the amount of silica fume might be 20 or 25% cement content. Yu, et al. [46] recently used
the modified Andreasen & Andersen particle-packing model to achieve a densely compacted
cementitious matrix. They concluded that by applying this modified model, producing dense
UHPFRCCs using a relatively low binder content is possible as outlined in Table 2. They also
stated that a large amount of unhydrated cement in the matrix has been observed, which can
be further replaced by fillers to improve workability and cost efficiency of UHPFRCCs.

Recently, an advanced optimization method called as a response surface methodology (RSM)
has been used for optimizing the binder contents by Aldahdooh et al. [11]. They concluded
that although the results indicate that the prediction by RSM was satisfactory in adjusting the
amount of binders in the production of UHPFRCCs materials, these values still need to be
reduced further, meaning that another method could be used to reduce the cement and silica
fume contents through partial replacement of cement by external ultrafine (or by-product)
materials, such as crushed quartz [13], fly ash [14-16], recycled glass powder [15], and ground
granulated blast-furnace slag [15, 18, 19], palm oil fuel ash [51], as outlined in Table 2.

3.2.2. Silica fume

Silica fume is considered as one of the main components in producing UHPFRCCs [1, 13].
Silica fume is an extremely fine non-crystalline silica produced by electric arc furnaces as a by-
product of smelting process in the metallic silicon or ferrosilicon alloy production as outlined
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References Binder (kg/m®) W/B  StF (Vol. %)  Comp. 28 d (MPa)
C GGBS SF LS. POFA
[47] Without SCMs 950 0 238 0 0 0.2 2 190
[2,22,29,30] 855 0 214 0 0 018 6 207
[2,22, 29, 30] 744 0 178 0 0 016 6 185
[48] 860 0 215 0 0 0.2 2 198
[46] 875 0 4 0 0 019 25 156
[25] 1011 0 58 0 0 015 2 160
[49] 960 0 240 0 0 016 25 155
[50] 1050 0 275 0 0 014 6 160
[5] With SCMs 657 418 119 0 0 015 2 150
[46] 612 0 44 263 0 019 25 142
[46] 700 0 44 175 0 019 25 149
[51, 52] 360 0 214 0 290 019 6 158

SCM refers to supplementary cementitious materials; C refers to cement content; GGBS refers to ground granulated blast-
furnace slag; SFrefers to silica fume; L.S. refers to limestone; W/B refers to water-binder ratio; St.F. refers to steel fiber;
Comp. 28 d refers to compressive strength at day 28.

Table 2. Examples on the binder content and compressive strength of optimized UHPFRCCs.

in Table 2. Silica fume is a highly reactive pozzolanic material. This substance has spherical-
shaped particle and is characterized with an average particle size between 0.1 and 0.2 pum.
Moreover, the SiO, content ranges from 58 to 98% [53]. Silica fume is observed to be much finer
and have a higher SiO, content compared with the other by-products. For a given water
content, addition of silica fume more than the limited value will degrade the workability of
the mix, which results from the larger surface area of silica fume [54, 55].

The main functions of silica fume in UHPFRCCs are (i) acting as a filler between cement particles,
(ii) for a given water-binder ratio (W/B), improving mixture lubrication caused by particle shape
(sphericity), and (iii) producing hydration products by pozzolanic activity [3, 13, 35] as presented
in Figure 2.

Iid= 6016 mm

N 7

Short straight steel fibers Vd=13/0.20 mm

Figure 2. An example of steel fiber types used in UHPFRC [56].
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The utilization of silica fume in microfiber-reinforced concrete can improve the degree of fiber
dispersion, matrix interface, and interfacial zone [57], which results from the fineness of silica
fume particles when compared with cement [55, 57, 58]. Furthermore, the bonding between
steel fibers and matrix of steel fiber-reinforced concrete is significantly improved by utilizing
silica fume. In addition, silica fume can enhance the properties of the materials used as filler
[55, 58].

The theoretical amount of silica fume required for the reaction with cement product is 18%
cement content [59]. The silica fume content must be practically increased from 25 to 30%
cement content to obtain the densest mixture and to achieve the greatest compressive strength
[1, 31, 59]. Chan and Chu [60] concluded that the highest interfacial bond strength and pullout
energy between the steel fiber and concrete matrix can be obtained at a silica fume dosage of as
high as 30%. The interfacial-toughening effect in the bond strength decreases when the silica
fume content increases to 40%.

3.2.3. Fiber reinforcement

UHPFRCCs without reinforcement with fibers may exhibit high strength but are extremely
brittle. The additional function of fibers in UHPFRCCs is enhancing ductility in tension and
improving its tensile capacity [1, 13, 26].

UHPFRCC mix is generally characterized with a steel fiber content that is more than 2.5% of its
volume as outlined in Tables 1 and 2. The dimensions range from 0.1 to 0.25 mm in diameter
and from 6 to 20 mm in length with a tensile strength of more than 2000 MPa [21, 34]. For
example, a large amount (up to 6% by volume) of brass-coated short straight steel fibers (6 and
13 mm) with 0.16 mm diameter has been used in CARDIFRC materials [22, 29]. The short fiber
was used to enhance flexural and tensile strength, whereas the long fiber was used to increase
toughness. Generally, the long steel fiber enhances the roughness of matrix by enhancing the
tensile strength and strain capacity at the breakage stage at the same time, while the short steel
fiber improves the tensile strength of matrix more than strain capacity at the breakage stage
[22, 29].

Vande Voort et al. [13] stated that fiber size and aggregate size in any concrete mix are
considered as the main factors that influence mix workability. Hence, in the absence of coarse
aggregates, fiber size is considered as the primary factor influencing concrete flow (e.g.,
UHPFRCCs). Moreover, UHPFRCC workability tends to decrease with an increasing fiber
content [13, 61].

The steel fiber-reinforced concrete with a high workability has a high probability of experienc-
ing steel fiber segregation, which automatically reflects mechanical properties and concrete
performance [62].

3.2.4. Superplasticizer

W/C ratios used in producing UHPFRCCs are generally less than 0.20, which lead to a
notable reduction in the porosity of UHPFRCC matrix; this reduction in porosity increases
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impermeability. Thus, significant improvement on the strength and durability of UHPFRCC
matrix is observed; however, special SPs should be used to have adequate flowability [63].

SPs are chemical admixtures used for reducing water demand. They are also known as high-
range water reducers (HRWR) [64]. Ultra-high-range polycarboxylic ether-based (PCE-based)
SPs are commonly used to have adequate concrete UHPFRCC flowability. Thus, UHPFRCC
behaves similar to self-compacting concrete. Therefore, UHPFRCC can be used for casting very
slender elements [34, 36, 63].

Alsadey [65] concluded that compressive strength decreases if the applied SP dosage is beyond
the optimum dosage because segregation and bleeding phenomena will occur. This finding
can affect concrete uniformity and cohesiveness.

3.2.5. Sand

The fine aggregate (sand) functions by confining the cement matrix to add strength [13, 66].
Yurdakul [39] and Shilstone and Shilstone [67] revealed that an insufficient amount of sand
induces the segregation of mixture and increases mix flow. By contrast, increasing sand
content causes stiff mixture because the sand has a high water requirement due to its high
specific surface area. Moreover, workability decreased as the cement content decreased for a
given W/C and aggregate content because of inadequate amount of paste that lubricates the
aggregate [38, 39, 68, 69].

Quartz sand is usually used for UHPFRCC production. This sand type is not chemically active
in the cement hydration reaction [13, 66]. As outlined earlier, UHPFRCC is characterized as a
composite that has a large volume of steel fiber and lacks coarse aggregates that are larger than
4 mm [4].

The recommended mean aggregate size used in producing UHPFRCCs is less than 1 mm, and
the aggregate-cement ratio can be up to 1.4 [21].

3.2.6. Water

Generally, decreasing the W/C will decrease the permeability, the porosity of the paste decreases
and concrete becomes less permeable thus reducing the passage of water and aggressive com-
pounds such as chlorides and sulfates, thus the durability and strength increased [39, 41, 70].
Increasing W/C will increase workability [70]. Strength is considered to be a function of W/C [38,
39, 41]. To increase strength, thus, the W/C should be reduced; it is more efficient to reduce the
water content than to use more cement [39].

Improving the relative density of concrete is the main goal in producing UHPFRCCs and not
water content reduction. Several researchers optimized the water-binder ratio (W/B) for
UHPFRCCs. Wen-yu et al. [71] reported an optimum W/B ration of 0.16 based from their
experimental work. Table 3 summarizes the mean and range for the W/C ratios and W/B
ratios used in UHPFRCCs. The used W/B ration in producing UHPFRCC was in the range of
0.10-0.25, while for W/C it was found to be in the range of 0.13-0.37.
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Properties Low Mean High
W/B 0.10 0.17 0.25
w/C 0.13 0.22 0.37

Table 3. Classification of W/B and W/C ratios for UHPFRCCs summarized by Vande Voort et al. [13].

4. Utilization of by-products in UHPFRCC

Based on the earlier sections, there are several types of by-products or industrial wastes other
than SF that can be used as an SCM or as an additive material in UHPFRCC products. Some of
these wastes are metakaolin (MK), rejected fly ash, ground-granulated blast furnace slag, rice
husk ash, recycled glass powder, palm oil fuel ash, and so on. The general chemical and
physical properties of some of these SCMs and ordinary Portland cement (OPC) are summa-
rized in Table 4. The influence of some of these SCMs on mechanical properties of UHPFRCC
is described in the following subsections.

4.1. Metakaolin

Metakaolin (MK) is considered as a by-product material that is manufactured from kaolin clay.
MK is a very fine-white clay mineral that has been traditionally used in porcelain production.

OPC FA r-FA GGBS SF MK GP RHA UPOFA
SiO, 2044  35-60 4723 344 91.4 53.87 714 88.32 65.01
AL O; 2.84 10-30 2454 9.0 0.09 38.57 14 0.46 5.72
Fe,05 4.64 4-20 8.42 2.58 0.04 14 0.2 0.67 441
CaO 67.73 1-35 8.28 448 0.93 0.04 10.6 0.67 8.19
MgO 1.43 1.98 1.62 443 0.78 0.96 2.5 0.44 4.58
SO; 2.20 0.35 0.39 226 0.01 — 0.1 — 0.33
Na,O 0.02 0.48 — 0.62 0.39 0.04 12.7 0.12 0.07
K,O 0.26 0.4 — 0.5 241 2.68 0.5 291 6.48
MnO 0.16 — — — 0.05 0.01 — — 0.11
TiO, 0.17 — 0.99 — 0.0 0.95 — — 0.25
Specific gravity 3.05 22-28 219 2.79 2.6-38 25 2.48 2.11 2.55
Particle size (um) 10-40 <45 >45 — 0.1 05-20 <45 11.5-31.3  2.06
Specific surface (m%g)  1.75 5-9 0119  04-0599  16.455 12.174  0.756  304-274 177

OPC, refers to ordinary Portland cement; GGBS, refers to ground-granulated blast-furnace slag; SF, refers to silica fume;
FA, refers to fly ash; r-FA, refers to rejected fly ash; GP, refers to glass powder; RHA, refers to rice husk ash; MK, refers to
metakaolin; POFA, refers to palm oil fuel ash.

Table 4. Chemical and physical properties of OPC and mineral admixtures (%) [12, 72-74].
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MK is considered as highly pozzolanic materials, where major constituents of MK are SiO, and
Al O3 as tabulated in Table 4 [75].

Table 4 shows that MK is characterized with the highest alumina content compared with other
mineral admixtures and OPC, showing the capability to produce strengthening gel, that is,
calcium aluminates hydrate (CAH) by reacting with the primary hydrate of cement. Moreover,
MK has a considerable silica content which produce calcium silicate hydrate (CSH), by
reacting with calcium hydroxide [72].

Nuruddin et al. [72] studied the effect of MK and the aspect ratio (I/d) of fibers on the
mechanical properties of high-strength ductile concrete (HSDC) with constant slump
(50 £ 10) as shown in Figure 3.

Nuruddin et al. [72] concluded that as the MK content increases the mechanical properties
improved as shown in Figure 3. Among all the mix, the highest strengths have been observed
with 10% MK and 2% volume fraction.

MK develops a high pozzolanic activity, however, degrading workability. Moreover, MK is its
high embodied CO, generated for the production of one ton of MK, which is about 330 kg/ton
compared with silica fume and fly ash 14 and 4 kg/ton, respectively. On the other hand, MK is
characterized with a faster strength development along with a lower drying shrinkage com-
pared with plain cement and silica fume [76].

4.2. Rejected fly ash

Kou and Xing [15] stated that more than 1 million tons of fly ash is produced annually in Hong
Kong, as a by-product of electricity generation, where the finer fraction (f-FA) produced by
passing the raw materials of ash via a classifying process is routinely used in the production of
blended cements for construction. f-FA has a fineness requirement of not more than 12% by
mass retained on the 45-um test sieve. However, the remaining proportion is rejected due to its
large particle size. In Hong Kong, this rejected fly ash (r-FA) has to be disposed of in large
lagoons, creating an ever-increasing environmental hazard. Effect of r-FA and steam curing on
mechanical properties of UHPFRC is shown in Figure 4. The chemical and physical properties
of r-FA are tabulated in Table 4.

Kou and Xing [15] concluded that as the r-FA replacement level with silica sand increases, the
mechanical strengths of UHPRCC tend to increase compared with the control mix. This
increase in strength due to the replacement of fine aggregate with r-FA is attributed to (1) the
improvement of packing density with r-FA and (2) the pozzolanic action of r-FA. However, the
rate strength development decreases with the increase in r-FA content. This is due to the fact
that r-FA reacts very slowly with calcium hydroxide liberated during the hydration of cement
and does not contribute significantly to the densification of the concrete matrix at early ages.
The highest replacement level is reached up to 50%.

4.3. Glass powder

Jin et al. [77] stated that the recycling process of glass is considered as a major problem in
urban areas of developed countries.
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Glass has been used in the concrete production as a crushed glass, as a raw siliceous material

in the production of Portland cement [78], and as a hydration-enhancing filler [78].

Jin et al. [77] stated that glass powder (GP) is considered as amorphous and characterized with
a high silica content. A particle size of 45 um or less is reported to be favorable for pozzolanic

reaction [15, 79].
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Several studies [80, 81] have showed that a cement replacement between 10 and 20% yields the
highest strength, while fine aggregate replacement of up to 40% has little effect on compressive
strength.

Kou and Xing [15] utilized the GP as supplementary cementitious materials in UHPFRC. The
effect of GP and steam curing on mechanical properties of UHPFRC is shown in Figure 5. The
results showed that the replacement of cement by glass powder decreased the early (before
7 days), but increased the later (after 28 days) strengths of UHPFRC, at all ages. The highest
replacement level reached up to 30%.

4.4. Palm oil fuel ash

Palm oil fuel ash (POFA) is a by-product of burning: empty fruit bunches, kernel shells, and
fibers, which are used in generating electricity for the boiler of palm oil mills [82, 83].

Palm oil industry is one of the major agro-industries in countries, such as Malaysia, Indonesia,
and Thailand [84]. Most of the POFAs are disposed as waste in landfills, which may contribute
to environmental problems in the future [85]. Therefore, a lot of research works have been
conducted to find a suitable solution for proper POFA disposal.

Many researchers have found that POFA has pozzolanic qualities and properties in concrete.
In fact, POFA can be considered as a pozzolanic material [86-88].

Awal and Hussin [84] showed that POFA can be utilized as supplementary cementitious
materials, and POFA has a high potential in suppressing expansion associated with alkali-
silica reaction in concrete.

POFA has been utilized in high-performance concrete (HPC) production, the highest com-
pressive strength was found in the range of 60-86 MPa, which was obtained at POFA (with
a median particle size of approximately 10 pm) replacement level of 20% at day 28 with
550-560 kg/m” total binder [87, 89, 90].

Megat Johari et al. [88] modified the treatment and grinding process of POFA by heat treat-
ment to remove the excess carbon content and to decrease the POFA median particle size to
approximately 2.06 um as tabulated in Table 4. A highly efficient pozzolan was obtained
through their treatment processes. The modified ultrafine POFA (UPOFA) was utilized for
improving the properties of high-strength green concrete (HSGC). They concluded that the
compressive strength could exceed 95 MPa with a replacement level of up to 60% OPC with
UPOFA.

Recently, Aldahdooh et al. [10] reduced the binder content by replacing greater portions of the
cement and silica fume in UHPFRCCs with UPOFA as supplementary cementitious materials
while generally maintaining its mechanical properties as shown in Figure 6. The results
showed that the ultimate flexural and uniaxial tensile strengths increased when the replace-
ment levels of OPC by UPOFA increased and decreased when the replacement levels of
densified silica fume (DSF) by UPOFA increased. Moreover, the optimal result was the pro-
duction of a green UHPFRCCs (GUSMRC) with a low cement content of 360.25 kg/m> and
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Figure 6. Effect of UPOFA on the mechanical strength of UHPFRCCs at 7 and 28 days: (a) compressive strength, (b)
flexural strength, and (c) tensile strength [10, 17].

with a ultra-high compressive strength of 158.28 MPa as given in Table 5. Furthermore, the use
of UPOFA (particularly in high volume) can contribute to a healthier and more sustainable
environment, which increases green concrete products and may reduce concrete cost.
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Components (kg/m?)
Cement 360.25
Microsilica 214.25
UPOFA 290.52
Mining sand 1057.3
Water 168.30
Superplasticizer 50.43
Steel fibers l; =6 mm 390
I,=13 mm 78
Water/binder 0.195
Microsilica/binder 0.247
Mechanical properties (28 days) Compressive strength (MPa) 156.72
Direct tensile strength (MPa) 13.35
Flexural strength (MPa) 42.38
Splitting tensile strength (MPa) 20.46
Modulus of elasticity (GPa) 46.72

Table 5. Optimum GUSMRC mix constituents and properties [10, 17, 51].
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Abstract

This chapter presents an overview of tire-derived aggregate concrete, also known as
rubberized concrete, a cementitious-based material with some or all of its mineral aggre-
gates replaced with rubber particles. Typical source of rubber materials is scrap tire. Tire-
derived aggregate concrete has practical applications as safety barriers, sound barriers,
and architectural features among others. General observed trends include a decrease in
compression strength, a decrease in flexural strength, and an increase in energy absorp-
tion and damping capacities with an increase of rubber content. These characteristics are
modifiable by application of lightweight aggregates, fiber-reinforcement, admixtures, and
other common techniques. The chapter also includes discussions on handling, design, and
analysis of tire-derived aggregate concrete.

Keywords: tire-derived aggregate (TDA), rubberized concrete (RuC),
mixture proportioning (mix design), strength, modulus of elasticity, toughness,
lightweight aggregate (LWA)

1. Introduction

Investigation of rubberized concrete has received considerable attention since late twentieth
century, when exploration of the idea of adding rubber particles to the concrete matrix
began. The intriguing idea for many has been the combination of an ultra-flexible material
to an ultra-rigid material to enhance ductile performance of the composite material. In
addition, the idea of incorporating a waste material that may otherwise end up in a landfill
is attractive for sustainable development. The main constituent of rubberized concrete is tire-
derived aggregate (TDA), incorporated in a cementitious matrix through replacement of fine

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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or coarse aggregate as a percentage of volume or weight. This application redirects a signif-
icant amount of waste rubber from landfills to infrastructure industries.

The idea of repurposing a waste material for use in concrete has roots in concerns regarding the
amount of waste tires in landfills. The United States alone generates 289 million scrap tires on an
annual basis as of 2006 [1]. The Environmental Protection Agency (EPA) identifies stockpiled
tires as an “ideal incubator for mosquito larvae” and connects this to the spread of the West Nile
Virus from 1999 to 2005 [1]. As of 2012, tires were being recycled at a rate of 44.6% with rubber
and leather contributing 6.18 million tons of waste after accounting for recycling and recovery
[2]. The idea of reducing the number of waste tires that accumulate in landfills through recycling
rubber for use in concrete has continued to attract the attention of researchers.

The general focus of research on rubberized concrete is the evaluation of mechanical properties
of the concrete. The basic properties include compressive, tensile, and flexural strengths. The
performance of TDA concrete subject to dynamic loading is another essential property of TDA
concrete. In addition, application of supplementary cementitious materials and admixtures,
such as silica fume and fly ash, has potentials to enhance various characteristics of TDA
concrete. Research seems to be in support of the fact that the lower strength and enhanced
dynamic properties of the TDA concrete mixtures are valuable in certain practical applications
such as traffic barriers and other impact-resistant systems.

2. An overview of constituent materials

Other than the inclusion of the rubber particles, the rubberized concrete mix is virtually the
same as most other concrete including cement, fine aggregates, coarse aggregates, and water.
Some researchers have incorporated super plasticizers, in order to achieve better workability.
Others have experimented with the use of silica fume and fly ash in order to achieve enhanced
strengths. Further, researchers have experimented with pretreating the rubber particles using
chemical washes in attempts to develop better bonds between the rubber particles and the
cementitious matrix. Following sections discuss individual components making up the rub-
berized concrete matrix.

2.1. Tire-derived aggregate materials

TDA refers to the rubber particles, processed from multiple types of tires differing in compo-
sition and fiber type, used for replacing the mineral or rotary kiln expanded lightweight
aggregates in many mixtures (Figure 1). Descriptive classification of rubber particles relies
on the size and manufacturing processes of materials [3]. The first and largest classification
of TDA is shredded tire chips, which are typically results of mechanical shredding. Resulting
tire chips may be as large as 460 mm long by 230 mm wide to as small as 150 mm long.
A combination of both primary and secondary shredding processes is also common to produce
smaller shredded chips. The next classification is ground rubber; with a typical range of
19-0.1 mm in size. Ground rubber is subject to two stages of magnetic separation and
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Figure 1. Crumb rubber manufactured through mechanical shredding of recycled tires.

screening to remove the steel fibers from the rubber particles. The smallest classification of
TDA is crumb rubber, obtained through micro-milling, cracker-milling, and granular pro-
cesses. Crumb rubber particle sizes range from 4.75 to 0.075 mm. Another method is a cryo-
genic method, in which the rubber is frozen using nitrogen and then shattered [3].

2.2. Mix design constituents

The common fine aggregate used in most research studies on rubberized concrete is natural
sand with a gravel coarse aggregate. The cement used is either Type 1 or Type 2 cement, with
no significant evidence suggesting one type of cement performing better. Other admixtures
incorporated into rubberized concrete include the addition of silica fume and fly ash by
replacement of cement. This enhances the strength of rubberized concrete and bond between
the rubber and cement. Further, rubber particles may also replace lightweight aggregates
(LWA), such as rotary kiln expanded shale, clay, and slate, in various lightweight concrete
materials, where, the similarity between the volume weights of TDA and LWA enhances the
ease of mixing and placing operations [4].

3. Mechanical properties

3.1. Compressive strength

Table 1 lists selected research projects and their characteristics. Existing literature indicates
that an increase in rubber content results in a systematic decrease in the compression strength
of the concrete material (Figure 2). The substitution of mineral aggregates with TDA is gener-
ally between 0 and 100% of the total aggregate volume in increments of 20%. The relationship
between the compressive strength and rubber content in the mix is not linear [22]. Further, the
size of the particles has an impact on this relationship. While, inclusion of 100% crumb rubber
may reduce the compressive strength by more than 90% [8], substitution of fine aggregates by
less than 25% appears to have no significant impact on this strength [13]. In particular, research
has shown that application of fine crump rubbers has less negative impact on the compressive
strength of the mix [5, 6, 15, 20]. A comparison between applications of coarse rubber particles
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Reference Rubber aggregate Replaced conventional aggregate Specimen type/
size

Aiello and Tire shreds 20 mm w/ Steel Fibers Coarse aggregate 12.5-20 mm Cube 150 mm

Leuzzi [5] Included Beams 250 x 250
x 900 mm

Al-Tayeb et al.
(6]

Atahan and
Sevim [7]

Atahan and
Yucel [8]

Bignozzi and
Sandrolini [9]

Ganjian et al.

(10]

Guneyisi et al.
[11]

Hernandez-
Olivares et al.
[12]

Issa and Salem
[13]

Khaloo et al. [14]

Khatib and
Bayomy [15]

Liet al. [16]

Liu et al. [17]

Miller and
Tehrani [4]

Crumb rubber 1 mm

Shredded tire chips 11-22 mm

Large rubber 13 mm and crumb rubber
#10-20

Scrap and crumb tires 0.05-2 mm

Chipped rubber 25 mm

Crumb rubber similarly graded to sand
and tire chips 10-40 mm

Rubber strip fibers 8.5-21.5 mm

Crumb rubber (similar to sand used)

Coarse tire chips

Tire chips from mechanical shredding 10—
50 mm

Truck & car tire chips and fibers with and
w/o steel belt 25-51 mm

Crumb tire rubber 0.178 mm

Crumb rubber

Sand fine aggregate

Crushed limestone coarse aggregate
4-16 mm

Crushed Stone 19 mm and Sand

Fine aggregate sand 0-4 mm

Crushed siliceous coarse aggregate

Natural sand 4 mm and crushed
limestone 20 mm replaced equally

No material removed

Crushed sand

Crushed stone gravel 20 mm

Coarse aggregate gravel

Coarse aggregate gravel

River sand fine aggregate 5 mm

Coarse lightweight expanded shale
aggregate

Cylinder 100g x
200 mm

Beams 100 x 50
x 400 mm

Cylinder 1500 x
300 mm

Full Scale
Barriers

1000 x 450 x
250 mm

Cylinder 1002 x
200 mm

Cube 150 mm

Cube 150 mm
Beams 100 x 100
x 500 mm

Cube 150 mm
Cylinder 1500 x
300 mm

(90-day strength)

Cylinder 150@ x
300 mm

Beams 150 x 150
x 600 mm

Cylinder 1500 x
300 mm

Cylinder (50-day
strength)

Cylinder 1500 x
300 mm

Beams 152 x 152
X 50 mm

Cylinder 1500 x
300 mm

Cubes 150 mm
Cylinders 353 x
70 mm

(SHPB Impact)

Cylinder 1500 x
300 mm

Beams 152 x 152
X 50 mm
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Reference Rubber aggregate Replaced conventional aggregate Specimen type/

size
Mohammed Crumb rubber 600 pm River sand fine aggregate Cube 100 mm
etal. [18]

Son et al. [19]

Crumb rubber particles 1 mm

Total aggregate weight (coarse & fine)

Cylinder 1002 x
200 mm

Topcu [20] Rubber particles from mechanical Crushed limestone coarse aggregate ~ Cylinder 150@ x
grinding 6 mm 4-16 mm 300 mm
Topcu and Large rubber particles 2.2 mm Limestone coarse aggregate Cylinder 1500
Avcular [21] x 300 mm
Toutanji [22] Tire chips 12.7 mm Crushed stone coarse aggregate Cylinder 100@ x
19 mm 200 mm
Beams 100 x 100
x 350 mm
Xue and Crumb Rubber 6 mm Gravel coarse aggregate 12 mm Cylinder 1002 x

200 mm
Lumped Mass
Columns

Shinozuka [23]

Cube 150 mm
60-day

Beams 100 x 160
x 1000 mm

Zheng et al. [24]  Crushed rubber with steel belt wires

4-15 mm

Crushed stone coarse aggregate
31.5 mm

Ground rubber 2.6 mm and crushed
rubber with steel belt wires 4-15 mm

Zheng et al. [25] Crushed stone coarse aggregate

31.5 mm

Cylinder 1500 x
300 mm

Table 1. Summary of selected research on rubberized concrete.

versus fine rubber particles indicate that coarse and fine rubber particles are more effective at
substitution ratios of less and more than 25%, respectively [14]. Using larger sizes of TDA, also
known as tire chips, provides an opportunity to keep the steel belt wires after shredding in
order to lower the costs, even though, they may not provide any specific advantage for the mix
[25]. On the same line, application of fiber reinforcement by adding polypropylene fibers has
shown to be effective in reducing crack propagation due to shrinkage [12].

Similar to conventional concrete, application of supplementary cementitious materials such as
silica fumes has shown to be effective on increasing the compressive strength of TDA concrete
containing high water-to-cement ratios [11]. Replacing 7% of cement with silica fume has shown
to increase the compressive strength between 3 and 7 MPa [23]. Tire-derived aggregates are also
applicable to self-compacting concrete, which utilizes fine filler materials, admixtures such as
superplasticizers, and viscosity modifying agents. Combination of shredded tire and crumb
rubber has the potential to replace nearly 20-30% of the sand with a similar grain size [9].
Further, it is also possible to replace cement with ground rubber. Substitution of 5% of cement
has shown to reduce the compressive strength by 5% [10]. Tire-derived aggregate concrete with
enhanced characteristics due to admixtures and supplementary cementitious materials has
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Figure 2. Selected reported relative changes in the compressive strength of rubberized concrete.

applications in hollow concrete blocks. The recommended rubber contents for loadbearing and
non-loadbearing systems are 6.5 and 40.7%, respectively [18].

3.2. Modulus of elasticity - static

Research shows that increasing the rubber content in concrete decreases the static modulus of
elasticity [6-8, 19]. However, there is not much agreement on the amount of reduction at high
rubber contents (Figure 3). Generally, Tire-derived aggregates influence the stress-strain rela-
tionship and enhance the ductility of the concrete [14]. Some comparative studies on the size of
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Figure 3. Selected reported relative changes in the static modulus of elasticity of rubberized concrete.
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rubber aggregates suggest that using tire chips have more impact on the reduction of elastic
modulus than using waste tire fibers do [16]. However, there are also evidences that the
reduction of modulus of elasticity is only a function of the rubber content [10].

Further, using tire chips containing steel belts increases the stiffness of TDA concrete [16, 24, 25]. In
addition, application of fly ash and silica fume can also enhance the modulus of elasticity [11, 23].

3.3. Split-tensile strength

Figure 4 indicates how increasing the rubber content reduces the splitting tensile strength.
However, existing research agrees that capacity of rubber in absorbing energy enhances the
toughness of the TDA concrete [6, 16, 20]. Application of fiber reinforcement using polypro-
pylene fibers has shown to improve the toughness further [12]. Comparison of results for
compressive and tensile strengths suggests that the rate of reduction for split-tensile strength
is less than the same rate for compressive strength [11]. Further, there are reports indicating
that specimens with ground tires perform better in tension than specimens containing large
tire chips [10].

3.4. Flexural strength

The relationship between flexural strength and TDA content is similar to other mechanical
properties (Figure 5). However, there are variations in this relationship. Studies generally
indicate that reduction of flexural strength parallels an increase in the ductility of specimens
[22]. Some research indicates that the rate of reduction for the flexural strength is much steeper
than other mechanical properties, particularly at lower rubber contents [15]. Application of
smaller rubber particles improves the observed flexural strength [5, 10]. Adding polypropyl-
ene fibers has also shown to be effective in crack control, but not necessarily in enhancement of
the strength [12].

0% B
'a X # Dlker, Bekir, and Topeu 1994
E -20% % A Hemandez-Oliveras et al. 2002
ﬁ | % ALietal 2004
'En =% | 5 % Guneyisi, Gesoglu, and Ozturan 2004
E 60% * ¥ Ganjian Khorami. and Maghsoudi 2008
e + Al Tayeb, Bakar, Akil, and Ismail 2012
£ -80% - e
(1]
“ _100% : : : :
0 20 40 60 80 100
TDA Content Volume (%)

Figure 4. Selected reported relative changes in the split-tensile strength of rubberized concrete.
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Figure 5. Selected reported relative changes in the flexural strength of rubberized concrete.

Rubberized concrete has also applications in composite floors. Research shows that floors with
10% rubber content have smaller failure load due to flexure in large spans, but nearly the same
failure load caused by shear in short spans. The capability of TDA composite floors in with-
standing larger deformations has a significant impact on the ductility of the system [26].

3.5. Toughness

Figure 6 contains selected reported data on the relationship between toughness and rubber
content in TDA concrete. Toughness is generally a measure based on the area covered by
the load-deflection diagrams, thus, it relates to both ductility and strength. As a result,
reported data points on toughness are scattered, as rubber contents increases the ductility,
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=
'En 200 - # Topeu 1994
3 .
E 150 | s ik A Toutanii 1996
@ .><>< Ky  Zheng, Huo, and ¥ uan 2008
c 100 M
m
G
a S0 -
> *
% ¢
E [} T T T T
a 0 20 40 60 80 100
TDA Content Volume (%)

Figure 6. Selected reported relative changes in the toughness of rubberized concrete.
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but reduces the strength. This explains how some studies have shown a reduction of toughness
because of increasing the rubber content, even though subjected specimens have shown signifi-
cant increase in ductility [20]. Nevertheless, most reported data show a general increase in
toughness with the increase in rubber content [5, 22]. Some research studies have also suggested
that a maximum toughness value exist for the optimum rubber content and proper TDA grada-
tion [14]. Measuring toughness from the brittleness index using the stress-strain hysteresis loops
also confirms the positive effect of rubber on the toughness [25]. In addition, the toughness
of TDA concrete subject to impact load also increases with the increase in strain rate [17].
Furthermore, application of fibers, particularly in tensile specimens, significantly enhances the
toughness [16].

3.6. Dynamic properties

Some of the most beneficial properties of rubberized concrete include its behavior under
dynamic loading, making the enhancement of these properties desirable in comparison with the
brittle and rigid behavior of plain concrete. Research suggests that rubberized concrete may have
practical applications as traffic barriers, vibration mitigation, and seismic force mitigation among
others. There are various techniques for investigation of these behaviors. Figures 7 and 8 show
two significant parameters, energy absorption and damping, respectively, measured for TDA
concrete at different rubber contents. As shown in these figures, there are limited studies as the
basis for each of these relationships.

The full-scale New Jersey-shaped safety barriers subject to non-severe impact loads indicate a
gradual increase in the energy absorption when rubber content changes from 0 to 100% by
volume [7]. These results are qualitatively comparable with similar collision testing studies
[21]. However, impact testing on hybrid beams, containing a layer of TDA concrete on top of
plain concrete has resulted in significant increase in energy absorption for only 20% rubber
content [6]. Similar tests using falling weights confirms the effectiveness of TDA concrete in
reducing the severity of the impact at only 20-40% rubber contents, even though, the pest
performance is achieved at rubber contents larger than 60-80% [8].
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Figure 7. Selected reported relative changes in the damping ratio of rubberized concrete.
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Figure 8. Selected reported relative changes in the absorbed energy of rubberized concrete.

Similarly, the damping ratio of TDA concrete measured by elastic wave method showed a moder-
ate increase because of the increase in the rubber content in concrete [24]. However, the shake-table
studies on TDA concrete columns indicated much higher damping ratios [23]. These comparisons
indicate how TDA becomes more effective in post-peak performance of concrete specimens.
Further, same shake table studies have shown that increasing rubber content in the TDA concrete
reduces the natural frequencies and the response acceleration by 28 and 27%, respectively [23].

Non-destructive tests using ultrasonic pulses confirm that rubber reduces the velocity of waves,
which is in correlation with lower dynamic modulus of elasticity [14]. Dynamic compression
tests confirm the capability of TDA concrete in dissipating energy and show that increasing the
load frequency or strain rate increases the dynamic modulus of elasticity [12, 17]. However, the
age of the specimens has an adverse impact on the energy dissipation [12].

3.7. Thermal conductivity, electrical conductivity and sound absorption

Nonstructural mechanical properties of TDA concrete have been subject to studies for specific
applications. Non-loadbearing wall elements often require proper thermal and electrical insu-
lation as well as sound absorption. Studies indicate that TDA improves the sound absorption
of concrete, reduces the thermal conductivity coefficient, and increases the electrical resistivity
[13, 18, 27].

4. Design guidelines

4.1. Theoretical modeling and numerical simulation of rubberized concrete

A typical model for the behavior of TDA concrete is a modification of Holmquist-Johnson-
Cook (H-J-C) constitutive model. The original H-J-C model contains 21 modifiable parameters
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to present characteristics of TDA concrete, which was simplified to ten parameters in the
modified form [17].

Numerical simulations using finite element analysis are also available to model mechani-
cal properties of TDA concrete. The basis for these simulations is generally an elastoplastic
model for the behavior of materials. Successful modeling of beam specimens has been
reported using hexahedron elements with standard shape functions [6]. Using a two-phase
composite material helps to define the dispersion of TDA in the cementitious matrix. This
model utilized three-node triangular elements to simulate split-tensile tests [16].

4.2. Suggested strength reduction factors

Figure 9 shows a comparative view of the relationships between mechanical properties of TDA
concrete and the TDA content volume. This figure suggests that developing a simple model for
practical design of TDA concrete elements may be possible, as various strengths follow similar
trends in respect to TDA content.

Eg. (1) presents a proposed model to find the strength reduction factor [15]:

SRF=a+b(1—R)" (1)

In this model, SRF is the “strength reduction factor”; R is the rubber content as a volu-
metric ratio by the total volume of aggregates; and 4, b, and m are modeling parameters.
This equation is equal to unity at a rubber content of 0% and reaches an asymptote at
higher rubber content values. The m parameter indicates the degree of curvature of the
reduction and is a function of the particle size. In addition, parameters 4 and b must
satisfy the relationship a +b = 1. Table 2 contains suggested modeling parameters from
past studies.

o 300% 5 .
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ugl- 200% - , + Compression
E 150% » Flexure
& 100% 4 Tension
E 50% Toushness
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Figure 9. Selected reported relative changes in the dynamic properties of rubberized concrete (marked data) and their
general trends (trend-lines).
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Reference a b m Mechanical properties
Khatib and Bayomy [15] 0.1 0.9 3 Compression

0.1 0.9 2 Split-tension
Khaloo et al. [14] 0.02 0.98 12 Compression

0.01 0.99 11 Modulus of elasticity

Table 2. Summary of selected modeling parameters.

4.3. Handling procedures

Another important aspect of concrete design is the handling procedures used when placing
the concrete while in the workable state. Care needs to be taken to ensure that segregation of
materials does not occur and the mix remains as homogenous as possible while being placed and
cured. An uneven distribution of rubber particles has been observed in concrete mixes, particu-
larly when specimens are vibrated during placement causing light TDA to surface [10, 23].

5. Conclusions and recommendations

The state of the research on TDA concrete warrants further studies on analytical, experimental,
and practical areas. On material properties, the environmental impacts on durability of rubber
and long-term properties of TDA concrete is an area of interest for future research. Further,
investigating the micromechanical characteristics of the bond between rubber particles and the
cement paste is essential to understand the mechanical properties of TDA concrete, including
toughness and tensile strength, better. Constitutive modeling and numerical simulation of the
behavior of rubberized concrete are other areas of interest that can benefit from recent
advancements in computational engineering and mechanics.

Application of TDA concrete requires development of design guidelines and specifications.
Defining strength reduction factors is an area that requires further development. Current
research studies are scattered in respect to parametric modeling and can benefit from addi-
tional experimental results. Further, these parametric analyses are essential for optimization of
TDA concrete mix design to obtain proper rubber content for specific objectives. In addition,
practical issues in mixing and placing concrete require development of proper specifications
for handling TDA materials in concrete.

Mechanical properties of TDA concrete have shown to be desirable for many applications,
such as traffic and sound barriers. Toughness and ductility of TDA concrete can be also
effective in concrete elements subject to dynamic loads caused by earthquake and wind.
Large-scale experimental studies are required for investigating these applications.

There has been limited studies on alternative TDA concrete products with application of fiber
reinforcement, lightweight aggregate, fiber-reinforced polymers, admixtures, and supplementary
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cementitious materials. Enhancing the properties of TDA concrete using these methods require
further research.
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Abstract

Cement is one of the key stabilizers for earth constructions since Roman civilization. The
invention of cement was one step in the human civilization. However, cement has many
issues especially when it comes to the environmental conservation. The production of
cement creates a lot of carbon dioxide and destroys the natural setting to some extent due
to the high consumption of clay and lime. Therefore, this study was conducted to alter
the cement in mud concrete block. The study started with an inventory of alternative
stabilizers that can be found in nature as well as in the human production. And then,
the chemical patterns of those stabilizers were carefully identified to alter the typical
Portland cement. Several mix proportions were tested and developed to alter the cement
and found that the following materials can be developed to alter cement. A natural sta-
bilizer such as tree resins, latex rubber stabilizer, waste ash, rice husk ash and many
other ashes can be developed to chemically stabilize the earth blocks. However, out of the
invented stabilizers, fly ash and rice husk ash have the high potential to replace cement.

Keywords: mud, cement, alternative stabilizers, natural polymers, industrial waste

1. Introduction

Cement as stabilizer had a vital role in the human civilization. The earliest civilizations such
as Egyptians habituated calcined gypsum; Greeks and Romans used heated limestone pow-
ders made by volcanic explosions to make mortar. Finally, Romans built continental scale
civilizations by using cement to build bonds. It was Romans who found and named cement
“pozzolanic’ cement after the village Pozzuoli near Vesuvius, a giant volcano found in Italy.

However, not all civilization had the fortune of using volcanic ash. Britain learnt the technol-
ogy from Romans and developed the technology to produce cement by crushing clay tile and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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systematically burned with lime to produce cement. It was Joseph Aspdin from the UK who
got the first patent for the Portland cement in 1824. Since then, Portland cement was devel-
oped into many variations to optimize and customize the stabilizing capacity (see Table 1).

The idea of stabilizing is to create a bond between two particles. Cement is such a stabi-
lizer used widely on earth due to the availability of raw materials and production method.
However, the cement as a stabilizer has much weakness including a high carbon footprint.

1.1. Mud concrete block

Mud concrete block is a building material invented by the University of Moratuwa, Department
of Civil Engineering. The concept is to use available soil and mix them with 6% of cement and
used alternative to the brick and cement blocks, mostly available in the market [1-5]. The concept
is to aggregate ‘Concrete’ made using earth/soil. Concrete is a typical composite construction
material made out of cement, sand, metal and water. Here, metal (coarse aggregate) controls
the enduringness, cement acts as the binder and sand (fine aggregate) reduces the porosity and
water acts as the reactor to cement. In mud concrete, the designated parts of sand and metal
of concrete are replaced by a fraction of the soil. The precise gravel percentage governs the
strength of mud concrete. The production method of mud concrete block is shown in Figure 1.

Description SLS 107 SLS 1247 SLS 1257

Chemical composition

Magnesium oxide (MgO) % 2 2.5 2.5
Sulfur trioxide (SO,) % 2.25 2.3 2.3
0.01 0.01
Chloride (Cl) % 0.01 15 15
Lime saturation factor (LSF) % 0.94
Tri calcium aluminate (C,A) % 7.5 275 275
Loss on ignition % 14 320 320
Insoluble residue % 14
Physical properties 3350 3350
Fines (blaine) cm’g 3200 1 1
Expansion soundness mm 0.9 0.04 0.04
Autoclave % 0.04 130 130
Time of setting 140 19 19
Compressive strength (N/mm?) 455 50.5 50.5
2 Days 225 0.005 0.005
28 Days 55.6 0.046 0.046

Table 1. Chemical and physical properties of cement.
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The cement in this concrete is also used as a stabilizer in very low quantities. The quality of the
cement is shown in Table 1. In this research, a fraction of soil has been classified as follows [5]:
Gravel —sieve size 4.25 mm < gravel<20 mm

Sand —sieve size 0.425 mm < sand <4.25 mm

Fine (silt and clay)— < sieve size 4.25 mm

In achieving the concept of sustainability, green buildings are which provide environmentally
suitable and friendly aspects of the building construction. In relation to material conservation,
Mud Concrete Block (MCB) invented by the University of Moratuwa is a novel experience
today in combining ancient technology with the modern [6]. Issues related to modern tech-
nology that needed to predict towards MCB were non-sustainability and higher cost [7-9].
Therefore, the invention of MCB has become a major companion in answering these two issues
due to the facts that it is sustainable in the sense that it gains no harm to the environment and
it is abundantly available [10]. Apart from that, MCB has 92% of reusability and concrete
has only 70% [7]. This supports to reduce even waste generation due to the demolition of
buildings. However, mud concrete has a weakness of having little higher carbon footprint
due to the use of cement as a soil stabilizer. The use of cement as soil stabilizer creates other
practical issues including the initial cost of the production of mud concrete blocks. Therefore,
this research was conducted to alter the cement and explore possible alternative stabilizer for
cement.

1.2. Soil stabilization

Soil stabilization is the alteration of soils to enhance their physical properties. Stabilization
can increase the shear strength of a soil and/or control the shrink-swell properties of a soil,
thus improving the load-bearing capacity of a sub-grade to support construction technology.

* Mechanical —This involves physically changing the property of the soil somehow, in order
to affect its gradation, solidity and other characteristics. Dynamic compaction is one of the
major types of mechanical stabilization; in this procedure, a heavyweight/force is dropped
repeatedly onto the walling block at regular intervals and create the block, for example,
cement-stabilized earth blocks (CSEB).

* Chemical —Chemical solutions are another of the major types of soil stabilization. All of
these techniques rely on adding an additional material to the soil that will physically inter-
act with it and change its properties. There are a number of different types of soil stabiliza-
tion that rely on chemical additives of one sort or another; you will frequently encounter
compounds that utilize cement, lime, fly ash (FA) or kiln dust. Most of the reactions sought
are either cementitious or pozzolanic in nature, depending on the nature of the soil present
at the particular site you are investigating.

* Polymer/Alternative—Both of the previous types of soil stabilization have been around for
hundreds of years, if not more; only in the past several decades have technology opened
up new types of soil stabilization. Most of the newer discoveries and techniques devel-
oped thus far are polymer based in nature, such as rubber. These new polymers and sub-
stances have a number of significant advantages over traditional mechanical and chemical

153



154 Cement Based Materials

Hand Extraction Machine Extraction

L

—’lr—J

Soill Extraction

Tesfing

Cement 4%,
6%, 8% and 10%
after testing soil

1+

) 5§

| Hand Mixing Machine Mixing
©
'll'l m m uh per

%'
twen Moulds

‘iﬁf

lﬁ na-.r: after drying

,.tmz...—.,om

Figure 1. Manufacturing framework mud concrete block.



Alternative Stabilizer for Mud Concrete
http://dx.doi.org/10.5772/intechopen.76065

solutions; they are cheaper and more effective in general than mechanical solutions and
significantly less dangerous for the environment than many chemical solutions tend to be.

1.3. Compares and alternatives for cement

The objective of this study is to alter cement in mud concrete technology. And the study was
started with an inventory of alternative stabilizers found in nature. Nature is a grand material
engineer. First, the study came up with an inventory natural polymer shown in Table 2. And
then, the study was conducted to understand other waste from the human world. Therefore,
the inventory was based on two types of stabilizers such as natural and artificial, polymers
and non-polymers.

1.4. Polymeric substance-based stabilizers

Meanwhile, many types of research have been conducted on avoiding the use of cement
or concrete in walling materials as its effect on the thermal comfort of the occupants due
to the gypsum content [20]. The inclusion of polymeric substances has been one of the
prominent recommendations for enhancing the general performance of concrete, espe-
cially cement and asphalt concretes [21]. Therefore, many effective polymeric latex sub-
stances have attracted the focus in order to develop and use them in respect of cement
concrete in the construction industry [11]. There has been an active research develop-
ment in polymer-modified mortar and concrete in various countries around the world
for the past 70 years. As a result of these research and developments, polymer mortar
and concrete became the dominant materials in the construction industry in the 1970s
in Japan and in the 1980s in the United States. Now, they are competitively employed as
popular construction materials [22]. The inclusion of polymeric substances into hydrau-
lic cement concrete has made a tremendous effect on improving its performance prop-
erties. However, it should be included in concrete and should not cause damage to its
mechanical capacities or to its durability characteristics [23]. Results have shown that
the performance of latex-modified concrete is depending largely upon the techniques
involved in the mixing procedure, water/cement ratio, latex content and curing regime
[24]. Various bio-polymeric construction materials for soil treatment or enhancement have
been introduced in several studies, to replace the use of conventional materials that have
high environmental impacts, as efforts to develop environmentally friendly construction
engineering approach [25].

Polymers are being increasingly used in civil engineering applications as concrete materials
modifiers, especially for the purpose of improving workability, drying shrinkage, strength
properties and durability characteristic [26]. Apparently, among several polymeric substances
used in practice, elastomeric latexes are the most frequently applied [24]. Currently, elasto-
meric latexes, which mainly consist of hydrocarbon substances, are being used increasingly
in civil engineering applications as modifiers for the purpose of performance improvement of
hydraulic cement concrete [24].
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Name of Chemical formula  Available Uses and properties  Production method
stabilizer sources
Natural Rubber Latex ~ Polyisoprene Canbe Used in many Can be used with
Polymers [11] collected from  applications sulfur to stable and
rubber plants  and products in create longer bonds
combination with between the rubber
other materials materials
Pines Gum Pinene Obtained from Used as stabilized in ~ Pines resins are
pines many civilizations generally produced as
stem secretions
Lignin Carboxymethyl Sugarcane Stabilizing agentin  Using ethanol-water
lignin bagasse aqueous ceramic as the solvent and
suspensions sulfuric acid with 70c
for 30 min
Molasses C,H,,NNaO,S Sugarcane Soil stabilization Molasses made from
bagasse sugar beets differ from
sugarcane molasses.
Only the syrup
left from the final
crystallization stage is
called molasses
Hydrophilic Aegle marmelos  (a complex mixture  Concentrations used
polymer of vitamins, in the formulation
polyphenols, esters, were 2, 4, 6 and 8%
aldehydes, sugars, w/w of cordial fruit
mineral salts, organic gum
acids and amino
acids)
Industrial ~ Fly ash [12-14] Pulverized fuel ash ~ Any coal Land fill, dump Coal combustion
Waste combustion process produces tons
plant of fly ash per day even
in Sri Lanka
Bottom ash SiO, ALO, Fe,O, Ash that falls ~ Bottom ash is Stuck in the furnace
[15, 16] CaOK,0TiO,MgO inthebottom  part of the non- and taken out more
SO,-Na,0 P,0,BaO  of the boileris combustible residue  than four lorries per
called bottom  of combustion in day in Lakvijaya
ash. In modern a furnace or an power plant
coal-fired incinerator
power plants
Rice husk ash  Crystalline silica Increases the
[17-19] electrochemical
stability of the film
Lime stabilizer

The inventory has produced to develop the experimental criteria. The most suitable stabilizers experimented with soil
in order to test the strength development. The whole idea of developing alternative stabilizer to stable soil and mortar.

Therefore, the main experiment is to develop the strength development.

Table 2. Inventory of alternative stabilizers for cement.

If this technology can be used in relation to soil, the product will be a sustainable one since
that avoids the cement usage and lessens the energy usage. As soil is an environmentally
friendly source and it provides a sufficient forum for energy conservation, the inclusion of
soil into the newest technology of polymeric stabilizing will be an attractive turning point in
civil engineering constructions.
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1.5. Waste ash substance stabilizers

There are so many wastes generated and abundant in the natural setting without proper meth-
ods. The study shows that ashes like fly ash, bottom ash and rice husk ash have the similar
cementitious properties such as color, particle size distribution, and so on. In addition, there
have been many studies to develop those ashes into cementitious materials and stabilized
earth. Geopolymerization is a similar concept where the ashes are activated by using alkaline
solution to improve the bonding capacity of the ashes. First, ashes were combined with an
alkaline solution and then make with soil and build earth blocks. This was invented in 2007
by Professor Joseph Davidovits. He has developed a series of geopolymerization techniques
to develop the cementitious properties of the ashes to alter cement in the earth construction.
Since after his innovation, there have been many attempts to develop the idea of geopolymer-
ization. But for the first time, this study was conducted to geopolymerize mud concrete.

2. Effect of alternative natural and industrial waste for mud concrete
construction

2.1. Latex (rubber)

Latex (rubber) got the attention due to many reasons. It is the best natural polymer in Sri
Lanka. It is mass-produced and can be found in large scale if in case of a mass production of
earth blocks. On the other hand, earth blocks have the compressive strength but not the tensile
strength. Latex (rubber) has this capacity to bend if in case of a force and absorb tensile force.
Hence, the idea of experimenting with rubber was optimized by various mix proportions as
shown in Figure 2; it was to identify the best mix proportion for mud concrete block shown
in Table 3. The ammonium hydroxide and sulfur were used as add mixtures to develop the
workability and the strength of the mixture.

Since cement and rubber do not show any strength improvement, the study was extended to
improve the quality of rubber soil mixture with altering cement with sulfur (see Table 4). The
experimental programme is shown in Table 4. In this experiment, only the rubber was used in

Figure 2. Mix preparation for testing.
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Soil (%) Latex (%) Dry rubber (%) Cement Admixture NH,OH (%)
96 6.90 4 3.36 5
94 10.30 6 3.36 10
92 13.80 8 3.36 15
90 17.20 10 3.36 20
95 6.90 4 3.36 1
92 10.30 6 3.36 2
89 13.80 8 3.36 3
86 17.20 10 3.36 4
95 6.90 4 3.36 5
92 10.30 6 3.36 10
89 13.80 8 3.36 15
86 17.20 10 3.36 20

Table 3. Experimental compositions of rubber and soil mixes.

Rubber + NH4OH Rubber +Sulphur
Area (mm?) N/mm? Average Area (mm?) N/mm? Average
R 4% A 8556 2.04 2.20 S2% Al 8188 0.83 0.82
B 8556 243 B1 8418 0.89
C 8742 2.14 C1 8099 0.73
R 6% A 84175 2.33 2.29 S4% Al 8789 0.86 0.87
B 8554 2.40 B1 9025 0.85
C 8742 212 C1 8554 0.89
R 8% A 8281 2.74 2.79 S 6% Al 8648 0.83 0.80
B 8281 2.67 B1 8836 0.80
C 83265 297 C1 8930 0.77
R 10% A 8418 2.67 2.61 S 8% Al 8648 1.01 0.99
B 809 2.65 B1 8740 1.06
C 8280 2.49 C1 8930 0.90

Table 4. Experimental composition with latex and sulfur to improve the dry strength.

order to improve the quality of rubber-stabilized earth block mixture. And the experimental
criteria are as follows.

Table 5 shows the experiments done with sulfur and rubber mix design with soil in order to
gain the strength. In addition, the upper corner of Figure 3 shows the sun-drying process of
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Mix design Soil (g) Cement(g) Rubber

Rubber milk(g) Water(g) Sulfur(g)
0.552R4C 4675 200 100 50 25
1S2R4C 4650 200 100 50 50
1.552R4C 4625 200 100 50 75
252R4C 4600 200 100 50 100
4S2R4C 4500 200 100 50 200

Extended experiments with pure rubber-composed soil brick.

Table 5. Extended study with 100% rubber soil mixture altering cement with small amount of sulfur.

Experiments with rubber soil mixture

1.50 Nfmma2
-
1.30 memz ¥= 0.0569x o i
R? = -1E-03 -7
1.10 Nfmm2 ‘{v LT
050 Wimmz s 25%28%, 0.96|
0.70 Nfmm2 ; P N/mmz2
0.50 Nfmm32 —
0.55%2R% LOS%2R% 25%2R% AS%IAY,
Rubber Precentages

Figure 3. Improving the rubber soil mixture with the addition of sulfur.

the same bricks produced by the rubber and soil mixture. The results are astonishing to alter
cement with 100% natural materials to use as a brick. The results are as follows.

2.2. The effect of rubber ratio into the constant sulfur combinations

The next study was conducted to understand the strength development due to an increase
of rubber while maintaining the soil and sulfur ratios constant as shown in Table 6. This
experiment was conducted to understand the optimum rubber content to be used to build
rubber-stabilized earth blocks. And the previous experiments were observed where the
rubber blocks may cause to shrink during the curing process. Therefore, alternatively, 100
x 100 mm blocks were used to understand the strength of the new mixture. The experimental
schedule is shown in Table 6.

This study was to understand the optimum rubber content to develop the rubber-stabilized
earth block. The optimum sulfur content was recognized as 2%. The sulfur is not natural
materials and cannot be found in the natural form. The increase of carbon footprint may occur
due to the use of sulfur. However, the sulfur itself helps to improve the compressive quality
of the RSEB block. Therefore, the combination of rubber and sulfur may create a better bond
between particles of the blocks. In addition, the results are as follows.

Experiments with latex-stabilized mud concrete block gave senior results with a high tensile
capacity as shown in Figure 4. However, rubber-stabilized mud concrete blocks had many
weaknesses including dry shrinkage. The dry shrinkage and the cost of latex rubber motivated
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Mix design Soil Cement Rubber
Rubber milk Water Sulfur
252R 92% 4% 2% 1% 2.00%
4600 g 200 g 100 g 50g 100 g
254R 90% 4% 4% 1% 2.00%
4500 g 200 g 200 g 50g 100 g
256R 88% 4% 6% 1% 2.00%
4400 g 200 g 300g 50g 100 g
2510R 84% 4% 10% 1% 2.00%
4200¢g 200 g 500 g 50g 100 g

Table 6. Extended study with admixtures to develop the dry strength.

Different rubber presentages with constant soil+ sulpher mixture

results
2,00 NSmm2 .
2556R%, 2.07
2.00 Nfmm2 Hfmm2 | L -
1.00 Nfmm2 ® L
0,00 NSmm2
o 2 4 Rubber Prﬁe:nerrtaaes 8 o H

Figure 4. Different rubber percentages with constant soil+ sulfur mixture results.

to perform experiments with other natural polymers, assuming that there will be a better
bonding to alter cement in mud concrete. The most common assumption for experimenting
with natural polymers is the ability to develop a bond between two or three particles. And the
own ancestors have used this for a long time in the past.

2.3. Tree resins and natural polymers

This experiment has gone too far corners of the historical methods of stabilizing earth into
mortars and blocks. Ancient Sinhalese civilization in the fourth century builds the fortress
Sigiriya by using tree resins and lime [27]. The study referred to the same technology and
identified that natural polymers can make a bond between two materials and create a cementi-
tious effect. Therefore, following the ancient inscription, cashew juice, Neolitsea cassia juice
and pine resins were subjected to this study to alter cement in mud concrete technology
(see Figure 5). The objective of this study is to study the possibility of developing mineral-
ogy of natural polymers into suitable construction materials. The use of selected natural
polymers to stabilize geotechnical properties of soil into engineering property consisting
of masonry unit with a load-bearing capacity has been studied. The strength development
and suitable mix development for such a masonry unit made out of earth stabilized by using
natural polymers has also been studied.
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Figure 5. Experiments with natural polymers as alternative for cement.

The idea is not to use the raw polymers and resins, but to extrapolate the compounds that
are developed into the proper mix. The results show that pines resins and cashew juice are
vulnerable to make mud concrete blocks shown in Figures 6-8. The archived strength is more
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Figure 6. Pines.
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Figure 7. Neolitsea cassia juice.
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Figure 8. Cashew resin.

than 2 N/mm?. In addition to the strength, pines-stabilized mud concrete gives a courteous
smell and a reddish color. This can lead to developing architectural block. Therefore, these
polymers can be developed to make earth blocks. But the issue was the mass production, and
there are so many other alternative uses of these polymers and resins.

3. Experiments with industrial waste as stabilizers for mud concrete

The initial experiment was conducted to replace cement with raw fly ash, bottom ash and
rice husk ash as shown in Figure 9 as it is and found that those materials cannot improve
the strength. The obtained results show that rather than stabilizing the soil, these materials
unbound the clay and reduce the strength lower than 2 N/mm? [14, 16, 28].

The initial mix raw ash experiment was a failure without achieving any strength shown in
Figures 10-12. But then, further study showed that the alkaline activation of ash can build a
much better mixture than using it in raw. Therefore, a new experiment was conducted to develop
alkaline-activated ash to develop a much stronger mud concrete block. This was invented in
2007 to describe the alumino silicate binders, which is formed by the alkali activation of a source
material that is rich in content of aluminum and silicon [29]. These binders have superior prop-
erties that promote them as cement replacement materials. Geopolymer can utilize precursors

Figure 9. Fly ash, bottom ash, and rice husk ash.



Figure 10. Fly ash.

Figure 11. Bottom ash.

Figure 12. Rice husk ash.
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from many industrial by-products fly ash (FA), bottom ash and rice husk ash. These by-products
are usually disposed in landfills, which create serious environmental concerns.

4. Alkaline activation of fly ash

The further study about ashes found that they are having similar properties like cement and
close brothers of cement (see Figure 13). And many studies show that alkaline activation of
ashes can make a stronger material to stabilize earth to build the road. By studying the same
concept, this experimental programme came up with new experimental criteria to build non-
cement but fly ash-stabilized earth blocks. The experimental criteria are as follows.

4.1. The experimental criteria to alkaline activate the fly ash

The study shows that the concept of geopolymer can be applied to replace the cement in the
mud concrete technology.

Lime f|

At ,
CaCoO: AL20

Figure 13. Comrades of cement.
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The study shows the use of NaOH, and salt combination can activate the fly ash into the
cementitious property. The process of geopolymerization is shown in Figure 14. Also
known as polycondensation of alumina silicate bonds into jelly particle, they finally cre-
ate the bond. This is not a novel concept; see Section “Introduction”. However, this is the
first time geopolymerization is an experiment with mud. The idea of stabilizing mud and
developing mud-based mixture is to develop quick flow self-compacting mixture to alter
a traditional compressed earth block technology. It was the mother research of this study
which has found that utilizing mud can develop self-compacting mixture to alter com-
pressed earth blocks [30].

The experimental programme started with a varying activator to identify the optimum alka-
line solution to stable the mud concrete block as shown in Table 7. This is due to the different
alumina silicate composition in the soil. However, after that, the salt content to dissolve the
activator was identified. The results show that the optimum of 2% of the dry weight of the
mixture can get the optimum strength for mud concrete block. And then, a profound mix was
developed to test the required moisture content to make the mixture. For the mud concrete,
the moisture ratio is critical to making a self-compacting mixture. The idea of self-compacting
is to reduce the energy consumption of the mixture.

Kaoloni
te
Fiy L Geopalymer
Ash/bottom
ash/Rice
husk ash
Allumino Silicate Alkaline activator e Ul
cement
Figure 14. Experimenting with polymerizing mud concrete.
Soil Fly ash Activator Salt Water Number of test blocks
27,300 g 20% 7000 g 0.00% 0g 2.00% 700g  20.00% 6sundry  3ovendry

26,950 g 20% 7000 g 1.00% 350 g 2.00% 700g  20.00% 6sundry  3ovendry
26,600 g 20% 7000 g 2.00% 700 g 2.00% 700g  20.00% 6sundry  3ovendry
26,250 g 20% 7000 g 3.00% 1050 g 2.00% 700 g 20.00% 6sundry 3ovendry
25,900 g 20% 7000 g 4.00% 1400 g 2.00% 700g  20.00% 6sundry  3ovendry

25,550 g 20% 7000 g 5.00% 1750 g 2.00% 700g  20.00% 6sundry 3ovendry

Table 7. Experimental mix design for geopolymerizing fly ash-based mud mixture.
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There are more than enough literature as well as the optimum mole content can be calculated.
But since this is a practical product, it is better to establish the optimum caustic soda content
to build mud concrete blocks out of fly ash and caustic soda [31-34]. The study shows that
the required water mole content to produce the reaction is 20%. It is the required moisture
content to produce the fly ash block. The moisture content is very important to develop the
workability of the block mixture. The quick flow mixture shall help to improve the self-com-
pacting capacity of the mixture. And the water in mud concrete block helps to improve the
porosity and porosity helps to improve the thermal property of the block. The next step is the
water content analysis, which was to find out the most suitable mix proportions to build fly
ash-stabilized earth blocks. As per the results indicated in the previous experiment, the best
compressive strength was shown when the moisture content was in between 15 and 20%. The
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Figure 15. Optimizing NAOH.
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Figure 16. Optimizing NACL.
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Figure 18. Geopolymerized mud concrete block final results.

results obtained are shown in Figures 15-17. After the confirmation of water content, the mix
proportion was started varying the sand and gravel combinations as shown in Figure 18.

5. Application in construction

The use of invented stabilizers was tested upon different soil combinations to see the strength
development. And then, they were employed to build a walling sample width of 1 m and
a height of 1 m. Out of the entire study, the most vulnerable and practical stabilizers were
selected to develop this walling samples test. A 1-m wide 1-m tall building wall sample
was made at the University premises to check the practicality of this new mix as shown in
Figure 19. The practical use and mass scale production were studied in this process and found
that natural rubber should be avoided as alternative stabilizers. Geopolymerization of waste
ashes such as fly ash, bottom ash and especially the rice husk ash has the quality of replacing
the cement and build a novel walling material.
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Figure 19. Fly ash geopolymerized mud concrete masonry unit wall.

6. Conclusion

This study was conducted to alter cement in mud concrete technology. Mud concrete is a
novel walling material discovered to alter compressed earth blocks. The concept of mud con-
crete block is to build concrete by soil. Sand and metal of concrete are replaced by a fraction
of the soil. The precise gravel percentage governs the strength of mud concrete. The cement
in this concrete is also used as a stabilizer. But the cement has this weakness of initial cost and
the heavy carbon footprint. If cement in mud concrete can be replaced with a much greener
stabilizer, mud concrete can be recommended as a greener walling material.

The study was conducted after a series of nature studies and literature studies. In addi-
tion, the folk knowledge also has been considered prior to the experimenting with sta-
bilizers. Then, the study builds an inventory of possible stabilizer which may replace
the cement and act as a stabilizer for soil. At the very beginning, the study was focused
to develop natural polymer-based stabilizer because ancient Sri Lankan ancestors used
natural polymers to stabilize the earth and build gigantic structures and plastered them
with frescos. However, the utilization of natural polymers was an utter failure due to
the availability of materials. The experiment with natural latex rubber and mud concrete
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achieved the required strength but there were many practical issues when it comes to the
physical use of rubber-stabilized earth blocks. Then, a study was done with a series of
natural polymers taken from other plants such as pines, chews, and so on. The results are
good enough but practically cannot be applied in the real world where the mass produc-
tion of earth blocks is required.

Then, the study was focused to utilize industrial waste into cementitious materials for mud
concrete block. Fly ash, bottom ash and rice husk ash were subjected to this study and found
astonishing results. The initial results with a raw form of waste were failure and they did
not produce the required strength. And then, the developed mixture with alkaline solution
creates much better strength with mud concrete block. After finalizing the mix and all, a
sample wall area of 1 m x 1 m was built to check the practical application of this block to pro-
duce affordable walling. And it was noticed that highly alkaline solutions make the mixture
somewhat difficult. The expanded study was conducted to rank the alternative stabilizers
discovered in this study. The developed stabilizer was ranked according to their workability
availability and the initial cost. And then, the extensive study was conducted with life cycle
cost and carbon footprint analysis to understand the long-term use and the environmental
impact of those stabilizers.
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Abstract

In this chapter, the experimental design methodology is applied to optimize the forma-
tion conditions of magnesium chloride cement. A factorial design to model and to opti-
mize the operating parameters that govern the formation was used. The studied factors
were mass ratio of MgCl,.6H,0/MgO, mixing time and stirring speed. The considered
responses were compressive strength and setting time. The optimum operating condi-
tions were quite efficient to have a good compressive strength and suitable setting time.
The phases’ compositions of the magnesium oxychloride cement were evaluated by X-ray
diffraction, the morphological properties were examined by scanning electron micros-
copy (SEM) method and their thermal behavior was analyzed by differential thermal
analysis/thermogravimetric analysis (DTA/TGA). The raw materials used in the study
were magnesium oxide and magnesium chloride hexahydrate obtained from natural
brines in the south of Tunisia.

Keywords: magnesium oxychloride cement, experimental design methodology,
optimization

1. Introduction

Magnesium chloride cement (MOC) has superior properties as compared to ordinary Portland
cement such as high compressive strength [1], good resistance to abrasion, rapid hardening
rate, good cohesiveness and high fire resistance [2], and it can be used with all kinds of aggre-
gates [3]. The main used applications are architectural applications such as the construction
of industrial floors, construction of thermal and acoustical insulating panels [4] and other
prefabricated building boards [5]. The basic chemical reaction system of the MOC system is
MgO-MgCl-H,O [6, 7]. The main bonding phases found in hardened MOC is 5Mg(OH),.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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MgCl,.8H,0 (phase5) and 3Mg(OH),.MgCl,.8H,O (phase 3) which are obtained by the follow-
ing chemical reactions [7]:

5MgO +MgCl, +13H,0 = 5Mg (OH), MgCl, + 8H,0 (1)

3MgO +MgCl, + 11H,0 = 3Mg (OH), MgCl, + 8H,0 @

They are the only stable phases in the system MgO-MgCl.-H,O. Due to the presence of excess
water, a parallel or competitive reaction, corresponding to magnesium oxide hydration, can
take place:

MgO+H,0 = Mg (OH), @3)

The presence of Mg(OH), indicates the low quality of magnesium oxychloride cement.

Furthermore, the widespread use of magnesium oxychloride cement has been limited because
of loss of strength on prolonged excessive exposure to water [8]. Much research has long been
processed to improve the water resistance of magnesium oxychloride based on the ability to
it binding to various organic and inorganic aggregates such as high active SiO, [9, 10], active
aluminates [11] sulfates and phosphoric acid or phosphate [12].

In this chapter, the influence of three factors (mass ratio of MgCl,/MgO, mixing time and stir-
ring speed) on compressive strength and setting time of MOC was carried out. The applica-
tion of the experimental design methodology was used in order to maximize synthesis yield
by searching for optimum experimental conditions in a less number of experiments.

2. Raw materials from natural brines

The Tunisian territory contains a great number of sebkhas and chotts, especially in the South.
The more important ones are Chott El Jerid, Sebkha El Melah of Zarzis, Sebkha Oum el
Khialate, Sebkha El Briga and Sebkha El Adhibate (Figure 1) [13]. Previous geological, hydro-
geological and geochemical studies proved that these deposits contain considerable reserves
of natural brines (Table 1).

The meteorological conditions in the South of Tunisia and particularly at Sebkha El Melah
of Zarzis (Figure 2) are favorable for the recovery of the existing salts by solar evaporation.
The raw material is taken from Ain Serab, located at the Northern border of Sebkha El Melah
of Zarzis. This choice is justified by the advantages present in this mineral resource and the
influence on the economic sector for possible industrial exploitation [14].

These salt lakes which are considered as important material resources useful for industry and
agriculture. They are called sebkha or chott, and they cover a large part of Tunisian land. The
liquid raw material enclosed in these deposits is named brine and always assimilated to the
quinary system: Na*, K*, Mg*/Cl, SO,*/H,O. These solutions are valuable and expected to play
an important role in the economic sector. To take advantage of this raw material, several works
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Figure 1. Location of Tunisian sebkhas and chotts.

were developed. Besides the study of geological aspects and phase diagrams of the system
representing the brines, investigations were extended to the modeling of phase diagrams and
extraction of interesting salts.
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Sites Geographic Surface, Total reserves, Recoverable Total salinity,
location kem® 10° m* reserves, 10f, m" gl

Chaott Terid Tozeur S000 S000 600 330

8. El Melah Zarzis 150 600 150 335

8. oums E]l Ehialate Tatsouine 75 50 17 150

8. El Adhibaxe Tunigian Libyan border 125 245 100 260

£, El Briga Tunisian Libvan border 22 T8 18 130

Table 1. Characteristics of south Tunisian sebkhas and chotts.

2.1. Magnesium oxide

Exceptional proprieties of MgO as a catalytic material [15, 16] or as an additive in build-
ing supplies (Sorel cement, lightweight building panels) and superconductor products have
attracted both fundamental and application studies [17-22].

Magnesium oxide (MgO or periclase) is one among the most industrially important mag-
nesium compounds. Approximately 20% of worldwide production came from seawater,
brines and desalination reject brine [15]. Magnesium oxide is used as an exceptionally
important material in catalysis [15, 16], toxic waste remediation [18] or as additives in
refractories, paints, in the manufacture of fertilizers, animal feedstuffs, building materials
(Sorel cement, lightweight building panels) and superconductor products [19-21]. A panel
of fundamental and applied studies is encountered in literature [21-25]. It shows particu-
larly that magnesium hydroxide production from seawater or brine precipitates by adding
a strong base and after separation is calcined to produce MgO. Furthermore, magnesia
qualities may differ depending upon the physicochemical conditions of preparation and
the precursor type.

In the literature, MgO was prepared mainly by calcination of Mg(OH), obtained either by
precipitation [21, 22] or by MgO hydration [21, 23-25]. In our case, magnesium oxide was pro-
duced from magnesium sulfate (MgSO,.7H,0) by precipitation into Mg(OH), using a strong
base (NH,OH) in the first step and then calcined in a programmable furnace under control-
lable conditions to produce MgQO in the second step.

The sensitivity of the present reactions to several parameters was carried out. These considerations
altogether led to applying the experimental design methodology in order to maximize synthesis
yield by searching for the optimum experimental conditions in a smaller number of experiments.

2.2. Magnesium chloride

Magnesium chloride is industrially useful in some agricultural applications. It is mainly
used for magnesium metal production and Sorel cement manufacturing (Biichel et al., 2000).
Frequently, natural raw material is complex and must be treated to recover solid magnesium
chloride. Various procedures (Boyum et al., 1973; Burke and Smith, 1949; Fezei et al., 2009;
Smith, 1970) have been developed in order to produce this salt from natural brines. The
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Figure 2. Sebkha El Melah of Zarzis [14].

present work is devoted to magnesium chloride hexahydrate recovery from a mixed salt
solution. 1.4-Dioxan was chosen to achieve this aim. The action of this organic solvent on
magnesium chloride has been often studied in the case of pure magnesium chloride solu-
tions (Gaska, 1967; Weissenberg, 1969).

177



178 Cement Based Materials

As shown in Figure 3, the investigated process is mainly composed of six stages. The adopted
flow sheet is principally supported by the previous works on natural brines (Janecké,
1907; Berthon, 1962; Cohen-Adad et al., 2002; M'nif and Rokbani, 2004; Hammi, 2004) usu-
ally described using the oceanic quinary diagram Na*, K*, Mg*/Cl", SO,*/H,O. This useful
graphic-tool is helpful in natural brines exploitation or valorization. In fact, it defines, during
the system'’s evolution, the number, the nature, the composition and the relative quantity of
different condensed phases that crystallize or disappear. The first treatment step consists in
evaporating at 35°C the raw brine to precipitate the maximum of sodium chloride (halite).

Matural brine

8.1(60)

Concentration
by isotherm
evaporation _"
at 35 °C

B Wy

Y

S, (dy) Concentration Halite +

Cooling
| T=5C

=4 hours

‘ 83 (dz) Concentration
by isotherm [ @

4 (dg) evaporation

at 35 °C {
v

r i
: I I
< Da_esullfahnn : Kl !
with CaCly I recovery !
! 1
- 1
ﬂp Conceniration
by isotherm Bischofite
1357@5) evaporation .
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Figure 3. Flow sheet of the process for the bischofite salt recovery from Sebkha El Melah natural brine.
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In the second step, The precipitated salts consist of sodium chloride and small amounts of
magnesium-potassium double salt. The third stage consists in maintaining the obtained mag-
nesium salts saturated solution under stirring during four hours at 5°C and to recover the
precipitated salt. The fourth step consists in precipitating the potassium- magnesium double
salt, carnallite (KCL.MgCL, 6H,0) to eliminate potassium ions; in order to avoid interference
with the production of an end product having good quality. In the two last stages of the pro-
cess the solution is desulphated by reaction with calcium chloride solution. After removing
the calcium sulfate precipitate, the resulting brine; consisted of magnesium chloride together
with residual potassium and sodium chloride; is concentrated by evaporation at 35°C to pre-
cipitate the magnesium chloride salt.

3. Results and discussion

3.1. Experimental procedure

Magnesium oxide powder was mixed with magnesium chloride solution mechanically to
form homogenous MOC pastes. The weight of MgO is fixed and the weight of MgCL.6H,O
has been varied. Mixtures were cast in cylindrical molds (26 mm in diameter, 50 mm high)
and stored for 24 h, then unmolded and air-cured for 28 days.

The X-ray diffraction (XRD) analysis was carried out on the powdered sample using X-ray
powder diffractometer (XRD PHILIPS) with Cu K radiation (A K=1.54 A).

Differential thermograms were obtained using the Netzsch 449 STA F1 Jupiter thermal analy-
sis system. The rate of heating was 15°C/min.

The microstructure of the samples was examined using scanning electron microscope, the
Carl ZEIIS LEICA 5430i model.

Measurement of thermal conductivity was performed in dry state using the photothermal
deflection technique. Setting time was determined by using the Vicat Apparatus.

Porosity accessible to water of MOC is determined according to EN 12390-7 norm. The mea-
surement of porosity in water under a vacuum of 0.1 bar quantifies the volume of open pores
(accessible to water) using the following protocol:

Cement samples are placed in sealed desiccators and kept under vacuum of 0.1 bar for 12 h.

Previously degassed water is introduced progressively in desiccators to fill all the pores of
samples, without introducing air bubbles.

Once the samples are saturated, they are kept immersed in water for 24 h, and finally we
determined hydrostatic mass m”” and saturated dry surface mass mss.

The porosity is calculated by Eq. (4):
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™ pas mdr_\' (4)

AP
=) "‘IL'T."

where
msss: the saturated dry surface mass of the sample;
mdry: the mass of sample before saturation; and.

m™: mass of sample measured in water.

3.2. Studied factors and experimental domains

According to the preparation of MOC, three quantitative factors are chosen: mass ratio of
MgCl,/MgQO, stirring speed and mixing time. The corresponding variables and their levels
(set according to the data of preliminary experiments and the equipment abilities) are given
in Table 2. The two experimental responses tracked were compressive strength (Y,) and the
setting time (Y,).

To test the direct influence of the three studied factors as well as their possible interaction
effects on the measured experimental responses, we have realized a two-level complete facto-
rial design 2° which is expected to provide excellent information concerning not only the main
effects but also the double interaction effects.

The experimental design and the measured responses are summarized in Table 2.

Comparing MOC and Portland cement (setting time between 2 and 3 h), it is found that MOC
has a faster setting. It also has better mechanical strength.

For a very short setting time (6 min), MOC has a high strength (75.48 MPa): in this case the
cement is recommended for applications that require fast setting (decoration use, restoration
of monuments, damaged marble, etc.).

For alonger setting time (64 min), it has a good mechanical strength (46.59 MPa): in this case the
cement is recommended for applications which require a longer setting time (floor covering).

Considering that the interaction effects between three or more factors are negligible, the factor
effect estimation is computed by Mathieu et al. [26]; according to Goupy [27]:

ey

b =—x— (%)

where bi is the effect estimation of the factor i, Yj is the response j, and N is the number of
experiences.

The pooled variance estimation used to determine the significant factors is computed as

ivisi2
S = (6)

a
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No. Mass ratio of MgCl,/ Mixing time Stirring speed ~ Compressive strength Setting time
exp. MgO (min) (rpm) (MPa) (min)
1 1.42 5 650 49.47 20

2 222 5 650 46.59 64

3 1.42 15 650 4.55 17

4 222 15 650 21.20 37

5 1.42 5 1600 41.38 14

6 222 5 1600 76.40 41

7 142 15 1600 75.48 6

8 222 15 1600 20.50 32

9 1.82 10 1125 67.00 30

10 1.82 10 1125 60.54 31

11 1.82 10 1125 59.00 28

Table 2. Factorial matrix 2°.

where $? is the pooled experimental variance, s’ is the experimental variance estimation i, v is the
degree of freedom i, and n = yv is the degree of freedom of the pooled experimental variance.

4, Identification of the influential factors

Based on check student for an error risk a = 5%, it was found that tabulated = 4.303. Table 3
summarizes the factor effects estimation for the two responses: compressive strength (Y,) and
setting time (Y,).

Coefficient Y, Y,
Value SD t.exp P Value SD t.exp P

b0 47.464 1.279 37.087 0.000726 29.090 0.460 63.1634 0.000251
bl -0.773 1.500 -0.515 0.657478 14.625 0.540 27.0802 0.001361
b2 -11.513 1.500 7.672 0.016568 -5.875 0.540 -10.878 0.008345
b3 11.493 1.500 7.658 0.016624 -5.625 0.540 -10.415 0.009093
b12 -8.808 1.500 -5.869 0.027819 -3.125 0.540 -5.7864 0.028592
b13 -4.216 1.500 -2.809 0.106780 -1.375 0.540 -2.5460 0.125809
b23 6.063 1.500 4.040 0.056143 1.625 0.540 3.0089 0.094979
b123 -13.691 1.500 -9.123 0.011802 2.875 0.540 5.3235 0.033522

Table 3. Factor signification for the two responses Y, and Y,.
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The two models are represented by the equations given below:

Compressive strength:

Ycal, = 47.464 -11.513X,+11.49 3X, -8.808 X, X, -13.6913 X, X, X, ()
Setting time:

Ycal, = 29.090 +14.62 5X, - 5.87 5X, - 5.625 X, - 3.12 5X, X, +2.875 X, X, X, ®)

4.1. Analysis of residue

Figure 4 reveals the distribution of the calculated values versus experimental values for the
two responses (Y, and Y,). The points are almost randomly distributed about the line repre-
senting exact agreement, providing good agreements between experimental values and those
calculated using the model.

4.2. Analysis of variance

Table 4 summarizes the variance analysis of the chosen responses Y, and Y.

The main results for Y1 and Y2 are, respectively, 333.601 and 12.539, as lack of fit mean
squares and 18.017 and 2.333 as the estimation of experimental variance. Thus, the values
of the ratio between the lack of fit mean square and the estimation of experimental variance
18.51568 and 5.3739 for the responses Y1 and Y2 are inferior to tabled F);" and F.\", respectively.
Consequently, it is possible to confirm the validity of the two elaborated models. In addition,
the ratios between the regression mean square and the residual mean square for the three
responses Y1 and Y2 (4.638 and 5.3739) are superior to the tabled F)* and F*, respectively.
Thus, the significant variables, applied to elaborate the three models, have a large significance
on their responses.

wdatnd Vpnan

Toehrera e

Figure 4. Calculated versus experimental values graph (a) for compressive strength (b) for setting time.
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Source of variation SS DF MS Ratio P

Compressive strength

Regression 4237.738 4 1059.4345 4.63837 0.048
Residual 1370.437 6 228.40616

Lack of fit 1334.403 4 333.601 18.51568 0.051897
Pure error 36,034 2 18.017

Total 5608.174 10 1059.4345

Setting time

Regression 2384.625 5 476.925 56.40478 0.0000
Residual 42.277 5 8.4554

Lack of fit 37.610 3 12.539 5.3739 0.160892
Pure error 4.667 2 2.333

Total 2426.909 10 476.925

Table 4. Analysis of variance.

4.2.1. Optimization

For selecting the optimal conditions we try to strike a compromise between the two responses
to have good compressive strength and a suitable setting time.

By merely regarding values and signs of these significant effects, we conclude that maximiza-
tion of the two responses is reached for experience number 6 (compressive strength =76.40 MPa
and setting time = 41 min):

Mass ratio of MgCl,.6H O/MgO (X,): 2.22
Mixing time (X,): 5 min
Stirring speed (X,): 1125 rpm

The phase diagram of the ternary MOC system (MgO-MgCl,-H,O) [5] at an ambient tempera-
ture is illustrated in Figure 5 with the composition point of the optimum which is located near
phase 5 responsible for good compressive strength of the cement.

4.3. Characterization

Figure 6 shows the XRD pattern of MOC with an optimal condition. It can be found that phase
5 is present. This phase is the major product responsible for hardening and the strength of
MOC. We measured porosity accessible to water, we found that the total porosity of MOC is
4% which is in good accordance with other results in literature [28].
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Figure 5. Phase diagram of the ternary MOC system [5].

The thermal conductivity of cement is 0.8 w/mK. The morphology of MOC is shown in Figure 7.
We can see a rough surface with a dense network of needle-like crystals of 500 nm which has a
high strength (phase 5). Thermal analysis of MOC is shown in Figure 8. Six endothermic events
appear on the DTA curves of MOC during heating. Thermal decomposition requires a dehydra-
tion stage of the crystalline phase 5 Mg(OH),MgCl,.8H,0O at 179°C to obtain anhydrous materials.
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Figure 6. XRD patterns of MOC.
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Figure 7. SEM analysis of MOC.

The other deflections in this curve at 358, 414, 484, and 711°C present the decomposition stage of

5 Mg(OH), MgCl, and the loss of MgCl,. The last deflection at 1100°C represents the decomposi-
tion to obtain the final solid product MgO.
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Figure 8. TG and DTA curves of MOC.



186 Cement Based Materials

5. Conclusion

The formation of MOC from natural brines was carried out in this study using experimen-
tal design. The results showed that there is an agreement between the experimental values
and those calculated from the model developed which confirms its validity. The optimal
conditions are MgCL.6H,O/MgO (X1): 2.22, mixing time (X2): 5 min and stirring speed (X3):
1125 rpm. The responses are compressive strength = 76.40 MPa and setting time = 41 min.
The interpretation of results found by DRX, IR, SEM and TG-DTA confirms the presence of
phase 5 which is responsible for the good compressive strength of magnesium oxychloride
cement.
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Abstract

Biomaterials utilized in biomedical applications are of various characteristics and
cements are unique in their in situ, biomimetic formation ability. They present the most
topographically complex surfaces that usually elicit a favorable cellular response for tis-
sue regeneration. In addition their composition may provide an effective chemical gradi-
ent around the resorbing implant to induce desired cellular activity that leads to rapid
wound healing and regeneration. These are the main reasons for many cement systems
to function well in the body, especially as hard tissue replacements. The properties and
the setting mechanisms of the clinically most relevant cement system, calcium phosphate
cements have been elucidated in this chapter.

Keywords: calcium phosphate cement, calcium orthophosphates, inorganic bone
cement, cement injectability, cement setting kinetics, cement biocompatibility,
orthopaedic cements

1. Introduction

In the simplest sense cement is a binder of functional solid materials. Biomedical materials
that necessitate combination with a binder are usually strong, inert metals and ceramics that
are implanted in order to augment defects in hard tissues such as bone and dentin. For a long
time since the Second World War, this binding function had been fulfilled by organic cements
that gain elasticity by crosslinking in situ. Polymethylmethacrylate and various other resins
that display a rapid rise in viscosity and elasticity upon addition of chemicals or exposure to
light have been widely accepted as effective cements despite their commonly encountered
biocompatibility issues due to the release of irritating monomers and inflammatory heat of
setting. Inorganic cements emerged later thanks to the advances in materials characterization
techniques and understanding of the molecular mechanisms of bioactivity. Calcium sulfate,
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zinc phosphate, zinc polycarboxylate, magnesium phosphate, calcium phosphate, calcium
silicate and glass polyalkenoate cements all proved to be biocompatible and to some degree
osteoconductive. Particularly the effectiveness of calcium phosphate cements (CPC) as bio-
materials has been attributed largely to their similar composition to hard tissues, aqueous
setting solutions and tailorable viscosity. In addition constant improvements in cement prop-
erties have been realized due to their biomimetic setting reactions at ambient conditions that
enabled experimenting with a wide variety of chemical and biological additives. As a result,
inorganic cements led in quantity by calcium phosphate cements have been applied as bulk
materials to fill defects in bone and teeth, support, induce and conduct bone regeneration
rather than just bind more effective biomaterials in isolation. As highlighted in the subsequent
parts of this chapter, biological interaction of calcium phosphate cements with human cells
have been tested extensively and provides the basis for various modification approaches to
extend their applications and facilitate their evolution toward the ideal biomaterial.

Inherent solubility of most calcium compounds in water has been a major motivation for material
scientists to research and discover novel cementitious systems of these materials. So was the dis-
covery of the major class of inorganic biomedical cements, calcium phosphate cements, realized.
CPCs were discovered by LeGeros, Brown and Chow in early 1980s as an alternative to bulky
bone graft bioceramics to set in situ and fill bone or dental defects [1, 2]. According to Chow, the
discovery of the first CPC was in fact a result of basic studies on calcium phosphate solubility
behaviors for the purpose of development of a tooth remineralizing suspension similar to con-
temporary toothpaste formulations. Based on solubility phase diagrams, material scientists were
aware of the fact that both tetracalcium phosphate (TTCP) and dicalcium phosphate anhydrate
(DCP) are much more soluble than hydroxyapatite (HA) under neutral pH conditions. Further,
a slurry containing appropriate amounts of these compounds can produce continuous HA pre-
cipitation while maintaining the solution composition relatively constant. Brown and Chow
observed that some of the TTCP + DCP aqueous pastes became a hardened mass when left in test
tubes for a few hours. Thus unaware of the beneficial biomedical consequences, they discovered
a new type of bioactive, self-hardening cement that consisted of only calcium phosphates and
formed HA as the product. Rigorous subsequent in vivo research on the same cement system led
to the conclusion that implanted CPC was gradually replaced by new bone. This CPC composi-
tion received approval by the US Food and Drug Administration in 1996, thus becoming the first
commercially available CPC for use in humans [3]. Since then, many compositions have been
proposed, most of which are given in the following sections.

2. Applications

Compared to sintered calcium phosphate ceramics which are the most commonly applied mate-
rials in orthopedic surgery, calcium phosphate cements have three major advantages. Firstly,
CPCs are nanocrystalline and hence have a very high specific surface area. Values as high as
100 m?/g can be reached. In comparison, sintered ceramics have surface areas close to or below
1 m?/g. Secondly, CPCs enable the synthesis of granules and blocks of low-temperature calcium
phosphates such as dicalcium phosphate dihydrate (DCPD), dicalcium phosphate anhydrate,
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octacalcium phosphate (OCP), or precipitated apatite (PHA) [4]. In addition, initial flowability
of CPCs enable their convenient conveying to the surgical site by means of a pressurization
equipment and easy shaping by hand to conform to the defect perfectly. Injectability and suf-
ficient compressive strength of CPCs has expanded their use to minimally invasive surgeries like
percutaneous vertebroplasty and balloon kyphoplasty where organic polymethylmethacrylate
(PMMA) cements had previously been the only choice for the surgeon to fill bone defects or fix
bulk implants to the defect site [5, 6]. Due to the superiority of CPCs to PMMA in many aspects
including bioactivity [7-9], dimensional stability [10], and biomimetic hardening, these materials
are gradually replacing the organic bone cements especially in minimally invasive operations.

Calcium phosphate bone cement pastes typically exhibit relatively low shear viscosity and
elastic modulus, then gain elasticity and shear viscosity with time. The rates of growths of the
elasticity and viscosity of calcium phosphate based cements are generally higher than those
of conventional cements as a result of the rapid dissolution and crystallization of calcium
phosphate particles in water. Their initial flowability and workability are exploited most com-
monly in biomedical applications for bone repair and regeneration due to their exceptional
osteoconductivity especially following cancerous bone removal and for minimally invasive
surgeries. The minimally invasive clinical applications of bone cement pastes include spinal
fusion, vertebroplasty, khyphoplasty, cranioplasty and periodontal surgery. During surgical
applications the precise placement of the bone cement paste by the surgeon is very impor-
tant. Various means are available for the placement of the cement paste into the repair site.
Generally a syringe with a needle can be used. Calcium phosphate cements must react slowly
enough to provide enough time for the surgeon to inject and work the paste into the implan-
tation site, and fast enough to prevent washing-out or delaying the wound closure. Also its
setting time and extent of reaction should be balanced to impart strength to the final product.
The initial setting time is critical as it should allow sufficient time for shaping and filling.
After the filling, it is not advisable to disturb the set cement until its hardening because any
mechanical strain during this period will produce cracks and adversely affect the strength.
Therefore it requires the shortest possible final setting time so that the wound closure is not
delayed. The initial setting time denotes the end of workability of the paste after wetting, and
the final setting time indicates the hardening of the set mass [11]. An initial setting time of
about 8 minutes and a final setting time of less than 15 minutes are recommended for ortho-
pedic applications.

Typically after setting of calcium phosphate cements, aqueous setting liquid is trapped in
micro-reservoirs. The release of incorporated ions enable continuous hardening for days after
setting. This reservoir effect is beneficial for many aqueous inorganic cements but especially
for biomedical applications because of the contribution of the material to the dynamic tissue
remodeling processes. Inorganic bone cements are required to provide a temporary support for
the activity of the bone microenvironment consisting of cells, proteins, growth factors and ions
while simultaneously facilitating the natural remodeling process by providing a preferentially
alkaline environment and an abundance of relevant ions of calcium, phosphate, carbonate, etc.
An excellent explanation of the bone remodeling process from a materials scientist’s perspec-
tive by Driessens et al. is recommended for more information [12]. Exceptional bioactivity of
apatite forming CPCs is due to the alkaline microenvironment rich in calcium and phosphate
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ions in ratio similar to those in the bone extracellular matrix. In addition, the inherent micropo-
rosity of these materials is beneficial for the release of drugs, and biomolecules that are proven
to direct cellular activity so as to facilitate a wound healing and remodeling process close to
natural as possible [13]. However macroporosity is also needed to be able to make use of these
macromolecule osteoinductive factors like bone morphogenetic protein, transforming growth
factor, platelet-derived growth factor, basic fibroblast growth factor and enable invasion of the
material by osteoblasts [14]. Generally interconnected pores of sizes in excess of 300 pum are rec-
ommended to enhance new bone formation and the formation of capillaries [15]. Various mac-
ropore induction techniques have been applied to these biomimetically setting pastes with ease
but those that work in situ are the most suitable for orthopedic applications [16-19]. Precise
control on the porous architecture of calcium phosphate cement based scaffolds have been real-
ized in a number of recent studies by indirect 3D printing techniques [20, 21]. The dimensional
accuracy and bioactivity of such custom-fit forms of the material were found outstanding.

3. Properties

3.1. Bioactivity

As the chemical composition of the mammalian bone mineral is similar to ion-substituted, cal-
cium-deficient hydroxyapatite (CDHA), apatite forming calcium phosphate cements have been
more extensively investigated as bioactive implant materials than brushite forming CPCs. All
apatite CPC formulations have precipitated hydroxyapatite (PHA) as the end-product of the reac-
tion which has a much finer crystal structure than its sintered counterparts or other CPC setting
products including brushite and monetite. High surface area and roughness are the physical req-
uisites for osteoconduction as bone bonding is achieved by micro-mechanical interdigitation of
the cement line (a thick apatite layer secreted by osteoblasts) with the material surface [22]. Also
micro-topographically complex surfaces promote osteoconduction by both increasing the avail-
able surface area for fibrin attachment and providing surface features with which fibrin becomes
entangled; and potentiating the activation of platelets, which produce density gradients of cyto-
kines and growth factors that guide leukocytes and osteogenic cells during the healing process
[23]. Furthermore Davies demonstrated that platelet activation on calcium phosphate surfaces
is a function of the surface topography of the calcium phosphate, rather than the composition.

According to Davies, the formation of bone requires not only the recruitment and migra-
tion of a potentially osteogenic cell population but also the differentiation of this population
into mature secretory cells [24]. The potentially osteogenic population migrates through the
wound site and reaches the surface of bone fragments, or the implant within the wound site.
This stage termed osteoconduction is the most important aspect of peri-implant healing. The
implant surface design can have a profound influence on osteoconduction not only by modu-
lating the levels of platelet activation, but also by maintaining the anchorage of the temporary
scaffold of fibrin and proteins through which these cells reach the implant surface. Cells that
reach the solid surface will initiate matrix synthesis by secreting the first collagenous matrix
of the cement line directly on the implant surface. This new bone formation stage is gener-
ally considered as a separate and distinct phenomenon and is followed by remodeling of the
bone. The bone bonding theory of Davies helps one understand how calcium phosphate and
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most other inorganic cements provide the advantages of accelerating early healing and bone
bonding over most other biomaterials. Calcium phosphates are known to readily adsorb pro-
teins to their surfaces. Potentiating protein adsorption on calcium phosphate surfaces can be
expected to increase the binding of fibrinogen that may lead to increased platelet adhesion
and, possibly result in increased platelet activation that may accelerate healing. Increasing
protein adsorption can also include an improvement in fibrin binding to the implant surface
resulting in an earlier establishment of the three-dimensional matrix through which osteo-
genic cells have to migrate to reach the implant surface. Therefore surface micro-topography
and chemistry of calcium phosphates are critical for both the osteoconduction, and also the
bonding of the elaborated bone matrix to that surface.

Aside from osteoconductivity, the most important requirement for a bone substitute implant
material is biocompatibility. It is defined by Williams as [25]: “The ability of a biomaterial to
perform its desired function with respect to a medical therapy, without eliciting any undesir-
able local or systemic effects in the recipient or beneficiary of that therapy, but generating the
most appropriate beneficial cellular or tissue response in that specific situation, and optimiz-
ing the clinically relevant performance of that therapy.” Orthopedic and maxillofacial implants
are designed for non-sustained, short-term contact meaning that the implant should degrade
in time. Therefore the implant material is required to have a level of degradability in the body
in addition to the appropriate beneficial cellular response to be biocompatible. The physical
presence of particulate or ionic degradation products are able to stimulate inflammatory cells,
especially macrophages and giant cells that may elicit a systematic response and lead to a
foreign body reaction to the biomaterial. Therefore biomaterial and its degradation products
have to be devoid of any potential for mutagenicity, genotoxicity, carcinogenicity, reproduc-
tive toxicity and other adverse systematic effects in order to be considered biocompatible.

In this context apatite and brushite CPCs are biocompatible and osteoconductive. Calcium
phosphate cements form an apatite layer on the surface shortly after implantation in bone.
However, a unique feature of cements is that the particles are mixed with each other and the
force linking them is weak; therefore, these particles can easily detach from the cement body,
especially after some dissolution has occurred. When this happens, the particles are easily
ingested by osteoclast-like cells or by giant cells [26]. However, inflammatory reactions and
cytotoxicity have been reported when large brushite CPC volumes were used, primarily due
to the transformation to precipitated HA and the resultant release of phosphoric acid [27, 28].
The transformation of DCPD into PHA can be prevented by adding magnesium ions to the
cement paste [29] and converting brushite to the more stable anhydrous form, monetite [30].
The latter has been achieved by various techniques including heating [31], water deficient
setting [32], acidic setting [33] and high ionic strength [34]. Some inflammatory reactions due
to the initial acidity of brushite cement precursors may also apparently occur when the CPC
does not set since the pH gradually increases close to the physiological level upon setting. The
addition of collagen to brushite cement at different powder-to-liquid ratios resulted in an up
to ninefold reduction in the amount of particles released from the cement when compared
to the control cement without collagen. Collagen effectively prevented particle loss from the
submerged cement paste during setting. In addition brushite-collagen cement composites
had a three-fold increased cell adhesion capacity [35]. Numerous other in vivo and in vitro
assessments have reported that calcium phosphates always support the attachment, differen-
tiation, and proliferation of osteoblasts and mesenchymal cells, with hydroxyapatites being
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the most efficient among them [36, 37]. CPCs are not generally considered to be osteoinduc-
tive. However their drug delivery capability has been effectively exploited to impart osteoin-
ductivity to various CPC formulations [16, 38].

3.2. Mechanical properties

The mechanical properties of calcium phosphate cements depend on two conditions: (a) the
precipitate should grow in the form of clusters of crystals which have a high degree of rigidity,
(b) the morphology of the crystals should enable entanglement of the clusters. In Driessen’s
study of 450 different CPC formulations, about 40% set in a time shorter than 60 minutes [39].
However, only part of these formulations led to cement bodies having a considerable strength.
It was found that both compressive and diametral tensile strength were maximum for stoi-
chiometric compositions with respect to the reaction products. Strength is also related to pore
structure due to the size distribution of all the particles and the pressure applied to compact the
particle network. Thus, the early compressive strength of the cement is mainly dependent on
the quantity of the hydration products, the amount of contact points among hydrated grains,
and the volume proportion of hydration product crystals [40]. In addition to the above-men-
tioned factors, the final compressive strength is obviously dependent on the degree of dissolu-
tion, recrystallization, growth and intergrowth of cement precursor and product crystals [41].

Both the extent of CPC conversion and the compressive strength of the cement increase drasti-
cally with time in the form of a sigmoidal function [42, 43]. In common practice, the observation
of the initial plateau strength values is prevented by the requirement of sample rigidity and the
finite time period of strength measurements, so that an exponential rise with time and an end
plateau is reported in mechanical characterization results. The complete variation of cement
strength and modulus as a function setting time can be conveniently observed using a mechan-
ical spectrometer that is able to probe the viscoelastic character of the cement suspension [44,
45]. The compressive strength is highly correlated with the extent of conversion of the reactants
to the products. After setting, CPCs can reach mechanical properties comparable to those of
calcium phosphate blocks with the same porosity. Having the ceramic origin, the set products
of all calcium orthophosphate cements are brittle, have both a low impact resistance and a low
tensile strength within 1-10 MPa, whereas the compressive strength varies within 10-100 MPa.
Brushite cements are slightly weaker than apatite cements. However their innovative modifi-
cation methods result in exceptional strength because of the water consuming setting reaction
of brushite cements [46]. Unlike apatite cements, which consume little (1 mole per 3 moles of
powder reactant in B-tricalcium phosphate (3-TCP) systems) or no water (TTCP/DCP systems)
during setting, the brushite cement system consumes a lot of water during setting reaction (up
to 6 moles per 1 mole of powder reactant), theoretically allowing for the formation of cements
with low or almost zero porosities. Some excellent reviews on the mechanical properties of
both apatite and brushite cements are recommended for additional information [26, 47, 48]. In
macroporous form apatite cement has adequate strength to replace trabecular bone. In vivo,
the mechanical properties of apatite cements were found to increase, whereas those of brushite
cements decreased [49, 50]. This is generally attributed to a higher bioresorbability of DCPD
when compared with that of CDHA which not only depends on the inherent solubility but also
on various physiological processes occurring around the implant site [51].
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One of the main reasons for the weakness of CPCs is their inherent microporosity, which
makes it easier for micro- and macro-cracks to run throughout the mass [14]. The pores that
typically account for about 40% of hardened cement volume, originate from water reser-
voirs that form due to packing imperfections, shrinkage, drying and water consuming set-
ting reaction. Porosity may be controlled to a certain extent by precompaction [52], adjusting
the particle size [53, 54] and the powder/liquid (P/L) ratio [46], addition of porogens [55]
and rheology enhancing chemical [56]. Combination of precompaction with citric acid due
to its liquefying effect results in outstanding strength values. Unusually high strengths can
also be obtained when cement P/L ratio is maximized to the limiting level of insufficient
wetting. This is possible by either efficient dispersion of particle agglomerates through a
liquefying effect due to electrostatic repulsion of particles or by using bimodal particle size
distribution in the setting cement. Various organic and inorganic chemicals including alpha-
hydroxylic acids (a.k.a. carboxylic acids), and vinylic superplasticizers have been utilized for
increasing the surface charge by binding to the active surface sites [56, 57]. Bimodal particle
size distributions have been shown to decrease the water demand in an a-tricalcium phos-
phate (a-TCP) single-component, HA-forming system where the addition of an CaCQO, filler
of much smaller particle size enabled higher workable P/L [58]. In the case of macropore
introduction to the cement matrix by incorporation of porogens, the microporosity is simply
decreased because the sample contains less CPC per unit volume due to more macroporos-
ity. Although this is beneficial for the resorbability of the cement, mechanical properties of
macroporous cement are greatly reduced compared to macropore free cements. According
to Rice, strength of ceramics vary as an exponential function of porosity as given below and
so does the strength of CPCs [59]:

o = o,exp(-KP) (1)

where ¢, is the strength of the material with zero porosity and K is a constant. This equation
is modified by Le Huec to take pore size into account accordingly [60]:

o= (E0 R/(70))** exp(-KP) )

where E is the modulus of zero porosity, c is the average pore size and R is fracture surface
energy.

Fiber reinforcement is one of the most convenient methods to compensate for the induced
macroporosity in CPCs [61, 62]. Certain fibers like aramid have the property of bonding
with hydroxyapatite and providing nucleation sites for set crystals. This property of aramid
was made use of in the study by Xu et al. where fiber reinforcement imparted a substantial
improvement of mechanical properties over those of fiber free porous cement, with strength
increasing 3-7 times and toughness by 2 orders of magnitude [55]. The porosity values of the
fiber composites were slightly less than those without fibers because the 6% mass imparted by
the reinforcing fibers was fully dense.

Other factors affecting strength are the materials used in the solid phase, incorporation and
particle size/shape of filler materials in the solid phase. Several researchers attempted to add
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filler materials to increase the mechanical properties as in a composite matrix [63, 64]. The
idea behind the use of filler particles is that if a tough filler is present in the matrix, it may
stop crack Propagation. However by adding fillers porosity decreases, as does the ability of
the material to allow bone ingrowth into the pores. Using bioresorbable polymers as fillers
provides an effective solution to this problem [65, 66].

3.3. Injectability

Injectability of CPCs is of crucial importance for surgical procedures utilizing minimally inva-
sive procedures such as in vertebraplasty and kyphoplasty or for delivery of the cement into
a very narrow space as in root canal obturation. During the injection of the cement paste a
pressure drop of the ceramic paste is developed as the paste flows out of the syringe and the
needle and as it is forced into the treatment site. This pressure drop represents the bottle neck
to injection and is overcome by the surgeon applying a higher pressure on the ram of the
syringe that holds the cement. The applicability and the injectability of the cement suspen-
sion are governed by the time-dependent shear viscosity and elasticity of the ceramic paste
(functions of all parameters affecting the setting kinetics). Once the ceramic suspension attains
certain upper thresholds of viscosity and elasticity the injection of the cement paste to the
treatment site is no longer possible. A rapid increase in the shear viscosity of the cement paste
(transition from flowable suspension to a gel and then to a rigid solid) that is associated with
the cement reaching its setting time, restricts the duration of time that the cement remains
viable for injection during surgery. Usual practice for the orthopedic surgeon is to change
cement formulations that include various setting retarder or promoter chemicals in addition
to the setting precursors, according to the time limitations of the task. Alternatively, the set-
ting time and flowability of calcium phosphate cements are adjustable in situ by the novel
preshearing technology through application of oscillatory and torsional shear strains prior to
pressurization and delivery to the surgical site which gives the surgeon freedom to use a wide
range of cement formulations that set at various times [44].

At the initial period after mixing with the setting liquid, cements consist of dissolving particles in
an aqueous solution that is gradually enriching in precursor ions. This dynamic microstructure
with constantly changing maximum packing ratio and solid content typically exhibits concomi-
tant slow alterations in the cement flow behavior according to the Krieger-Dougherty model:

v=(52) g

where 7’ is the relative viscosity (the ratio between the cement and the setting liquid viscosi-
ties), ¢ and ¢__are the volume fraction of particles in suspension and the volume fraction at
which viscosity approaches infinity, respectively, and # is the intrinsic viscosity, an experi-
mentally determinable constant (2.5 for spherical particles). Calcium phosphate cements show
a shear-thinning behavior by a significant yield stress that increases with time. They are visco-
plastic and can be described as Herschel-Bulkley fluids at any instant but lose their plasticity
with time [67]. Furthermore, these materials are thixotropic [68]. The rheological behavior of
the cement pastes are strongly influenced by the change of the surface charge during setting.
The formation of agglomerates upon mixing the cement powder with the setting liquid can be
minimized by taking advantage of the electrostatic repulsion between highly charged surfaces.
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The Zeta potential is an important property of cement particles influencing not just particle
coagulation but also ion exchange between the hydrate layer around the ceramic particle and
the particle surface itself as well as the net precipitation of new material [69].

CPC injectability depends on many factors and may be quite poor in certain cases which
results in liquid-solid phase separation called filter-pressing. Their capillary flow has been
analyzed extensively in order to understand their injectability behavior [70, 71]. The com-
mon observation has been the overshot pressure that is needed to extrude the whole cement
sample out, in other words clogging. Highly filled suspensions stably flowing inside a barrel
exhibit a constant pressure vs. time curve as seen in Figure 1a. Binder phase migrates toward
the direction of applied pressure starting at time t, and leaves a percolated particle network
termed mat behind as shown in Figure 1b. Filtration of the low viscosity binder is caused
by weak adhesion between the particles and the binder that may originate from improper
dispersion in addition to low binder viscosity, low particle surface area and high difference
between the densities of the two phases [72]. Further increasing the pressure either thickens
the mat layer or discharges it (Figure 1c) depending on the propensity of the system to wall-
slip [73-76]. The viscoplasticity of complex fluids, including gels and concentrated suspen-
sions and cements is always accompanied by slip at the wall [77-81]. The wall-slip behavior
of concentrated suspensions always occurs on the basis of the apparent slip behavior which is
generated by the formation of a slip layer consisting of pure binder (which is typically 1/16th
to 1/8th of particle diameter) [82-84]: Understanding the conditions necessary for the devel-
opment of a contiguous slip layer at the wall is the key to prevent mat layer formation and
the resulting flow instabilities including filter-pressing and clogging [85]. The development
of the apparent slip layer as well as the shear viscosity of the suspension as a function of time
is affected by the role that entrained air plays. Wall-slip and shear viscosity of the suspension
are both intimately linked to the amount of air that is entrained during mixing and processing
[86-90]. Another important factor which affects the flow and deformation behavior of concen-
trated suspensions is linked directly to the efficacy of the distributive and dispersive mixing
of the ingredients of the formulation and the possible shear-induced migration of particles
during flow [91-95].

The solid mat layer in a cement is thickened as filtration progresses, setting continues, the lig-
uid content decreases or the solid packing increases, as a result of which the pressure required
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Figure 1. Stable flow (a), destabilized flow due to mat formation (b), stabilized flow due to mat formation (c) in capillary
and the associated variation in the pressure drop (adapted with permission from Kalyon and Aktas et al. [72]).

199



200 Cement Based Materials

to induce both liquid flow and mat discharge increases. This self-feeding loop gradually trans-
forms the suspension to a packed bed at an increasing rate as evidenced by the exponential
nature of the pressure vs. time curves of unstably flowing suspensions. Empirical attempts to
tackle the filter-pressing issue shows that the injectability of CPCs is generally improved by
decreasing the P/L ratio, the use of finer, round particles, the addition of electrically stabilizing
groups, and the addition of viscous polymer solutions [96-101]. In addition to a large num-
ber of parameters relating to CPC composition, the injectability of a setting cement depends
strongly on the post-mixing time interval relative to the cement setting time. In this regard,
premixed CPCs that do not harden until being placed into the defect constitutes an advantage
in that the viscoelastic properties are independent of time prior to injection [102].

3.4. Bioresorbability

Calcium phosphate cements are able to provide short-term biologically desirable properties
and then be replaced by a new bone. In order to achieve optimum clinical results, an appro-
priate CPC resorption rate is an important parameter that may vary with the intended clinical
applications. For critical applications close to vital organs like cranioplasty, rapid implant
resorption and replacement by bone may not be an as important factor as implant stability
and integrity, and even may not be desirable due to the sensitivity of the brain to local ionic
concentration gradients. For other applications, such as periodontal bone defect repairs or
sinus lift, the ability of the implant cement to be replaced quickly by bone is highly desir-
able. Studies on the in vivo evaluation of macroporous calcium phosphate cements revealed a
higher bioresorption rate due to both a higher contact with body fluids and enhanced cellular
activity due to particle degradation. When the bioresorbability of dense and macroporous
a-tricalcium phosphate cement were compared, it was seen that pores formed by albumin
foaming promoted bone ingrowth and replacement [103]. Introduction of macroporosity to
the CPC causes a trade-off between strength and bioresorbability which should be compen-
sated by some means of strength reinforcement such as incorporation of polymeric fibers.

The overall bioresorption behavior of calcium phosphate cement is a combination of a solu-
tion-mediated passive resorption process and a cell-mediated active resorption process. The
resorption properties of bioceramics are generally believed to relate to the solubility of their
constitutive phases. The much higher (3 orders of magnitude) solubility of brushite compared
to hydroxyapatite translates as the much quicker resorption of brushite cements. An impor-
tant in vivo characteristic of HA-forming CPC is that it does not dissolve spontaneously in a
normal physiological fluid environment, yet is resorbable under cell-mediated acidic condi-
tions. Although brushite is soluble in normal physiological fluids, studies have shown that
resorption of brushite CPC was also essentially cell-mediated [3]. Phase changes often occur
in brushite cements in vivo by a dissolution-reprecipitation reaction, which results in stable
phases with lower solubility, thus slowing down degradation and hence bone regeneration
kinetics. The kinetics of passive resorption depends on porosity of the samples, ionic substitu-
tions, Ca:P ratio, crystallinity and pH of the cement-tissue interface. The active resorption is
due to cellular activity; however, it is also related to the passive one. Serum pH near macro-
phages and osteoclasts can drop to 5 by the excretion of lactic acid, whereas near osteoblasts
pH can become as high as 8.5 by the excretion of ammonia [12]. The micropores in hard-
ened cements do not allow fast bone ingrowth and they are not interconnected unless special
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efforts have been performed. Due to these reasons osteoclastic cells are able to degrade the
hardened cements layer-by-layer only, starting at the bone cement interface. This is the main
drawback of the classical cement formulations without controlled macroporous architecture.
Bone substitution rate also depends on the anatomic site, age, sex, and general metabolic
health of the recipient. Considering these factors, it may take 3-36 months for the cement to
be completely resorbed and replaced by bone [26]. A linear degradation rate of 0.25 mm/week
has been reported in literature [104].

Various ions of zinc, magnesium, fluoride and pyrophosphate have been observed to
inhibit B-TCP and HA dissolution [105-107]. HA dissolution is also inhibited by the pres-
ence of compounds such as bisphosphonates, polyphosphates or pyrophosphoric acid [108].
Bisphosphonates which are metabolically stable analogs of pyrophosphate, bind strongly
to hydroxyapatite crystals and suppress osteoclast-mediated bone resorption and crystal
growth. The oxygen atom that binds the two phosphate groups of pyrophosphate (P=O==P)
is substituted by a carbon atom (P==C==P) in bisphosphonates. Bisphosphonates are charac-
terized by the two covalently bonded sidechains attached to the central carbon atom, termed
R1 and R2. Binding to bone is enhanced when R1 is a hydroxyl group, whereas the R2 side
group has some effect on binding but predominantly determines the antiresorptive potency
of the bisphosphonates. Bisphosphonates with an R2 side chain containing a basic primary
nitrogen atom in an alkyl chain like pamidronate and alendronate are more potent antire-
sorptive agents than either etidronate or clodronate, whereas compounds with more highly
substituted nitrogen moieties in R2 such as ibandronate can display further increases in anti-
resorptive potency [109].

Resorption of calcium phosphate cements is not desired at the onset of hardening in vivo
due to washout of loose calcium phosphate particles by the surrounding body fluid before
maintaining mechanical rigidity. The implant should be placed into the wound site between
the initial and final setting times therefore washout constitutes a problem for the cement for-
mulations with long setting time. Besides improving the setting times, it is possible to have a
coherent cement prior to implantation that sets in contact with body fluids. These are called
premixed cements and are essentially pastes formed by calcium phosphate particles mixed
with non-aqueous but water-miscible liquids like glycerol [100]. Also several studies show
that incorporation of a gelling agent such as hydroxypropyl methylcellulose, carboxymethyl
cellulose, alginate, chitosan, into CPC provides good washout resistance [110, 111]. However,
generally premixed CPC have lower mechanical properties probably related to the volume
initially taken up by the non-aqueous liquid [3].

4. Thermochemistry and setting kinetics

Dissolution of the initial calcium phosphates and mass transport are the primary functions
of the aqueous CPC setting solution, in which the dissolved reactants form a supersaturated
microenvironment with regard to precipitation of the final product. The relative stability and
solubility of various calcium phosphates is the major driving force for the setting reactions
that occur in various cement formulations. Mixing of calcium phosphate precursors with
aqueous setting solution induces various chemical transformations, where crystals of the initial
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calcium phosphates dissolve and precipitate into crystals of HA or brushite. When powders
of calcium oxides are mixed with an acid-phosphate solution, they dissolve at various rates in
the solvent and release calcium cations in the solution. These cations react with the phosphate
anions at various rates within the solvent and form a precipitate of salt molecules. Thus, CPC
setting is a result of the following three steps [112]:

I. The acid phosphates dissolve in water, release phosphate anions, and form an acid-phos-
phate solution of low pH.

II. The calcium oxides dissolve gradually in the low pH solution and release Ca* cations.

ITI. The phosphate anions react with the newly released cations and form a coordinated net-
work and consolidate into a CPC

The conditions to form a CPC are governed by the rate of reactions that control each of these
three steps. The growth kinetics is mainly controlled by phosphate incorporation step, and
additives interfering with this step regulate precipitation and crystal growth. Adsorbed atoms
from the solution have to be removed during crystal growth to accommodate the competing
HPO,* ion; hence, dehydration or impurity de-adsorption is an important part of the activa-
tion barrier for growth and dissolution [113]. Since acid-phosphate reactants such as DCP,
monocalcium phosphate monohydrate (MCPM), or orthophosphoric acid (PA) are generally
soluble, their dissolutions rates are comparatively high, hence uncontrollable. The phosphate
reaction between dissolved cations and anions described in step Il is also inherently fast and
may be kinetically constrained to the formation of intermediate precursor phases according to
the Ostwald’s rule of stages. Thus, the only reaction that can be controlled is the dissolution of
calcium oxides given in step II. Particle size [114, 115], crystallinity [116], powder/liquid ratio
[117], precursor chemistry [105], Ca:P ratio [118], temperature [44], surface charge [69], liquid
pH [119], ionic strength [34], and concentration of stabilizing, setting promoting or retarding
chemicals [120-122] may significantly affect the rate of dissolution and the consequent setting
time of CPC. a-TCP is a calcium oxide that dissolves fast and also reacts fast. On the other
hand B-TCP dissolution rate is too low in neutral water, so that it remains mostly unreacted in
a solution with a slightly acidic phosphate source. For this reason appropriate calcium oxides,
based on their solubility, should be selected in combination with suitable acid-phosphate
counterparts to synthesize CPCs [123].

Relative stability of different calcium phosphate salts in equilibrium with their saturated solu-
tion for different pH values can be understood from Figure 2 showing the solubility isotherms
for the ternary system Ca(OH),-H,PO,-H,O at 25°C according to the solubility constants given
in literature [124]. These isotherms have a negative slope in the neutral and acid regions of the
solubility diagrams which point to the fact that calcium phosphates become more soluble as
the pH decreases. The gradient of the slopes indicates the solubility increase of the salt as the
pH decreases. Therefore the isotherm slope is considered as a measure of the salt basicity and
DCPD and DCP are acid salts in comparison to OCP, a-TCP, 3-TCP, HA and TTCP because
they have lower negative slopes [125]. The isotherms show that the amount dissolved at equi-
librium depends on the pH of the solution and the thermodynamic solubility product of the
compound which is a function of both crystal and solution chemistry and physical properties.



Calcium Phosphate Bone Cements
http://dx.doi.org/10.5772/intechopen.74607

Accordingly, HA is the least soluble salt down to a pH of 4.2; for pH values lower than this,
DCP is the least soluble salt. Also, it can be observed for pH values lower than 8.5 that the
most soluble salt is TTCP; and for pH values higher than 8.5 that the most soluble salt is
DCPD. TTCP and DCP were used as the precursors in the first apatite CPC not fully coinci-
dentally because these are the most soluble salts and thus would provide the greatest driv-
ing force for the HA-forming reaction. Since at a pH above 4.2, all other calcium phosphate
compounds are more soluble than HA, they can be used as precursors for apatite cements.
Although several calcium phosphate phases, such as OCP and whitlockite (not shown in fig-
ure), are more soluble than HA under neutral pH conditions, they have been found as the
major phase in the cement products [126, 127]. This is because these metastable phases precip-
itate in preference to HA according to the Ostwald’s rule of stages [128], and finally convert
to HA. Homogeneous formation of HA at low concentrations is almost never observed due to
the activation energy barrier for nucleation that should be overcome with high supersatura-
tion. At the onset of precipitation, initial supersaturation is the thermodynamic driving force.
It is demonstrated by Song et al. for a batch system that after the fast precipitation in the early
stage, the following precipitation becomes very slow due to the decrease of supersaturation
of the solution with the depletion of calcium and phosphate ions [129]. The fast precipitation
cannot continue because there is no supply of extra calcium and phosphate ions. However
at a semi-batch system such as that of a CPC, where time dependent dissolution of precur-
sor calcium phosphates supplies ions for supersaturation, the fast precipitation can be kept
provided that suitable pH value and concentrations of calcium and phosphate are present.

Figure 2. Calcium ion concentration of various calcium phosphate compounds as functions of solution pH.
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Although the likelihood of precipitation of a particular calcium phosphate phase is ultimately
determined by the thermodynamic driving force of formation, kinetic factors may be considerably
more important in controlling the nature of the solids formed. Ostwald’s Rule of Stages postulated
in 1897 states that the crystal phase that nucleates in a supersaturated solution is not the phase that
is thermodynamically stable at that temperature and pressure but rather another metastable phase
that is closest in free energy to the parent phase [130]. There are also examples of phase transfor-
mations where a metastable phase exists but does not form due to immediate transformation into
another phase. It is possible to observe the metastable intermediate by slowing down the kinetics
of the reaction. According to the Ostwald’s rule of stages, the nucleated phase is the phase that has
the lowest free-energy barrier of formation of a critical radius R (having the lowest critical radius),
rather than the phase that is thermodynamically stable (having the highest supersaturation). In
classical nucleation theory [131], the free energy of formation AG, and the activation energy for
nucleation AG* are related to the surface energy y, density p, and the difference between the chemi-
cal potentials of the products and the reactants Ay which is basically a function of the supersatura-
tion s with respect to the precipitating phase, which is the driving force for nucleation:

4
AG = 4nR*y +3 R’ p Ap 4)
_ %
R = YT )
where
Ap = -kTInS (6)
and
_ lonic activity product
~ Solubility product (K (7)

The ionic activity product of a calcium phosphate phase is the product of the concentration of
the constituent ions and their activity coefficients. The activity coefficients are also complex
functions of the interactions between ions in the solution as expressed by the Pitzer’s thermo-
dynamical model for electrolytes [132], hence ionic strength. Brown and Chow have shown
that the thermodynamic solubility product depends on the purity of the calcium phosphate,
which in turn, depends on the method of preparation [133]. Substitute ions like fluoride, car-
bonate and magnesium influence the structure of the calcium phosphates and therefore have
specific effects on their solubilities [134].

Generally two types of CPC setting reactions are observed, the most common one is the setting
reaction that occurs according to an acid-base reaction, i.e., a relatively acidic calcium phos-
phate phase reacts with a relatively basic one to produce a more or less neutral calcium phos-
phate salt [135]. Typical examples are the cement of Brown and Chow, where TTCP (basic)
reacts with DCP (slightly acidic) to form PHA (slightly basic), the cement of Lemaitre where
B-TCP, (slightly basic) reacts with MCPM (acidic) to form DCPD (neutral), and a variation of
Lemaitre’s formulation where MCPM is substituted by PA while 3-TCP is replaced by CDHA
according to the reactions:
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Ca, (PO,) O+CaHPO, — Ca, (PO,) OH 8)
B-Ca,(PO,) +Ca(H,PO,) H,0+7H,0 - 4 CaHPO,2H,0 9)
Ca,(HPO,) (PO,) OH +3H,PO,+17H,0 — 9 CaHPO,2H, 0 (10)

The TTCP + DCPD and TTCP + DCP combinations have been the most studied [136]. They
offer hardening at a suitable time at body or room temperature within a neutral pH range.
From a theoretical standpoint, any calcium phosphate that is more acidic than HA can react
directly with TTCP to form PHA or CDHA according to the following reactions:

7Ca,(PO,) O+2Ca(H,PO,) H,0 - 6Ca,(PO,) OH+3H,0 (11)
2Ca, (PO,) O+Ca(H,PO,) H,0 - Ca(HPO,)(PO,) OH+2H,0 (12)
Ca, (PO,) O +CaHPO,2H,0 — Ca,(PO,) OH+2H,0 (13)
3Ca,(PO,) O+6 CaHPO,2H,0 — 2 Ca(HPO,) (PO,) OH+13H,0 (14)
Ca, (PO,) O+CaHPO, — Ca, (PO,) OH (15)

3Ca, (PO,) O+6 CaHPO, — 2 Ca(HPO,)(PO,) OH +H,0 (16)
3Ca, (PO,) O+Ca,H,(PO,) 5H,0 — 4Ca,(PO,) OH+4H,0 (17)

3Ca, (PO,) O+3Ca/H, (PO,) 5H,0 — 4 Ca(HPO,)(PO,) OH+14H,0  (18)

Ca, (PO,) O+2Ca,(PO,) +H,0 — 2Ca (PO,) OH (19)

It is also possible to form HA from acid-base mixtures of calcium phosphates with a Ca/P
lower than that of HA when an additional source of calcium ions instead of TTCP is pres-
ent such as CaCO, or Ca(OH),. [137, 138] Takagi et al. were the first to propose a calcium
phosphate cement formulation without TTCP. Different combinations of DCP and DCPD,
a-TCP, amorphous calcium phosphate (ACP), calcium hydroxide and calcium carbonate
have been prepared to obtain improvements in the setting time to as low as 5 minutes and
tensile strengths as high as 7.5 MPa [139].

All brushite CPCs are obtained by an acid-base reaction. Because DCPD and DCP are the
least soluble calcium phosphates under acidic pH (<4.2), they are the products formed by
acidic CPC formulations. All other calcium phosphate phases being more soluble under these
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pH conditions, can be used as precursors for the DCPD- or DCP-forming cements. Although
DCP is the more stable of the two phases, it is kinetically constrained to have a higher nucle-
ation activation energy and can only form under certain conditions as explained earlier. After
setting, the pH of the cement paste slowly changes towards the equilibrium pH [140]. Up to
now, several formulations have been proposed, including 3-TCP + MCPM, B-TCP + H,PO,,
and TTCP + MCPM + CaO [51, 99, 141].

The second type of setting reaction is defined as hydrolysis of a metastable calcium phosphate
when the reactant and the product have the same Ca/P molar ratio. Typical examples are
ACP, a-TCP, and TTCP which form CDHA upon contact with an aqueous solution:

Ca H, (PO,) nH,0+H,0 - Ca,, (HPO,) (PO,) (OH),, +nH,O (20)
3a-Ca,(PO,) +H,0 — Ca(HPO,)(PO,) OH 1)
3Ca, (PO,) O+3H,0 — Ca(HPO,)(PO,) OH +3Ca (OH), (22)

Chemical composition of calcium phosphate cements may include all ionic compounds of
naturally occurring minerals in human body. The list of possible additives includes the follow-
ing cations: Na*, K, Mg*, Ca*, H', Sr*, Si*, Fe*, Ag", and anions: PO,”, HPO,*, H,PO*, CO.*,
HCO,, SO, HSO,, CI, F, SiO,*. Therefore, mixed-type cements consisting of calcium phos-
phates and other calcium salts like gypsum, calcium sulfate hemihydrate, calcium pyrophos-
phate, calcium polyphosphates, calcium carbonate, calcium oxide, calcium hydroxide, calcium
aluminate, calcium silicate, strontium phosphate, as well as cements made of ion substituted
calcium phosphates such as Ca,KNa(PO,),, NaCaPO,, Na,Ca,(PO,),, magnesium-substituted
calcium deficient hydroxyapatite (CDHA), strontium-substituted CDHA are possible [142].

CO,” ions have the most significant effect on CPC microstructure such that incorporation
of carbonate in the apatite cement causes a decrease in the precipitated crystallite size and
reduces the setting rate as well as the attained compressive strength. According to the study
by Khairoun et al. CaCO, addition extended the initial setting times but significantly short-
ened the final setting times of single component HA cement. Furthermore its accelerating
effect was more pronounced at higher concentrations [137]. Morphological studies reveal
that the size and shape of the crystallites change from long needles to smaller rods to tiny
spheroids [18, 102]. Carbonate ions can incorporate into apatite and substitute for PO,* or
OH- in the apatite crystal structure and subsequently change its properties. It is reported that
the supersaturation required for precipitation of slightly carbonated apatite was higher than
that of apatite in simulated body fluid [143]. Carbonate ions disturb the crystallization of the
growing apatite crystallites to such an extent that, depending upon the amount of carbonate
added, the material may give an amorphous X-ray diffraction pattern. A submicron structure
of interconnected microcrystals are responsible for the improved final mechanical proper-
ties of the cement formulation with addition of calcium carbonate. Moreover, carbonate ions
cause the bonding in the apatite to become weaker and more isotropic, which results in the
small spheroidal crystals and in faster dissolution rates [42].
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Similarly, many carboxyl group containing acids and salts have significant effect on hydroxy-
apatite microstructure and in general setting kinetics of calcium phosphate cements. A num-
ber of a-hydroxylated carboxylic acids and salts readily form calcium complexes as well as
relatively insoluble and often amorphous Ca-carboxylate compounds [56]. These include
glycolic, citric, tartaric, malonic, malic, succinic, lactic and maleic acids. Upon application of
precompaction, compressive strength of TTCP-DCP cement increased fourfold to 184 MPa
with sodium citrate concentration up to 500 mM compared to plain water and citric acid
cement liquid [144]. Sodium citrate addition changed the surface zeta potentials of TTCP
and DCP to -50.6 and —-50.1 mV with 50 mM sodium citrate from -15.0 and -18.4 mV with
water.

5. Phase evolution during setting

The powder of the original calcium phosphate cement formulation proposed by Brown and
Chow consists of an equimolar mixture of TTCP and DCP. The setting reaction of calcium
phosphate cements starts with ordered dissolution of the salts in the aqueous system. This
supplies Ca* and PO,* ions, which precipitate in the form of HA. Epitaxial enlargement of
petal or needle-like crystals after initial setting is responsible for the adherence and inter-
locking of the crystalline grains, which result in hardening [26]. Detailed investigations
of the setting of various CPC formulation using various molar ratios, particle sizes, P/L
ratios reveal that the reaction proceeds by complete dissolution of the acidic phases DCP
or MCPM and partial dissolution of the basic TTCP or (3-TCP particles. The specific surface
area and the resulting solubility of the basic phase has a much greater effect on the setting
rate as increasing its specific surface area leads to an increase in pH, and results in a sharp
rise in the solubility of the acidic particles and the supersaturation of HA in the solution
[40]. For apatite cement setting is controlled by the dissolution of reactant particles in the
first 4-h period, and since the rate of dissolution is proportional to the surface area of the
particles which is basically constant in CPC specimens in the earlier stage, the precipita-
tion rate of HA is linear with time. HA forms among the reactant particles which enhances
the joint of solids, or around the particles which reduces the distance between grains [42].
Setting is controlled by diffusion through the HA layer at later stages. At 24 hours, the crys-
tals are completely formed, being highly compacted in some areas of high density and well
separated in areas with more porosity. Precipitated HA either in stoichiometric or calcium
deficient form, nucleate and grow on TTCP particles, thereby reducing their dissolution rate
at the final stages [145]. When such a shell is formed around the reactants, the rate of HA
formation is controlled by the transport of water and ions through the shell and decrease
with an increase of its thickness. Since the densities of DCP and HA are different, the hydra-
tion of the residual DCP engulfed by the shell to HA leads to volume expansion and internal
stress which is harmful to the compressive strength.

Liu et al. describes the thermodynamics of apatite cement setting clearly [118]. Calcium phos-
phate cement setting reactions are generally exothermic reactions consisting of several steps.
In the short initiating period, water is absorbed and wets the surface of the grains upon mixing
calcium phosphate powder with water. This is a physical exothermic process. In the inducing
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period or latency, the particle dissolution which is also exothermic contributes to a rise in con-
centration of the calcium and phosphate ions in the solution. With the different dissolution
rates of the basic and acidic precursors and the latter being faster, initially acidic pH translates
toward the neutral or basic region until the solution is supersaturated, and then DCPD or HA
crystallizes from the solution. The accelerating period is a fast, reaction controlled region. In
the decelerating period, setting reaction decreases and the reaction process converts from
surface reaction-controlled to diffusion-controlled after the setting product grows around the
particle surface of the raw materials. Finally, the precipitate product layer may be destroyed
by osmotic pressure and crystallization interior stress, which may lead to the increase of the
reaction rate and another slight exothermic peak.

The phase evolution of brushite forming 3-TCP—MCPM system has been monitored by
various techniques including FTIR spectroscopy [146], DS calorimetry [117], pH-stat base
titration [33, 34] and small amplitude oscillatory rheometry [44]. The observations con-
firm the above-mentioned general thermodynamic changes in the state of the CPC. Upon
mixing the cement precursors with excess setting liquid, MCPM instantly dissolves and
supplies H,PO,” and Ca* ions to the solution. A small fraction of H,PO," is expected to
dissociate into H" and HPO,* ions due to its relative stability among phosphoric acid spe-
cies in water at room temperature [83]. B-TCP dissolves simultaneously to release 3Ca*
and 2PO* that can form brushite CaHPO,-2H,0O provided that stoichiometric H* ions are
removed from the solution to first form HPO,*groups, resulting in an initial rise in solu-
tion pH that is an indication of supersaturation build-up. At this stage cement injectability
is maximum. Subsequent to this period, the injectability of CPC gradually diminishes as
crystal domains start to expand and intergrow with increasing 3-TCP dissolution. Built-up
supersaturation can quickly relax by crystal growth in the presence of brushite seeds.
As crystals intergrow into small domains, cements gain dough consistency and elastic-
ity develops as seen in Figure 3. With increasing intergrowth of the crystalline phase the
suspension becomes thicker, i.e., more viscous and more elastic as defined by the increases
of the storage modulus, G’ and the magnitude of complex viscosity, n* occurring between
the dough time and the initial setting time. CPC is workable by hand prior to the dough
time as it lacks stiffness and rigidity. Subsequent precipitation and 3-TCP dissolution act
to balance the supersaturation and pH until the rate of one weakens relative to the other
[147]. This interplay between dissolution and precipitation continues indefinitely until the
consumption of precursors.

After the working period a particle to particle network develops and the injectability of the
doughy cement suspension becomes modestly more difficult as the initial setting time is
approached [148]. Bone cements with various solid contents have been reported to be inject-
able well beyond their dough time [67] which is most likely due to the active wall-slip mecha-
nism that enables stable flow of doughy pastes. Cement suspension can be shaped by hand
at this working period when it has a dough consistency and does not stick to surgical gloves.
At the initial setting time a solid network structure or gelling starts to develop in cement
microstructure when elasticity and viscosity starts to overshoot asymptotically. The visco-
elastic properties change abruptly during this setting period with a sudden transition from
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Figure 3. Schematics of calcium phosphate cement setting as represented by the dynamic rheological properties ($ahin
and Kalyon [44]).

viscous to elastic flow behavior and elasticity increases at a decreasing rate as a function of the
dissolution rate which depends on the 3-TCP and water content. Flow instabilities naturally
build pressure drop up constantly beyond that point as a result of which injection becomes
impractical.

A recent development on improvement of injectability or extrudability of calcium phosphate
cements was introduced by our research group so that the inherent injectability problem can
be solved by conditioning the cement prior to injection by preshearing. [44]. Our observation
that application of oscillatory and steady shear strains i.e. preshearing alters both the setting
kinetics and the microstructure, enables tailoring of the cement viscosity and the injection,
working and setting periods. The rheology of fast-setting brushite cement was also charac-
terized (Figure 3) including the linear viscoelastic strain limit which was characterized for
inorganic cements as a function of setting time for the first time. A preshearing apparatus
akin to a syringe with the capability to not only pressurize but also mix, preshear and dis-
pense cements in situ is designed to facilitate their effective handling and injection. This novel
mechanical modification technique is applicable to most inorganic cements and opens an
avenue for further research on modification of cement properties, especially rheology with-
out resorting to chemical additives that may compromise the bioactivity and other favorable
properties. The beneficial effects of preshearing on workability and extrudability of inorganic
cements promise exciting new applications for them such as direct 3D printing of micro- and
macroporous scaffolds for bone regeneration.
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Abstract

Geothermal environments are among the most difficult conditions for cements to sur-
vive. Normally accepted for high-temperature oil wells silica-modified Portland-based
cement formulations are not durable in hostile geothermal environments failing to pro-
vide good zonal isolation and metal casing corrosion-protection. High-temperature well
cement compositions based on calcium-aluminate cements have been designed to seal
such wells. Two types of calcium-aluminate cement are of particular interest for geo-
thermal applications. One is—chemical type, calcium-aluminate-phosphate cement (CaP)
already used in the field and the other, alkali-activated calcium-aluminate type (ther-
mal shock resistant cement, (TSRC), has been recently developed. The CaP cements were
designed as CO,-resistant cements for use in mildly acidic (pH ~ 5.0) CO,-rich downhole
environments. TSRC was formulated to withstand dry-heat — cold water cycles of more
than 500°C. This chapter includes information and discussions of cement forming mech-
anisms, cements mechanical properties, resistance to mild and strong acids, cement-
carbon steel bonding and self-recovery of mechanical strength and fractures closure after
imposed damage. Performance of common high-temperature OPC-based composites is
discussed for comparison.

Keywords: geothermal cements, chemical cement, calcium-aluminate phosphate
cement, alkali activated cement, durability, cement-metal interface, acid resistance,
cement corrosion protection, self-healing cement composites, well integrity

1. Introduction

Geothermal resources exist throughout the world. To recover geothermal energy subterra-
nean wells are installed, fluids heated by geothermal formations are produced to the surface,
the heat is used to power turbines to generate electrical power and the spent fluid is injected
back into the reservoir through injection wells. The formation fluids are often very saline and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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corrosive with high concentrations of toxic metals so most of the time cannot be used outside
of the geothermal systems. In regions where there is no fluid at geothermal formations, condi-
tions called “hot dry rock”, fluids from the surface are pumped down an injection well, super-
heat at hot dry rocks and are returned to the surface through production wells. Although the
geothermal wells are constructed in the way similar to regular oil and gas wells the conditions
to which cement is exposed are often much more severe and some failures of geothermal
wells were directly attributed to cement failures [1]. In addition to highly acidic and saline
fluids geothermal cements may be exposed to temperatures above 500°C [2] and temperature
fluctuations of more than 1100°C [3]. To address such conditions new cement formulations
were designed and developed. Because of the most difficult conditions to survive geothermal
cements have the most stringent requirements. They are usually designed to have a low water
permeability of less than 0.1 mD and compressive strength of at least 7 MPa (API Task Group
on Cements for Geothermal Wells, 1985) [4]. The set cement must be stable in saline brines and
CO,rich environments, resistant to acidic gases and fluids. In addition, geothermal cements
must withstand thermal shock conditions where they encounter large temperature variations
and provide good corrosion protection of the casing. The majority of geothermal wells are
cemented with silica-stabilized Portland cement composites.

Portland cement systems have difficulties with carbonate present in many geothermal wells.
Calcium silicate hydrates convert to calcium carbonate and amorphous silica at high carbonate
concentrations even at low temperature [5]. Even the systems with low calcium-to-silica ratios
traditionally used to withstand carbonate attacks are not stable under geothermal conditions
with high CO, content [6, 7]. Both high-temperature calcium-silicate hydrates formed at low
calcium-to-silica ratios, tobermorite and xonotlite, are sensitive to carbonation. Decrease of
silica, proposed as a measure to improve resistance of Portland cement-silica blends to car-
bonate, produces weaker cement but allows calcium hydroxide formed at low silica content
to react with carbonate and form a dense protective layer that slows down cement degra-
dation [8-10]. Various organically-modified Portland-based systems or “synthetic cements”
have been proposed for the use in aggressive geothermal environments but their applications
are limited by polymers high temperature stabilities [11-13]. To address the difficulties of
cementing geothermal wells oil well cements modified with alumina [14] and alternative,
calcium-aluminate-cement (CAC) based systems were studied and developed specifically for
geothermal well applications [15-19]. Chemical bond calcium phosphate blends (CaP) con-
sisting of calcium-aluminate cement, fly ash, type F and sodium polyphosphate have been
successfully used for cementing geothermal wells [20].

Studies on alkali-activated cement composite of calcium aluminate cement and fly ash F
(thermal shock resistant cement, (TSRC)) demonstrated excellent performance under various
stresses of simulated geothermal environments [21, 22], and outstanding CS bond durability
[23]. Further work showed that TSRC has self-healing properties, which is ability to recover
its compressive strength and seal the cracks at temperatures up to 300°C [24].

In this chapter the properties of chemical bond calcium phosphate cement and alkali-
activated cement composites have been revisited and updated to allow for better understand-
ing of cement behavior under conditions of geothermal wells and in other applications in
aggressive environments. Properties of the blend of class G oil well Portland cement modified
with silica are presented as a benchmark.
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2. CaP cement and TSRC performance under stresses

2.1. Chemistries and mechanisms of CO,- and acid-resistance: cement matrix

Both CaP cement and TSRC major components are CAC (Secar #51 and Secar #80 respectively)
and fly ash F (FAF). Table 1 shows oxides composition of these CACs, class G cement and fly
ash F. The XRD data identify three crystalline phases in CAC #80, corundum (x-Al,0,), cal-
cium monoaluminate (CaO-Al,O,, CA), and calcium dialuminate (CaO-2A1,0,, CA,) and #51

CAC has CA as its dominant phase, coexisting with gehlenite [Ca,Al(Al, 5i),0,] and corun-
dum as the secondary components.

CaP is formed by chemical reactions between #51 CAC, FAF, and sodium hexametaphosphate
[SHMP: (NaPO,) ]. These reactions take place in two stages —firstly, a fast chemical reaction between
sodium polyphosphate and calcium ions released from calcium aluminate cement takes place with
formation of calcium hydrogen phosphate. It further reacts with calcium aluminate cement form-
ing hydroxyapatite. Aluminum released by CAC forms aluminum oxide hydroxide, boehmite.
Secondly, the fly ash reacts with sodium ions from sodium polyphosphate at high temperatures
with formation of analcime. The reactions may be summarized by the following equation:

CaO- AL O,(Ca0 - 2A1,0,) + AL O, - 2Si0, (SiO,) + [NaPO,| >
Ca, (PO 4)3(OH) +Na,ALSi, O 48(HZO)8 +AIOOH
Carbonation of CaP cement matrix proceeds with formation of very stable carbonated apatite
from apatite and cancrinite from analcime. The analcime > cancrinite transition results in
increased matrix porosity and some loss of the strength, which however stabilizes after longer
curing times [16].

Ca, (PO,) (OH) +H,CO, - Ca, (PO,) -CO,+H,0

Na,ALSi O 48(H20)8 +H,CO, — Na,[(AlS),,0,,CO,| -3H,0
Since CaP cement generally develops high initial compressive strength of more than 35 MPa,
the reduced strength of about 20 MPa after the carbonation is still more than sufficient for all
the cement functions in a well.

Component Oxide composition, wt%

AlLO, CaO SiO, Fe,O, Na,O K,0 TiO, SO,
Class G cement 2.9 66.0 18.0 3.8 0.3 1.3 54
CAC, #80 75.2 247 — 0.1 — — —
CAC, #51 451 49.7 - 2.8 - - 2.4
FAF 35 27 50.0 71 0.30 3.1 1.6

Table 1. Oxide compositions of cement blends’ starting materials.
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TSRC is formed by reactions of CAC#80, FAF and sodium meta-silicate. In the case of TSRC
reactions are more concomitant than in the case of CaP cement. CAC and SMS-activated FAF
react with formation of aluminum oxide hydroxide from Al of CAC, calcium-aluminum-sili-
cates from ions released by all cement components and zeolites from FAF and SMS reactions.
The reaction with formation of calcium-aluminum-silicate, high-temperature zeolites, anal-
cime and hydroxysodalite, at 300°C can be written as follows:

CaO-ALQO, (CaO . 2A1203) +AL0O, - 250, (SiOZ) +Na,0 - nSiO, >
CaAlSi O, +Na,AlLSi, O, (HZO)8 +Na,AlSi,O (OH) + AIOOH
Katoite and katoite silician, hydrogrossular and other zeolites (thomsonite, garronite, Lind A)
form at lower curing temperatures.

Wet carbonation of TSRC matrix proceeds with formation of carbonated zeolite, cancrinite as
in the case of CaP cement:
Na,ALSi O, (HZO)8+H2CO3 — Na,[(Alsi) ,0,,CO,| - 3H,0

Since CaP and TSRC are both blends of CAC and FAF many of their hydration products are
similar. Specifically, the hydration products of the common phases (CAC and FAF), such as
boehmite, calcium-aluminate, katoite, calcium-aluminum silicates dmisteinbergite/anorthite,
and analcime are present in both cements. Some other products are specific for the reactant
(sodium polyphosphate)/activator (sodium meta-silicate) used in the blends. They are apa-
tite (a product of CAC and polyphosphate reaction) in CaP cement blend, silicon-rich phases
such as katoite silician and more zeolites because of the faster alkali activation of FAF by
sodium-meta-silicate in TSRC. These zeolites are more silica-rich than for CaP cement. They
include Lind A, thomsonite and sodalite depending on hydration temperature. As a result of
similar mineralogical composition, the responses of these two cements to many stress environ-
ments are also similar.

Specifically, in carbonate-rich environment one of the main carbonation products is stable CO,-
contaning mineral cancrinite [16, 24]. CaP also forms carbonated apatite. In the case of sulfuric
acid attack calcium reacts with sulfates forming anhydrate in both cements and the remaining
alkali aluminume-silicates provides structural stability of the acid-treated matrix [22].

A noticeable difference in the phase composition development of the two cements is fast for-
mation of CaHPO,(H,0) , chemical reaction product in CaP at 90-101°C and no visible reaction
of FAF for the first 25 days under these conditions. In fact FAF has a low reactivity at low pH
(~6.6) of CaP cement. On the other hand TSRC hydration products include crystalline zeolite
(zeolite A, gismondine) already after 22 days at 85°C due to the fly ash F activation by sodium
meta-silicate present in the composition of that cement [25]. Due to the dissolution of sodium
meta-silicate with release of sodium ions TSRC slurry is highly alkaline (pH~13). While fast
chemical reactions of CaP cement allow fast early strength development, faster FAF reactions
in TSRC may be important in acidic environments where low permeability is required to limit
acid penetration into the cement matrix causing its deterioration. In the case of CaP cement
such penetration may take place along the non-reacted FAF particles at early hydration times.
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The phase compositions of the cements depend on temperature, curing time and curing regime
(how fast the final temperature is reached). If the cement sets and rests for some time at lower
temperature (e.g. pumping temperature of below 100°C) before the high final temperature is
reached, the low-temperature stable phases may still be present after high-temperature cur-
ing. For example, Linde A zeolite that forms in TSRC cured for 3 days at 85°C persists after
7-day curing at 200°C but disappears if the sample is cured at 300°C [25]. Another important
factor of the curing regime is whether CAC and FAF react consecutively or simultaneously.
At lower temperatures the hydration starts with more reactive CAC especially in the case
of CaP cement that does not have alkali activator for FAF. As a result calcium aluminate
hydrates (katoite) and chemical reaction products (calcium-hydrogen phosphate and apatite)
form when the temperature increase is slow. If the temperature rises fast enough for both
CAC and FAF to react simultaneously or close in time mixed products containing starting
materials from both CAC and FAF form (dmisteinbergite) along with the reaction products of
CAC (apatite), and FAF (analcime) reacting separately. Table 2 summarizes possible crystal-
line phase compositions of CaP and TSRC at different temperatures after short curing times
(<5 d). It can be seen that in the case of CAP cement zeolite analcime becomes one of the major
phases only at high temperature of 300°C.

2.2. Thermal shock and corrosion protection: cement-carbon steel interface

Portland cement modified with crystalline silica for high-temperature cementing applications
in underground wells generally demonstrates a poor bonding to CS casings. The annuluses
formed along the cement-casing interface because of the poor cement bonding may cause
fluids and gas migration, contamination of underground formations, severe casing corrosion,
and, in the worst case scenario, catastrophic well collapse events. To overcome the problem
slurries are modified with organic additives such as latex-based bonding aids/gas migration

Temp.  Major phases Minor phases

CaP TSRC CaP TSRC

~100°C  Hydroxyapatite Gibbsite, Linde A Boehmite, Katoite, gismondine
calcium
hydrogen
phosphate

~200°C  Hydroxyapatite Katoite, thomsonite, Katoite, Sodalite/hydroxysodalite,
gismondine; boehmite; dmisteinbergite, boehmite; analcime
calcium
hydrogen
phosphate;

P-type zeolite;
analcime

~300°C  Dmisteinbergite Dmisteinbergite, Anorthite, Boehmite, gismondine, muscovite,
analcime, calcium margarite
hydroxysodalite, hydrogen
boehmite phosphate,
Boehmite

hydroxyapatite,
analcime

Table 2. Short-term crystalline-phase compositions of TSRC and CaP cement at different temperatures.
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prevention products. Although costly, such additives noticeably improve bonding strength of
cement but also impose temperature limitations. The products does not survive temperatures
above ~200°C on one hand and slow down cement hydration and, as a result, compressive
strength development at ~60-85°C. Set retardation of latex-modified slurries at temperatures
above ~120°C for placement in the wells may be also problematic.

Calcium-aluminate-cement containing blends have stronger CS bond and bond durability
under various stress environments [23]. Further work showed that TSRC is able to recover
its compressive strength and seal the cracks after imposed damage at temperatures up to
300°C [24]. It was demonstrated that the strength recovery of TSRC could be further enhanced
to above 100% by addition of micro glass fibers (MGF, see below). Performance of MGF-
modified TSRC, CaP and G/SiO, blend sheath samples with CS in thermal shock tests was
evaluated. In these tests all the blends were modified with 5% by weight carbon micro fibers
(for more information see [23, 26]) and with 5% micro glass fibers (Fiber Glast Development
Corporation, part #38; 16 x 230 micron diameter x length) to improve their “self-healing”
performance. Thermal-shock tests were performed on samples of carbon steel tube sur-
rounded by cement sheath. After a day of curing in water at 300°C the samples were dry
heated to 350°C for 24 hours and then cold water of about 20°C passed through the tube. The
dry heat-cold water cycles were repeated up to 7 times. The thermal shock tests reduced the
bond strength of all tested composites consistent with earlier reports [23, 26]. After 7 cycles
the TSRC and CaP samples developed very thin cracks (“hair cracks”). The G/SiO, formula-
tion developed noticeable wide crack that was getting wider during the heating period and
narrower during the cooling (Figure 1). As expected both calcium-aluminate cement-based
blends showed a stronger initial bonding and significantly better thermal shock resistance
than class G blend. Furthermore, TSRC, developed to withstand large temperature variations,
outperformed CaP in both the initial shear bond strength and the strength remaining after the
tests. The composition difference that allows the better performance of TSRC at the interface
with CS and in thermal shock tests is higher alkalinity of the slurries due to the presence of
sodium-meta-silicate and as a result faster activation of fly ash F than in CaP cement blends.
It was reported that the presence and reactions of FAF mostly contribute to the thermal shock
resistance of blend cements [27].

High pH of TSRC slurries also helps corrosion protection of the CS. Figure 2 shows CS cor-
rosion rates, cement layer thickness and appearance of CS plates after the corrosion tests
for CaP, TSRC and G/SiO, blends. The samples cured at 300°C for 1 d before the lap-shear
bond strength tests (two CS plates bound by a thin layer of set cement are pulled apart) were
exposed for 5 more days to the curing environment. Then electrochemical measurements
were taken on three different locations for each sample to obtain corrosion rate. In addition,
cement layer thickness was measured. During the lap-shear bond strength tests the samples
underwent different failure mechanisms. In the case of class G/SiO, blend the bond between
the cement layer and CS broke leaving CS plate for the most part free of cement and exposed
to corrosion (adhesive failure). For TSRC the break happened inside the cement layer (cohe-
sive failure) with some cement left on the CS plate providing its corrosion protection. CaP
cement underwent mixed failure mechanism with partial cement coverage left on the plate
after the bond tests.
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Figure 1. Shear bond strength and appearance of cement-CS sheath samples hydrothermally cured at 300°C and
subjected to 7 cycles of thermal shock tests.

The appearances of the samples show clear signs of corrosion of class G/SiO, covered CS plate
and some corrosion spots on the plate with CaP cement. TSRC samples do not have signs of
corrosion. This observation is confirmed by corrosion rate and cement thickness data — show-
ing the lowest corrosion rate and the thickest cement layer for the plate with TSRC. Class G
cement blend provides the least corrosion protection of carbon steel. Figure 3 gives micropho-
tographs and elemental composition of TSRC and G/SiO, cement covering carbon steel plates.
The measurements of iron from the underlying plates are consistent with the cement layer
thickness data — the level of iron from CS measured at the G/SiO2 blend is 5 times higher than
that at TSRC suggesting thinner more porous cement layer for the Portland cement-based
blend than for alkali activate FAF/CAC cement.

An important observation is high levels of Al in the interface layers. Class G cement is rela-
tively poor in aluminum, so the amorphous, aluminum-rich layer protecting carbon steel is
thin. On top of it calcium-silicate hydrate, xonotlite, with short parallel needles is sparingly
spread. In general, the samples with needle-shaped xonotlite crystals exhibit higher perme-
abilities [7]. TSRC on the other hand forms thick aluminum-rich amorphous layer covered
with intertwined rods of zeolite crystals (the bottom part of the microphotograph) acting as a
self-reinforcing material.

In summary, calcium-aluminate cement blends with fly ash F significantly outperformed
high temperature class G/SiO, Portland cement-based blend in bond strength with CS and
its resistance to large temperature variations under the thermal shock conditions. Dense and
thick aluminum-rich amorphous TSRC layer formed on the surface of CS plate and highly
alkaline environment of its slurry provided excellent corrosion protection of CS. Randomly
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Figure 2. Corrosion rate, cement layer thickness and appearance of carbon steel samples with cement layer after
hydrothermal curing for total 6 d at 300°C.

oriented zeolite crystals with rode-morphology provided self-reinforced cement on top of the
amorphous phase in contact with the CS plate. As expected, Portland cement-based blends
underwent adhesive failure in lap shear bond tests. With little cement left on CS the corrosion
protection was poor. The spots of CS covered with remaining G/SiO, blend had thin amorphous
layer covered with needle-like xonotlite crystals that are known to exhibit high permeability.

2.3. Strength recovery after compressive damage

Although strong, cements are brittle and, as a result, are likely to be damaged under various
stresses of geothermal wells. To locate and repair such damage in underground constructions
is very difficult and costly. That is why cements self-healing properties are of particular inter-
est for underground applications. The subterranean geothermal environments offer some spe-
cial conditions for cement self-healing. Particularly, cements are exposed to fluids necessary
for reaction of latent components of cementitious blends and these fluids are rich in ions, both
cations and anions that may participate in formation of new phases contributing to healing of
damaged cements. Dissolution of slow-reacting volcanic ash components in interstitial water
with release of hydroxyl ions and solution enrichment in Na, K, Ca, and Si was shown to result
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Figure 3. Microphotographs and elemental compositions of TSRC (top) and G/SiO, layers on carbon steel plates after 6
d hydrothermal curing at 300°C.

in long-term crystallization of zeolite, Al-tobermorite, and stratlingite reinforcing Roman
marine concretes [28]. Such authigenic mineral cycling when new minerals form through in-
situ precipitation and recrystallization may regenerate geothermal cements with FAF pozzola-
nic component in their composition. High temperatures help to accelerate the process.

Table 3 shows strength recoveries of the three blends after repeated damage and two 5-day
healing periods. Detailed information on experimental set up can be found elsewhere [24].
The brine composition is given in [29]. In these tests 1-day cured samples were compressively
damaged or broken (the compression tests were stopped at the maximum yield point) and
then exposed to the curing conditions for 5 more days. The compressive strength was retested
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Cement system Curing environment (300°C)
Water Alkali carbonate Hypersaline brine
0.05 M NaCO,
Class G/SiO, C B
TSRC A A A
CaP cement C C

Table 3. Cement strength recoveries after repeated compressive damage and two 5 d healing periods. Average recovery
rates after 1st and 2nd compressive breaks for 1 d 300°C- cured samples: A 80-99%; B 60-79%; C < 60%.

after the 5-day healing period. The damage-healing cycle was repeated and the compression
strength recovery data averaged.

The data show that at short curing times TSRC may successfully recover its strength after
repeated damage in different environments. The recoveries of class G and CaP cement blends
are not as good with the exception of CaP cement in hypersaline brine.

As mentioned above one possible mechanism of strength recovery are FAF reactions contrib-
uting to the “healing” process of damaged cements. However, although both CaP cement and
TSRC contain FAF strength recoveries of CaP cement are inferior to those of TSRC and in the
environment of alkali carbonate even to class G blend. One of the reasons for poor strength
recoveries is the brittleness and the strong bond nature (chemical bond) of the CaP blend. Fast
early compressive strength development through chemical reactions of sodium phosphate
with calcium aluminate makes this cement strong but brittle. So the Young’s modulus of the
control CaP blend after 1 d curing at 300°C is 1896 MPa, while for TSRC it is 971 MPa. As a
result wide cracks and fractures form under the compressive damage, making the repairs
problematic. Another possible cause of lower healing performance of CaP cement could be
its lower alkalinity in comparison with TSRC and G/SiO, blends. Under conditions of low
alkalinity dissolution of fly ash and crystallization of healing phases requires longer times or
may not happen at all.

Addition of slowly-reacting components, such as MGF, to the blends helps to improve
strength recoveries (Table 4). MGF react under alkaline conditions contributing sodium, alu-
minum, and silicon to the pore water of the blends. These ions favor formation of zeolites that
at later times may alter to other more stable zeolites or feldspar minerals [30].

In case of MGF additions strength recoveries are improved to above 100% (higher strength
of damaged samples after the healing than the original strength) for TSRC and to 80-99% for
class G/SiO, blend. In addition to the exceptional strength recoveries of TSRC samples opti-
mal selection of pozzolanic materials allows binding cement pieces completely broken off the
samples. The bond strength of such re-adhered pieces can be evaluated from the stress—strain
curves of compressive strength tests. An example of such curve for a TSRC sample broken
into two pieces and then cured at 300°C for 5 days in alkali carbonate environment is shown
in Figure 4. On the curve the yield point (YP) compressive strength is 17.3 MPa. However,
the initial failure (IF) of the sample where the re-adhered piece breaks off can be seen as a
left shoulder with the failure point at 10.8 MPa. Such points of IF allow evaluation of the
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Cement system Curing environment (300°C)
Water Alkali carbonate Hypersaline brine
0.05 M NaCO,
Class G/SiO, A A A
TSRC A+ A+ A+
CaP cement C B A

Table 4. Cement strength recoveries for blends reinforced with MGF after repeated compressive damage and two 5 d
healing periods. Average recovery rates after 1st and 2nd compressive breaks for 1 d 300°C-cured samples: A+ > 100%;
A 80-99%; B 60-79%; C < 60%.
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Figure 4. Strain-stress compressive curve for TSRC sample broken into two pieces and re-bound in alkali carbonate
(0.05 M NaCO,) at 300°C for 5 days; points of breaking off the re-adhered piece (initial failure, IF) and the yield point
(YP) of the sample are shown.

recovered bond strength between broken off cement pieces and cement matrix. In the TSRC
example the recovered strength (10.8 MPa) was above that required by the API task group on
cements for geothermal wells (7 MPa).

The recoveries do not improve as much for CaP blend as for TSRC. This is likely due to sig-
nificantly lower alkalinity of that slurry (pH~6.6), which does not allow fast MGF reactions
and, on the other hand, fast chemical reactions resulting in stable products with little phase
transitions that could help strength recoveries. As mentioned above another reason for lower
strength recoveries in the case of CaP cement is its brittle nature that causes formation of
large, smooth, difficult-to-repair cracks under compressive stresses.

3. Conclusions

Two types of calcium-aluminate cement — fly ash F blends, chemical (CaP) and alkali activated
(TSRC), noticeably outperform common high-temperature well-cement blends of Portland
cement and silica. The factors that contribute to their good performance under conditions of
thermal shock, CO,-rich- and strong-acid environments are as follows.
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Good acid and thermal shock resistance of fly ash F reaction products, formation of stable
carbonation phases, including carbonated apatite from apatite in CaP cement and cancrinite
from zeolites in both CaP cement and TSRC.

The differences in the performance of these blends come from the minor components, sodium
polyphosphate (CaP) and sodium-meta-silicate activator (TSRC). In CaP cement fast chemical
reactions of sodium polyphosphate produce calcium phosphate-containing phases at early
curing times, contributing to the early strength development and CO,-resistance through
formation of stable carbonated apatite phase. The reactions of fly ash F are delayed in CaP
cement because of low ash reactivity at low pH of the interstitial water of this cement. This,
along with the brittle cement nature limits early strength recoveries after cement damage. The
low pH is also unfavorable for corrosion protection of carbon steel.

On the other hand, in TSRC samples sodium meta-silicate creates highly alkaline slurries that
promote fly ash F reactions at earlier curing times than in the case of CaP. Fly ash F reaction
products contribute to strong acid-, thermal shock resistance and high pH favorably changes
the environment for corrosion protection of carbon steel. Excellent strength recoveries for
damaged or broken TSRC samples are possible thanks to the cement’s ductile nature and
highly alkaline pH of its interstitial solution promoting fly ash F reactions with formation of
new healing phases. However, the relatively high (>100°C) temperatures are necessary for fast
early strength development of TSRC, while chemical reactions with the formation of phos-
phate in CaP cement allow fast early strength development over a wide temperature range.

This different natures of the two discussed calcium-aluminate cements may provide impor-
tant advantages when specific properties are required under aggressive environments —
whether it is fast early compressive strength development or formation of tough composites
with regenerative potential.
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Abstract

The term “geopolymer” was introduced by Davidovits in the 1970s. The prefix “geo” was
selected to symbolize the constitutive relationship of the binders to geological materials,
natural stone and/or minerals. Geopolymer is mineral polymers of inorganic polymer
glasses with structure resembling natural zeolitic materials. Previously, geopolymer for-
mation used source materials such as clay (e.g. kaolin and calcined kaolin) or industrial
by-product (e.g. slag and fly ash). The precursor material plays an important role in the
formation of geopolymer. The source material provides silicon (Si) and aluminum (Al)
for reaction by an alkali activator solution. The Si and Al contents in the source materi-
als dissolve in the alkaline activator solution and then polymerize to form a polymeric
Si-O-Al-O framework which becomes the binder. Geopolymeric materials are attractive
because of their excellent mechanical properties; durability and thermal stability can also
be achieved. Owing to their low calcium content, they are more resistant to acid attack
than materials based on Portland cement. In addition, they are of great interest because
of the reduced energy requirement for their manufacture and the higher sustainability.
Recently the search for alternative low cost and easily available materials led among oth-
ers to Clay. Clay generally consists of a mixture of different clay minerals and associated
minerals, which are strongly affected by the nature of the parent rocks. These materials
are extensively distributed over the surface of the world and may show certain reac-
tivity after a thermal activation process shows a great potential to be utilized in geo-
polymer technology. This article presents the potential of different types of clay as the
source materials for geopolymerization reaction in terms of morphological properties.
Moreover, the mechanical and microstructural properties of geopolymer made with vari-
ous kinds of clay and its potential application are also presented.

Keywords: geopolymer, inorganic polymer, clay
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1. Introduction

In 1978, the word “geopolymer” was introduced by Davidovits [1]. In general, geopolymer
is an inorganic polymeric material formed through the reaction between aluminosilicate
sources and highly alkaline silicate solution, followed by curing at ambient or slightly higher
temperature [2]. The formation process is termed as geopolymerization reaction.

Geopolymer has an empirical formula of:
Mn{—(SiOZ)Z—AIOZ} ~wH,0 1)

where M is cation such as K, Na* or Ca”;  is the degree of polycondensation; zis 1, 2, 3 and w is
the amount of binding water. It has three-dimensional Si-O-Al polymeric networks ranging from
amorphous to semi-crystalline. Tetrahedral SiO, and AlO, are linked alternately by sharing oxy-
gen atom as shown in Figure 1. As refer to Figure 1, the terminology of geopolymers can be cat-
egorized into three forms which are poly(sialate), poly (sialate-siloxo) and poly (sialate-disiloxo).
The Al is in IV-fold coordination [3, 4]. This leaves a negative charge in the IV-fold coordinated Al
that is charge-balanced by cations (Na*, K*, Li*, Ca*, Ba*, NH* and H,O"). The charge-balancing
by cations is important in determining the structural integrity and fragility of geopolymers [5].

The cations is usually contributed by alkaline silicate solution which is a mixture of alkali
hydroxides (NaOH or/and KOH) and silicate solution (Na,SiO, or/and K,SiO,) [6-8]. The
alkali hydroxide is required for the dissolution of aluminosilicates while alkali silicate acts as
binder, alkali activator and dispersant or plasticizer [9]. The alkali silicate solution contributes
certain amount of SiO, for the geopolymerization reaction [10].

e P

. 2t Poly(sialate)

Si-Al=1 (-slf ALY Si0s \ p' \gf’ AlO4
A O~ 0O

si-al=2  Poly(sialate-siloxo) OG-0 .-0~T§FO
(~Si~O-Al-0-8i-0-) \i: N/ \D/

oy Poly(sialate-disiloxo) Osg'0 ‘#‘Q:ﬁ?o

SicAl=3 . I i

l (~Si~0-Al-0-8i-0-5i-0) \3‘; \iz’ \O/ \O/
0 0 0

— | - )
Si:Al > 3 Sialate Link 3

Figure 1. Geopolymer systems based number of siloxo Si-O units [2].
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2. Aluminosilicates

The aluminosilicate sources are materials rich in alumina and silica content (e.g. ashes [11-14],
clays [15, 16] or slag [17, 18]). Some other natural and artificial silicoaluminates such as zeolite
[19] and magnesium-contained minerals [20] have also been used as an important source of
Si* and Al** ions in the geopolymer binding system. Normally, the total composition of Al,O,
and SiO, is more than 70%, preferable in reactive amorphous phase [3, 21]. In this book chap-
ter, the utilization of clay or clay minerals in geopolymer formation is discussed.

3. Kaolin/kaolinite

Kaolinite is the most common clay mineral used in geopolymer synthesis. It has 1:1 uncharged
dioctahedral layer structure (Figure 2a) whereby the layers are (Si,0,) * sheet and the AI(OH),
(gibbsite) sheet linked by sharing oxygen atoms. The layers are held together by weak van der
waals and hydrogen bonds leading to the layered structure (Figure 2b).

Figure 2. Structure of kaolinite (above) and microstructure of kaolinite (below) [22].
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4. Metakaolin

Thermal treatment of kaolinite leads to the transformation of crystalline phases into reactive
amorphous phases [7], which is the active constituent that determines the final strength of
geopolymers. The thermal treatment is usually carried out at temperature in the range of
550-800°C which accompanied by dehydroxylation of strongly bounded hydroxyl ions on the
Al-constitutive layer. Thus, kaolinite is transformed into metakaolin.

Metakaolin also has layered structure as kaolinite even after the thermal treatment process.
However, the layer structure appeared more open than kaolinite (Figure 3) [23, 24].

Also, the thermal treatment destroys the hexagonal layer of kaolinite and causes atomic
arrangement that converted the hexa-coordinated Al ions of kaolinite are converted into
penta- and tetra-coordinated Al ions [25]. The amount of penta- and tetra-coordinated Alions
reflects the reactivity of metakaolin [24].

4.1. Clay-based geopolymers

Clays are frequently used as the source materials in geopolymer formation. They have a total
composition of ALO, and SiO, in the range between 70 and 90% (Table 1) wherein the com-
position of clay is dependent on the origin and the geology of the location. Initially, in the
early stage of geopolymer development, kaolin/kaolinite is mostly used as the aluminosilicate
sources [2, 6, 32, 33]. Later, the experimental work has expanded to calcined clays, ashes and
slag. This is because kaolin/kaolinite shows low reactivity with alkaline silicate solution causing
low strength products. It is deemed that the near zero charge between layers and the layered
structure that does not permit the exchange of ions or other element. Hence, kaolin/kaolinite
has low surface area for geopolymerization reaction. According to Heah et al. [34], the low sur-
face area limits the dissolution of kaolin/kaolinite to provide Si* and Al* ions for further reac-
tion. Comparatively, fly ash has greater surface area as they have spherical-shaped particles.

Figure 3. SEM micrograph of metakaolin (800°C for 2 hours) [23].
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Clay/clay §i0, ALO, Fe,O, TiO, MgO P205 Na20 CaO K20 MnO SO3 LOI
mineral

Metakaolin [26] 51.35 44.24 0.98 090 048 045 0.16 013 008 001 — 0.72
Metakaolin [27] 52.1 43.0 0.7 — 0.3 — 0.12 2.5 — — 1.0
Metakaolin [28] 59.7 34.1 0.9 — — 0.2 0.1 — 0.1 1.2
Clay sediment ~ 47.5 15.6 6.7 — 2.4 — 0.3 102 19 — — 15.4
from Occhito

reservoir, Italy

[29]

Clay sediment ~ 50.0 15.9 5.7 — 1.9 — 0.3 6.9 1.7 — — 17.5

from Sabetta
reservoir, Italy
[29]

Kaolinite from  48.92 25.16 7.52 0.86 021 0.16 0.21 068 1.4 0.01 294 1193
Hiswa, Jordan

[30]

Kaolinite [31] 49.35 36.03 0.20 0.02 002 — 0.04 0.02 229 — — 11.94
Kaolinite [31] 40.86 39.87 0.39 046 012 — 0.01 012 017 — — 17.91
Kaolinite [31] 42.66 40.92 1.12 045 004 — 0.14 014 009 — — 14.13
Halloysite [31]  48.12 36.33 0.33 016 — — 0.05 0.04 003 — — 14.8

Table 1. Chemical composition of clays from different origins.

Summary of the compressive strength of geopolymers based on clay/clay minerals is tabu-
lated in Table 2. The strength achieved by geopolymers based on clay/clay minerals is low.
The addition of kaolinite as secondary source of aluminosilicate is necessary in order to
achieve strength. Unfortunately, the use of kaolinite alone in geopolymer is not preferable
as it will produce weak structure [35]. The statement is further supported by van Jaarsveld
et al. [38] who concluded the strength of fly ash geopolymers degraded as the result of high
kaolinite content (41%) addition. The main reason for the deterioration in strength is because
not all kaolinite reacted in the reaction.

If the clays/clay minerals are heat-treated, the mechanical strength of the final products
would increase [35, 39]. Pre-treatment is crucial to increase the reactivity of clays/clay min-
erals. The pre-treatment methods include mechanochemical, chemical and thermal treat-
ments. MacKenzie et al. [40] reported that typical characteristic geopolymers are produced
with heat-treated (200-1000°C for 2 hours) halloysite. Mechanochemical-treated (high-energy
grinding for 20 hours at 400 rpm) halloysite showed less complete geopolymer formation. For
acid-treated (0.1 M HCI) halloysite, the resulting geopolymers were poorly set while alka-
line-treated (0.1 M NaOH) halloysite caused the formation of crystalline zeolites. Thermal
treatment is the most used methods. Successfully calcined clays lead to highly pozzolanic
amorphous phase. For instance, geopolymers from clay sediments treated at 750°C for 2 hours
showed greater compressive strength (6-12 MPa) than those treated at 400°C (1-4 MPa) [29].
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Clay/Clay minerals Strength (MPa) Ref.
KOH NaOH
Almandine 10.3¢ 8.5¢ [35]
Grossular 16.7¢ 14.5¢ [35]
Sillimanite 12.7¢ 6.5 [35]
Andalusite 11.1¢ 8.8¢ [35]
Kyanite 6.8° 6.3 [35]
Pumpellyite 10.8¢ 8.8¢ [35]
Spodumene 13.1¢ 5.0¢ [35]
Augite 6.7¢ 5.0¢ [35]
Lepidolite 4.3¢ 2.5¢ [35]
Ilite 7.1¢ 5.8¢ [35]
Celsian 9.7¢ 8.7¢ [35]
Sodalite 15.0¢ 10.3¢ [35]
Stilbite 18.9¢ 14.2¢ [35]
Heulandite 7.4¢ 5.6 [35]
Anorthite 14.4¢ 6.0 [35]
Kaolin - 2-10° [37]
Clay residues 5.76 — 5.98¢ [38]

‘compressive strength;

fflexural strength

Table 2. Strength result of clay/clay minerals geopolymers.

According to the author, thermally treated clay sediments exhibited improved surface area
toward dissolution and geopolymerization reaction. Apart from the purely clay geopoly-
mers, blended geopolymers are also produced with the addition of other materials such as
calcium hydroxide, slag and ashes with the clay materials as the starting source material.
When calcium hydroxide is added, the strength of the blended geopolymers does not degrade
[41, 42]. Similarly, the addition of 30% slag in metakaolin geopolymers showed improvement
in the mechanical strength. Slag acted as filler in the geopolymer structure and enhanced the
mechanical properties. However, the slag addition is limited to below 50% as it will greatly
deteriorate the strength at content beyond 50% [43]. The high calcium content in both calcium
hydroxide and slag caused the formation of geopolymer matrix as the main phases and the
calcium silicate hydrates (CSH) phases as the secondary phases [27, 43]. This can be clearly
shown in Figure 4.
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Figure 4: SEM micrographs of (a) pure metakaolin; and (b) metakaolin-50% slag geopolymer (a—Geopolymer matrix
and B—CSH phases) [43].

5. Geopolymerization mechanism

Geopolymer formation involves chemical reaction that transforms partially or totally amorphous
aluminosilicates into three-dimensional polymeric networks. The geopolymerization reaction is
exothermic. Under strong alkaline medium, the aluminosilicate sources dissolve into SiO4 and
AlO4 tetrahedral units which later on participate in the polycondensation process [44, 45].

The chemical attack of kaolinite starts from the surface and edge and continues layer by
layer inside the structure (Figure 5) [46]. The Al-substituted silicate layers formed and the
structural deformed Al sites transformed into tetra-coordinated Al sites after attack by alkali
hydroxide (Figure 6) [47].

Davidovits proposed the reaction mechanism as shown in Figure 7. The reaction aluminosili-
cates and alkali silicate solution produced geopolymers with Si-O-Al backbone.

In general, the geopolymerization mechanism is similar for all types of aluminosilicates. Most
researchers agreed that the geopolymerization reaction involves dissolution, polycondensa-
tion and hardening process. The dissolution of aluminosilicates is initiated by presence of
hydroxyl ions in the alkaline silicate solution which releases Si and Al species for further
polycondensation reaction [9, 49]. The geopolymerization reaction is deemed occurs in mul-
tistep simultaneously [38, 42, 50] such as reorganization and diffusion of dissolved ions with
formation of small coagulated structures, solid state transformation and hardening to form
hard solid polycondensation to form aluminosilicate gel phases and dissolution of alumino-
silicates in highly alkaline medium.

In addition, Xu and Van Deventer [51] suggested that geopolymer is formed through Egs. (2)-(4).
Eq. (1) represents the mixing of aluminosilicates with alkali silicate solution. Geopolymer gel is
formed in Eq. (3), while Eq. (4) shows the formation of geopolymer rigid solid.
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Figure 7. Schematic diagram of geopolymer formation [48].
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Figure 8. Graphic model of alkali activation of geopolymers [54].

Al-Si material (s) [Mg((AlOZ)'z (SiOz)b)nMOH -mH, O] 4

According to Provis et al. [52, 53], the final geopolymer gel phase after extended curing process
is different from the initial gel phase. The curing process allows continuous rearrangement
of geopolymer gel phase toward more crosslinking and some zeolite crystals (more ordered
phases) are formed in the geopolymer structure. Similar model is illustrated by Duxson et al.
[54] in Figure 8. The intermediate product (Gel 1) having high Al contents transformed into
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Gel 2 with high Si content as the reaction progresses and finally rearranged forming three-
dimensional geopolymer frameworks.

5.1. Clay-based geopolymer formation

Most usual method to form geopolymer is direct mixing of aluminosilicate with alkali silicate
solution. After mixing, the geopolymer paste is compacted in molds and cured at room tem-
perature or slightly higher temperature (20-80°C). To avoid extensive loss of moisture, the
geopolymer paste is covered with a thin plastic film during the curing process. Besides, other
mixing method has also been studied with different mixing sequences. The aluminosilicate is
firstly mixed with liquid sodium silicate and the NaOH solution is added afterwards.

Based on Lecomte et al. [25], the normal mixing and separate mixing did not lower the degree
of geopolymerization reaction of kaolin/white clay-slag blended geopolymers. However, sep-
arate mixing required additional water for mixing and hence detrimental to the mechanical
strength. A contradict result is reported by Rattanasak & Chindaprasirt [55] based on fly ash
geopolymer. The separate mixing permits more time for dissolution of aluminosilicates pro-
viding more dissolved species for the polycondensation process. This in turn leads to forma-
tion of stronger geopolymers. On top of that, the homogeneity of the geopolymer mixtures is
crucial in order to attain high strength.

Regardless of the different mixing sequence, workability is an important criterion to be taken
into consideration during geopolymer formation. Serious workability problem leads to com-
paction difficulty and produce weak geopolymer structure [23, 34]. For geopolymer based on
clay, it usually requires excess water during the mixing process in order to achieve certain
consistency. The addition of excess water will definitely decrease the mechanical strength
of the final product. Comparison with fly ash geopolymers, the mixture of clay-based geo-
polymer is usually highly viscous and sticky [56]. The layer structure of clay induces greater
inter-particle friction which limits the flowability of mixture. Unlike clay, fly ash has spher-
ical-shaped particles. The imposed inter-particle friction is lesser and can acquire adequate
consistency without addition of excess water.

6. Characterization of clay-based geopolymers

6.1. Morphology

As aforementioned, the kaolinite and metakaolin appears plate-like or layer-like structure.
After the geopolymerization reaction, this layer-like structure changed. The morphology of
clay-based geopolymer appeared sponge-like with globular units (Figure 9). The microstruc-
ture grows and develops over time starting from the precipitation of loosely-packed globular
units on the metakaolin’s particle surface and densification of geopolymer matrix inside and
outside voids [57, 58]. At the beginning the K/Al and Si/Al molar ratios are high due to leach-
ing of Si from liquid sodium silicate. As time passed, more dissolved Al entered the geopoly-
mer system and lowered the molar ratios [57]. Instead of globular units of geopolymer matrix,
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Figure 9. ESEM micrographs of metakaolin geopolymers after (a) 10 minutes, (b) 3 hours, (c) 6 hours, and (d) 9 hours
of mixing [57].

fly ash-based geopolymers revealed smooth heterogeneous geopolymer matrix with remnant
fly ash particles in the hollow cavities due to partially dissolution (Figure 10).

Differently, Wangetal.[59] observed thatthemetakaolin geopolymersarenotcompact. Thelayer
structure is remained in the geopolymer matrix after geopolymerization reaction (Figure 11).
The remnant metakaolin geopolymer might have left and embedded in the geopolymer struc-
ture. Based on Rowles et al. [60], the residual raw particles in geopolymer structure may
weaken the structure. This is because the residual particles act as stress concentration point
that permit propagation of cracks and fractures. To our knowledge, complete geopolymeriza-
tion reaction is not achieved. There must be come residual raw materials left in the structure
after the chemical reaction.

The mechanical strength of geopolymer is affected significantly by the density and porosity
in the structure. High strength geopolymer is associated with low porosity, high dense and
fine-grained microstructure [61].

6.2. Mineralogy of clay-based geopolymers

The X-ray diffraction (XRD) pattern of kaolinite consists mainly of crystalline phases [34]. The
thermal treatment of kaolinite transformed the crystalline phases into amorphous phases.
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Figure 10. SEM micrographs of fly ash geopolymers cured at room temperature for 24 hours and at 80°C for another
24 hours [15].

Figure 11. SEM micrographs of metakaolin geopolymers [59].

The metakaolin retains some long-range order as result of stacking of the hexagonal layers
[62]. Therefore, metakaolin shows semi-crystalline to amorphous pattern with a halo at 20
between 15 and 30° [56]. This diffuse halo represents the amorphous silica in metakaolin [63].
Marked shift in the scattering peak is observed after the geopolymer formation. The diffuse
halo in metakaolin shifted to higher angle. Generally, geopolymers show completely amor-
phous X-ray diffraction (XRD) pattern with a diffuse halo peak at 20 between 27 and 30°
[25, 48, 57, 64, 65]. The primary binder phase in geopolymer matrix contributes to the amor-
phous characteristic and determines the strength of geopolymers. Also, in a study carried out
by Wang et al. [59], the halo diffuse peak of metakaolin geopolymer fell at 20 between 18 and
25°. Increasing Si/Al ratio reduces the angle of diffuse halo [65].

Crystalline phases, particularly zeolites, are usually grown in geopolymers in conjunction
with the amorphous binder phases (Figure 12) [46, 66]. As zeolites have similar chemical com-
position with geopolymers, geopolymers are usually deemed as the zeolitic precursor. The
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Figure 12. XRD patterns of geopolymers from Algerian metakaolin, activated with alkaline sodium silicate solution and
cured at 50°C for 24 h with various Si/Al ratios [66].

main difference between them is that zeolite is crystalline while geopolymer is amorphous.
The growth of crystalline phases is facilitated by the high water content, high curing tem-
perature, aging and also extended curing period [4, 67]. Zeolites are highly porous and have
poor mechanical properties. Some researches [68, 69] claimed that zeolite crystallites reinforce
and improve strength of clay geopolymers. Yet, the long-term strength reduced. Even so, it is
strongly believed that there is a tolerance limit on the crystalline phase’s content within the
geopolymer matrix. Similar trend was reported for fly ash geopolymers [70].

7. Functional group identification

Kaolinite shows FTIR bands around 1113 cm™ (Si-O bonds in SiO, molecules); 994 cm™ (Si-O
bonds in SiO, molecules); 907 cm™ (AIY-OH vibrations); 799 cm™ (SiO-symmetric stretch-
ing) and 537 cm™ (Si-O-AIY) [24, 38, 71, 72]. On the other hand, as the kaolinite is thermally
treated, the band at 1113 cm™ shifted to lower wavenumber (~ 1031 cm™) [23]. This is related
to the amorphous SiO, [25]. The FTIR bands associated with VI-fold coordinated Al vanished
after calcination as a result of distortion of tetrahedral and octahedral sheets of kaolinite [24].
The band at around 781 cm™ appears in metakaolin as the Al-O stretching vibration in AlO,
tetrahedral [73].

As the geopolymerization reaction progresses, shift of bands are observed. Clay-based geo-
polymer exhibits main FTIR absorption band at 990 cm™ associated with the asymmetrical
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Figure 13. Shifts of FTIR bands from Gel 1 (G1) to Gel 2 (G2) [75].

stretching of Si-O-5Si and Si-O-Al bonds [42, 74]. This band is shifted from the band at 1031 cm™
in metakaolin. In addition, this FTIR band becomes more intense as the reaction proceeds
indicating more geopolymer networks are formed. The band is usually shifted to lower wave-
number from raw materials and further shifted to higher wavenumber as a consequence of
curing process. This is because of the changes in the silicate network with more substitution
of non-bridging oxygen and increasing substitution of Al in the silicate sites. This is proved
by the model by Duxson et al. [54] who proposed the transformation from Gel 1 to Gel 2 over
time, aforementioned. This band shift is also observed in fly ash geopolymers (Figure 13) [75].

Another bands at 720 em™ (Si-O-Si/ Si-O-Al stretching), 560 cm™ (tetrahedral aluminum
stretching bands) and 690-440 cm™ (Si-O-Si/ 5i-O-Al bending vibrations) are also present in
clay-based geopolymers [41, 42, 56]. High Si content in geopolymer structure produces stron-
ger geopolymers as the Si-O-5i bonds are stronger than Si-O-Al bonds [76].

8. Properties of clay-based geopolymer

Geopolymers exhibit excellent mechanical and physical properties, such as low density, good
chemical, fire and thermal resistance, high mechanical strength, and so on. Therefore, they are
widely applied in various fields as new materials with high tech application. Geopolymers
harden rapidly. In general, metakaolin geopolymers set and harden within 24 h. Short set
time of 4 h has been reported by De Silva et al. [77] cured at 40°C. Fpr fly ash based geopoly-
mer paste, in another way, sets and hardens faster compared to metakaolin geopolymers.
Accordance to Hardjito et al., fly ash geopolymer can be hardened up to 2 h when cured at 65
and 80°C [78]. However, setting time is significantly dependent on the curing temperature.
The geopolymer will set faster when cured at higher temperature. At 50°C, geopolymeriza-
tion process required 4 h. Furthermore, geopolymerization process needed 1.5 h and 0.5 h
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at 85 and 95°C, respectively [2]. If the geopolymer paste is cured at temperatures lower than
ambient temperature, it might need more than 1 day to set. No degradation in the strength of
geopolymers at 28 days even they set at a longer time, as reported by Rovnanik [74].

The bulk density of metakaolin geopolymers is reported in the range between 1.20 and 1.80 g/
cm®. Thus, lightweight products can be made out of geopolymers. The bulk density reported is
lower than ordinary Portland cement paste and almost or even lower than geopolymers based
on slag and fly ash . For instance, ordinary Portland cement paste has density of more than
1.80 g/cm?® [35] while coal fly ash geopolymers have density in the range between 1.40 to 1.80 g/
cm?® [79, 80]. Bulk density is mainly affected by the curing condition as well as other synthesis
parameters, such as the nature of alkali metal silicate, the type of geopolymers and alkali
concentration. Bulk density decreases with increasing curing temperature [74]. Compressive
strength increses with the increases of bulk density. Almost similar bulk density values were
recorded for K-based (1.39-1.82 g/cm?) and Na-based (1.25-1.72 g/cm?) metakaolin geopoly-
mers. Na-based geopolymers are generally lighter than K-based geopolymers. This is due to
K-based geopolymers are denser and contain fewer pores as aforementioned [65].

From the result obtained by De Silva et al. [77] in Figure 14, high SiO,/ALQ, ratio in the initial
composition shows longer setting and hardening times. Strength development of metakaolin
geopolymers with 5iO,/AlLO, of 3.81 became high and stabilized at a later age, even though
the setting time was longer. Setting time is short providing that there is high AL O, content;
however, it will deteriorate strength due to low SiO, content. Besides, the calcium content in
the precursor materials would definitely affect the setting time. This is due to the fact that the
Ca content provides extra nucleation sites for precipitation of dissolved species and hence
leads to setting and hardening at a faster rate [55].
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Figure 14. Final setting times and compressive strength of metakaolin geopolymers with varying SiO,/Al,O, molar ratios
at constant H,0/Na,O molar ratio of 13.6 [81].
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Geopolymers achieve compressive strength of 20 MPa after only 4 h at 20°C. The 28-day com-
pressive strength of geopolymers could be as high as 70-100 MPa [1]. High strength means
the easier or higher dissolution of source materials, generating more aluminosilicate species,
which are the most important ingredients for geopolymerization process. The reaction extent
of source materials can be measured directly by the compressive strengths of prepared geo-
polymers. The strength of geopolymers is dependent on the strength of gel phase, the amount
of gel phase formed and amorphous nature of the reaction products [73].

On the other hand, geopolymers have excellent thermal stability with low shrinkage (2%).
Geopolymers are stable up to 1000-1200°C [4, 58, 82, 83] and have ceramic-like structure [3].
Geopolymers are dimensionally stable in the working range between 250 and 800°C, accor-
dance to Subaer and van Riessen [84]. In order to improve the thermal properties of geopoly-
mers, filler (e.g. granite or quartz) and foaming agents (e.g. Al powder, hydrogen peroxide)
have been added during geopolymer mixing. Addition of quartz or granite reduced shrink-
age to 1% [85]. In addition, based on Rickard et al. [86], foamed geopolymers reinforced with
polypropylene fibers achieved fire rating of at least 1 h (Figure 15).

Foamed geopolymers have good potential for ambient application as thermal insulator while
exhibiting low density and compressive strength. For fire resistance application, materials
must have very low thermal conductivity and resistance to thermal damage as to achieve the
similar fire rating. Contradict result was reported by Elimbi et al. [87], whereby metakaolin
geopolymers decreased in strength when heated between 300 and 900°C. It was explained
due to the progressive transformation of geopolymer matrix into crystalline phases. The
metakaolin geopolymers were warped and glazed with cracks at 1000°C.
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Figure 15. Cold side temperatures during the fire testing of four mixes of metakaolin geopolymers [86].
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Figure 16. SEM micrograph of kaolinite geopolymers subjected to acid attack test after 90 days [30].

Geopolymers possess high perseverance in acidic and alkaline media [68, 88]. Comparatively,
they are more stable under alkaline medium. No deterioration in mechanical properties when
immersed in sea water (pH = 8) and sodium sulfate solution (5% Na,SO,) up to 360 days. On
the other hand, geopolymers were severely attacked when immersed in HCI solution for long
period. Compression strength decreased while mass loss of samples increased. This was prob-
ably due to the de-aluminum of geopolymer structure in highly acidic medium. De-aluminum
leads to mass loss of geopolymer structure as the consequences of SiAOAAl bonds break that
form more silicic acid ions in acid medium. The microstructure of the produced geopolymers
became more porous (Figure 16) [30].

Drying shrinkage is shrinkage of the geopolymer matrix as a result of the loss of unbounded
water during the curing process. As aforementioned, the addition of filler minimizes shrink-
age of geopolymer samples. In general, shrinkage occurs in greater tendency in materials
with higher content of finer materials than those with high content of coarser materials [89].
For instance, for geopolymers with sand filler, the drying shrinkage recorded was 0.01% at
180 days. However, for geopolymers without sand filler, the drying shrinkage fluctuated
between 0.03 and 0.04% [30].

9. Applications of geopolymers

Geopolymers have great potential for variety of applications. Some applications have been
successfully commercialized and marketed such as PYRAMENT blended cement and
GEOPOLYMITE binders. GEOPOLYMITE binders have been used in several fields such as
molding, tooling, foundry work, building’s thermal insulation and furnace insulation while
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PYRAMENT blended cement has been adapted in civil engineering in the production of pre-
stressed and precast concrete [90].

Besides, geopolymers have been used to produce high-quality brick and tiles. Previously,
kaolinite geopolymers are formed through low-temperature geopolymeric setting (L.T.G.S.)
followed by ultra-rapid fire at 1000-1200°C to form bricks and tiles [4]. Up to now, this simi-
lar method has still being investigated by several researchers [91]. The geopolymer ceramics
are non-burning and fire resistant. Furthermore, a new development of ceramic materials is
compressing geopolymer powder using powder metallurgy method followed by sintering at
1000-1200°C [92].

In 1994, fireproof geopolymer fiber-reinforced composites have been used for aviation appli-
cations as aircraft composites and cabin interiors (floor panels, sidewalls, ceiling and par-
titions) to eliminate cabin fire during the aircraft accidents. The idea was arised from the
problem of the existing plastic materials that were combustible and emitted flammable gases
when they burnt. Besides, geopolymers have been used by Formula One teams in car manu-
facturing due to its corrosive, fire and heat resistance [4].

Concern toward lightweight materials for easy transportation and less energy consump-
tion has led to lightweight concrete materials from geopolymers in civil engineering [93].
Furthermore, the lightweight concrete facilitates structural loading bearing and acts as ther-
mal insulator [94]. Studies on foamed geopolymers in thermal insulation materials for housing
construction have also been studied [95]. Zhang et al. [96] made reflective and heat insula-
tive coating from geopolymers. With the addition of pigments and fillers (such as hollow
glass microspheres, talc powder and titanium dioxide), wetting agent, dispersing agent and
water-retaining agent, the coating produced has 90% reflectivity and thermal insulation per-
formance up to 24°C. Apart from thermal insulative properties, the synthesis of geopolymer
for acoustic insulation has been reported by Hung et al. [97]. Geopolymers can adequately
and potentially become sound insulating materials in construction and buildings. The density
of geopolymer matrix affects the noise reduction coefficient.

In addition, according to Temuujin et al. [98], geopolymers are capable of anti-ultraviolet and anti-
aging, which made them suitable as coating for exterior wall building to conserve energy. The
studies on the thermal and fire performance of geopolymers have also been reported elsewhere
[81, 99-101]. As mentioned earlier, geopolymers have molecular structures to resemble zeolitic
materials. As such, they are able to immobilize toxic waste or heavy metals as they can absorb and
solidify toxic chemical waste. This is beneficial to the immobilization technology [84, 102].

Porous geopolymers were prepared by Okada et al. [89] for use in cooling system. This idea
was come about due to high water retention properties or slow water releasing properties
of geopolymers. This makes geopolymers suitable for surface cooling by water evaporation
that helps to curb the rising earth temperature due to human activities and country develop-
ment. Potential use of geopolymer in infrastructure rehabilitation was suggested by Pacheco-
Torgal et al. [103]. Geopolymer paste can function as sealer for structures and replaced epoxy
adhesives in fiber-reinforced polymer retrofiting. Almost similar research was carried out
by Geraldes et al. [104], whereby geopolymers are used as restoration materials for tiles. In
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order to further enhance the usage of geopolymers in civil engineering, researchers have
investigated on one-part geopolymer system [105-107], whereby geopolymer mixture can be
prepared by just adding water. The interest of this study is caused by the limitation of geo-
polymer technology for in-situ application which lowers its economical value.

n recent year, the study on geopolymers moves toward application as biomaterials. As proven
by Pangdaeng et al. [28], geopolymer has good bioactivity and it is improved by the addition
of white Portland cement. On the other hand, geopolymer as drug delivery system has also
been studied by Jamstorp et al. [108] and Cai et al. [109]. Based on them, geopolymers possess
variable pore-structure for the release of drug at target cell. This again extends the application
of geopolymers in the medical fields.
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