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Abstract

Recycling of concrete: Dehydration and reactivation of cement
Keywords: cement, recycling, concrete, mortar, dehydration, reactivation

By Susana Gil Sayas
Master’s Degree in Chemical and Materials Engineering, 2017-2018

The main objective is to compare different recycled mortars to conclude which one maintains
better mechanical and thermal properties after the recycling process. The compared mortars
are formed by a combination of different cement pastes (with Ordinary Portland Cement and
blast furnace slag), different activation solutions (water and alkaline solutions) with different
proportions of the water-to-cement ratio (water or other solution) and molarities.

The methodology followed starts with the preparation of cement pastes with fresh cement and
water, which are heat up (dehydrated) and reactivated with other solutions (water and alkaline
solutions, blast furnace slag and fresh cement, to analyse the influence of each product. The
reactivated cement pastes are mixed with sand to prepare recycled mortars. These mortars are
compared using mechanical test (compressive strength test) and doing a thermal study with a
calorimeter and thermogravimetric analyser.

The results show that mortars after the recycling process do not achieve the same properties as
fresh or new mortars. But it is seen that the addition of slags and alkalis increases the reactivity
of recycled cement, but the compressive strength obtained with alkalis is very low. That is why
the main conclusion is that the addition of alkalis gives less strength due to the low workability
of the mortars. Also, cement without slags mixed with alkaline solutions does not react as much
as mixed with water. In addition, a decrease of water (or other solution) content increases the
compressive strength but decreases the reactivity of the mixture. And lower molarity increases
the compressive strength, but no difference is seen in the reactivity when comparing it with
higher molarity (comparison between 0.5 and 1M).
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PART I: Introduction to the recycling of cement

The first part is a description of all concepts about cement and concrete (production and
chemistry) necessary to follow the present Master Thesis, as well as its objectives and
organization. Also, there is a basic explanation about the procedure to recycle cement and the
justification of the need of recycling cement nowadays. But why nowadays? To know the reason
is necessary to understand one of the most popular calculation methods of environmental
impact: Life Cycle Assessment, described at the end of the chapter.

Chapter 1: Introduction
1.1.General aspects of the industry of concrete

Concrete is used in construction and civil engineering mainly, but recently it has started being
used in other applications thanks to the properties that confer new additives, i.e. concrete with
fibres for countertops or tiles 1.

In addition, concrete made of Ordinary Portland Cement (hereafter "OPC") is one of the most
important materials since the Industrial Revolution the 18" Century, arriving at 1.5-3 tons/year
per capita in the industrial world. The main reason of this is its high compression or compressive
strength -as noted above-, the simplicity of the extraction of materials and the process, as well
as the fast velocity of fabrication and the easy way to mould it in situ 2. Because of all these
advantages, concrete is an unrivalled cheap material.

The process of fabrication of concrete, mortar, cement and other products of this sector
generate however a lot of emissions to air (especially), water and soil. So, the main problem of
using them is the environmental impact in almost all stages of its life: since the extraction of the
raw materials to the waste treatment of the used products (explained in detail further on).
Therefore, researchers are looking for new methods to reduce the environmental impact. One
of the solutions proposed is using Construction and Demolition Wastes (CDW) as raw materials,
because their waste treatment is a priority in the European Union -due to its volume (around
25-30% of the wastes generated in EU) and its high weight- and lots of the materials that
compound them can be recycled 3.

1.2. Need of recycling and problem statement

As earlier pointed out, Europe has an issue with the waste treatment for CDW, but other
problems are linked with the cement industry: the shortage of raw materials (i.e. limestone and
clays) and the negative environmental impact due to mining by quarrying and the emissions
released to the atmosphere. A solution to solve the issues with concrete waste and shortage of
raw materials is by recycling concrete to produce new cement. By doing this, also the emissions
related to the quarrying would be eliminated. It is complicated to eliminate all the emissions,
because also the recycling process would emit, directly or indirectly, but it would decrease the
absolute amount of pollutants emitted to the atmosphere.

1
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If one analyses the concrete sector, it is seen that it is the biggest of the world, in accordance
with the European Pollutant Release and Transfer Register (hereafter "E-PRTR") *. Since 1950
the worldwide production of this sector increased almost 800% (Figure 1) but, as seen in Figure
2: World cement production in 2015 7, this situation is due to the fast growth of China in the last
decades. The Figure 1 is taken form CEMBUREAU, the European Cement Association formed by
all the national cement industry associations and cement companies in the European Union
(except for Malta and Slovakia) and Norway, Switzerland, Turkey and Serbia °.

300 Cement Production, EU28,

Worldwide million tonnes
W | memss Europe 250 1 | B | mNet CO, emissions, EU28,
- million tonnes

MILLIONS OF TONS

EAR 1990 2000 2005 2006 2007 2008 2009 2010 2011 2012 2013

Figure 1: Evolution of cement production. Since 1950 to 1995 ° (left), since 1990 to 2013 in EU “(right).

Also, more recent information about the world cement production published is found in the E-
PRTR web page (Figure 2), where it is shown that China produces around the 51.3% of worldwide
production.

World cement production 2015,

by region and main countries, %
Oceania, _ CIS, CEMBUREAU, Europe
03% \ 2. l% 54% (excl.

China,
51 3%

o _CEMBUREAU),
(uel. USA).
USA
18%
4 7%
(olcl. China, -~
Japnn nau)

- Japan,
Indla, / 13%
59%

Sowrce CEMBUREAU
Figure 2: World cement production in 2015 7.

According to the Lansink's Ladder waste hierarchy, the priorities of waste treatment should be:
to reduce the consumption of the natural resources, re-use products (second-life products),
recycle materials, valorisation of materials (energy recovery), incineration without energy
recovery and lead wastes in landfill, as last option 8. The problem is that the changes must be
done in all the world because gaseous emissions are spread in the globe's atmosphere, so it
must be a decision of all countries to make a real difference. This is a very difficult political issue.

2
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The main problem with making an international policy is that industrialization in the 19 and 20"
century of developed countries made them grew and evolved faster than other countries. This
progress generated an important amount of pollution worldwide and nowadays these
developed countries have realised the problems. So, the international policy they want to apply
is to reduce emissions worldwide, but the problem is that undeveloped countries are now
experiencing an industrialization period as the developed countries had decades ago, so denying
undeveloped countries to evolve and grow to achieve the same point as the developed countries
seems unfair because it maintains the underdevelopment of poor countries and the superiority
of developed countries. However, trying to change the way the European industry works to
improve the environment is better than continue as before, so implement recycling policies in
the European Union is an important decision.

The CO, emissions to the atmosphere are the reason why the cement industry is so polluting,
because they have an influence in global warming. The cement industry produces the 8% of
worldwide emissions of CO,, around 850 kg of CO, for one ton of clinker or 780 kg for one ton
of Portland cement (see difference in section 1.2.1 Concrete and cement production), of which
mostly is due to the calcination of limestone: around 500 kg of CO,/ton of clinker °. Analysing
again the E-PRTR web page, it is found that the CO, emitted (using fossil fuel and biomass) was
107,367,000 tonnes in Europe during 2015 (Table 1). The real polluting CO, comes from the
combustion of fossil fuels, but it is very difficult to know the real data if the facilities do not
separate their emissions. The reason why the polluting CO, comes from fossil fuel is because
biomass balance in CO, emissions is neutral: when biomass is burned, CO; is released into the
atmosphere, but during the growth of organic matter, CO, is absorbed. In this way the cycle
closes and the level of CO, emission in the atmosphere remains constant 1°. So, biomass energy
does not contribute to climate change.

Table 1: Greenhouse gasses emissions of cement industry in Europe during 2015, adapted from E-PRTR 1

Releases per country Facilities ‘ Air
Greenhouse gasses 187

CH4 1 140 t

CO, (biomass + fossil fuel) 185 107,367,000 t
HFCS (hydrofluorocarbons) 1 309 kg

N.O 14 266.6t
Non-specified greenhouse gasses 1 541,000 t

Besides CO,, there are also other polluting gasses such as CH, which have a very high impact. To
compare the emissions the following calculation must be done using the Global Warming
Potential (GWP). GWP is a coefficient of the relative measure about the impact of greenhouse
gasses in the heat trapped in the atmosphere. Because each gas has a different impact in the
atmosphere warming, the GWP of a certain gas is normalised by the impact of the same amount
of COy; in this way, different GWP can be comparable between gases. GWP compares the heat
trapped by a certain gas with the heat trapped by the same amount of CO; in a specified period
12 For example, in 20 years the relative impact of methane compared to carbon dioxide is 3
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Comparable CH4 emissions = Absolute CH, emissions - CHs GWP for 20 years =
=140 (t) - 56 = 7,840 (t)

Comparable CO; emissions = Absolute CO, emissions - CO; GWP (reference) =
=107,367,000 (t) - 1 = 107,367,000 (t)

When comparing the methane emissions, their real impact in 20 years is 56 times higher than
CO; impact: the emission of 140 tonnes of CH,4 is equivalent to emitting 7,840 tonnes of CO,, so
the CH4 is more polluting but the absolute amount emitted is much lower than CO,. So, even
comparing these results, the impact of the CO, emissions to the global warming is the worst.
That is why focusing on CO; emissions is a more efficient decision.

1.3.Recycling of concrete

As explained before, nowadays the need for recycling concrete is a reality. The process of the
production of OPC are discussed in detail and the chemical reactions are explained in Chapter 2:
but the main idea of the recycling process is very basic: separating the different constituents of
used concrete between completely inert and (somewhat) reactive materials (which can be
reactivated to be used again). These useful constituents need to be transformed to a chemical
structure similar to the raw materials: to achieve this, they are heated up to make the initial
chemical phases appear again (called dehydration of cement). This recycled cement powder can
be mixed with a solution and aggregates to produce concrete, following the same procedure as
the first-life concrete. The step of mixing recycled cement with a liquid is called reactivation of
cement, because the compounds give concrete its compressive strength again.

The main problem of recycling of concrete is the loss of compressive strength: the final
compressive strength after the reactivation of cement is lower than the compressive strength
of the used concrete (the initial one). So, a good way to reactivate the cement paste (without
the loss of properties) is needed to achieve the aim of reduce the emissions. Also, it is important
to point out that there exist different types of concrete with different requirements for the
minimum compressive strength, so the recycled concrete can have another target than the
concrete it is made of. According to International Building Code (IBC) (Section 1905.1.1) the
minimum specified compressive strength for structural concrete is 17.3 MPa and lower
compressive strength can be acceptable for non-structural concrete. For each application of the
concrete there a compressive strength requirement, shown in Table 2.

Table 2: Compressive strength requirements 4

Type or location of concrete construction Specified MPa

Concrete fill (non-structural) Below 13.8
Basement and foundation walls and slabs, walks, patios, steps and stairs | 17.3 - 24.2
Driveways, garage and industrial floor slabs 20.7-27.6
Reinforced concrete beams, slabs, columns and walls 20.7 - 48.3
Precast and prestressed concrete 27.6-48.3
High-rise buildings (columns) 69 - 103.5
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Recycled cement can be used in non-structural concrete due to the low compressive strength,
but of course, the better solution is trying to achieve a higher strength. That is the reason why
the objective of this Thesis is dehydrate the used cement and try to reactivate it with different
solutions and aggregates.

Chapter 2: State of Art

2.1.Concrete and cement production

As seen in Chapter 1, concrete is the most used construction material. It is composed by a
granular skeleton of inert particles and a cement-based matrix that acts as binder for all the
compounds. The matrix is cement or another binder, mostly mixed with water to activate the
cement. The skeleton can be formed by lots of types of materials such as sand, gravel and stones
of different granulometries. Ordinary Portland Cement is “hydraulic” because it reacts with
water (explained below). Also, other active or inert additives can be added to confer other
properties to the concrete, like resistance to specific environments. In the concrete sector, the
mixture of cement and water (or other liquid) only is the "paste" and the sand, gravel or crushed
stone is called "aggregate". If the paste includes more compounds than only OPC, it is called
“glue”. The difference between "mortar" and "concrete" is the size of the aggregates, the mortar
having the finest ones like sieved sand or crushed rock (diameter < 9.55 mm) and the concrete
having gravel or rock chippings, called “coarse aggregate” (9.55 mm < diameter < 37.5 mm) %°,
The creation of mortar or concrete is due to the hardening of the paste during a chemical
reaction known as "hydration", which provides physical properties like high strength 6. The
hydration process is divided in two steps: dissolution of ions and precipitation of new solid
phases 7. So, first it is needed to know the compounds of the cement to understand the
chemical reactions. To accelerate the reading, a specific nomenclature is used in the cement
industry to name the compounds, seen between brackets with the chemical name and listed in
Appendix I: Cement Chemist Notation.

As noted above, the cement is a binder (also known as conglomerate) manufactured basically
by two inorganic materials: limestone and clay. The limestone is a sedimentary rock formed by
different compounds such as calcium carbonate (CaCO; or Cc) or calcite (the mineral form),
some traces of dolomite (CaMg(COs);) and other kind of carbonates, like siderite
(iron(ll)carbonate, FeCOs or Fc). Clay is a sedimentary rock formed by clay minerals (hydrous
aluminium silicate minerals), quartz (silica, SiO, or S), metal oxides (the most important is the
aluminium oxide, Al,Os or A) and organic matter 18,

When the raw materials are extracted, the first step is to crush and grind the limestone into
powder of 5-10 mm of diameter. The second step is called Homogenization and it starts when
mixing the limestone with the clay, with conveyors and an industrial mill to achieve a mix of 0.5
mm of diameter. The mixture is calcined at 1,450 °C in a rotary kiln in the following step, called
Clinkerization. The rotary kiln has two different parts: at low (1,300 °C) and high (1,450 °C)
temperature. In the first one, the clay is dehydroxylised and limestone is decomposed into
calcium oxide (C), all the reactions happen in the solid state mainly. In the second one, already
about the 25% of the mixture is molten, so the creation of tricalcium silicates (CsS) is the result
of crystallization of the liquid phase, but the rest of the reactions happen in solid state: the

5
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transformation into dicalcium silicates (C.S), tricalcium aluminates (C3A) and calcium ferro
aluminates (namely, C,AF but it is the average composition of C¢AzF and CeAF,) *°.

The chemistry behind all the stages of the cement production is schematized below, from the
raw materials until the hydration reaction in concrete ?°. The raw materials are limestone (Cc +
Mc + Fc) and clay (S + A).

Eq. 1: Rotarykiln: Cc+Mc+Fc+S+A > C3S+ CS + C3A + C4AF

Developed:
5Cc+2S = C3S+C,S+5¢
Cc+A+F = C3A+C/AF

This product mixture of C3S + C;S + C3A + C,AF is the output of the kiln: Clinker, which is formed
as granules of 1 to 3 cm diameter. The clinker needs to be cooled before being manipulated.
Slow cooling generates that cements with more MgO become susceptible to expansion cracking
due to the volume expansion of the slaking of MgO to Mg(OH), 2. But a supercooling of the
liquid phase results the formation of a glassy phase in clinker with dissolved C3A and MgO, which
are less reactive, so it affects the setting characteristics of the cement. So, the cooling has to be
done fast (18-20 °C per minute) ??, with the problem that achieving a lower temperature
necessitates a refrigeration system which consumes more energy than cooling at room
temperature, so more CO; is emitted to the atmosphere due to the energy needed. After the
cooling, the clinker is milled and mixed with water to create the cement paste, which hardens
due to chemical reactions: the hydration process. During mixing, gypsum is aggregated to the
blend to decelerate the hardening time until 45 minutes. This is due to the reaction between
gypsum and calcium aluminates: CsA and C,AF do not create hydration products that give
strength to the cement (see section 2.3 Hydration of cement). So, without gypsum, cement paste
hardens so quickly that it is impossible to manipulate. Once it has been hardened, the cement
maintains its stability and resistance even under water. Mortars and concretes can have other
types of supplementary cementitious materials (SCMs) like fly ashes or blast furnace slag. The
following image shows a chart with the steps of the industrial process of concrete manufacturing
(Figure 3).
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Figure 3: Chart with the steps of manufacturing of concrete.

The cement compounds are classified as main and minority compounds. The first group creates
the matrix of the mixture and gives the name to the type of cement, explained below. The
minority compounds are used in a maximum proportion of 5% of mass of the whole amount of
cement - including both types 2. So, for each type of cement, the proportions can be modified
for the specific requirements. This will be explained below in the description of the European
Standard EN 197-1.

2.2.Types of cement and aggregates, according to European Standard EN 197-1

As explained before, the type of cement depends on the proportions of its compounds.
According to the European Standard EN 197-1, the main type of cement (CEM |, II, llI, IV or V)
indicates the compounds of the matrix and the second part of the name indicates other
aggregates and their proportions. The table with all the nomenclature of the Standard EN 197-
1is in the Appendix Il. CEM I is form of a 95-100% Ordinary Portland Cement (OPC) and 0-5%
other minor additional constituents, which are impurities from the manufacture process. OPC is
not always used in a pure form, reactive compounds, called supplementary cementitious
materials (SCM) can be added. OPC with SCM mixtures are the other types of cement (CEM II,
I, IV or V), depending on which SCM and their proportions. SCMs are blast furnace slag (BFS or
GGBS), silica fume, pozzolanic ash or pozzolana (natural and natural calorized), fly ash (siliceous
and calcareous), burn shale and limestone.

As explained in detail in Chapter 4: Materials, the binders tested in this study are CEM | (OPC)
and CEM Il (OPC and BFS). Therefore, the properties of BFS are going to be explained to
understand this study. BFS is the by-product of the manufacturing process of pig iron. In this
process, the raw materials are burnt in a blast furnace and its products are molten iron (used
for steel making process) and its slag. This slag is quenched in water or steam to form a glassy
product with granular form. The glassy product is dried and mill into fine powder. The
composition of the BFS is SiO; and Al,03 (clayey molten iron slag) mixed with coke, lime and
magnesite, where SiO; and Al,Os; are acid oxides and CaO and MgO are alkaline oxides. The slag
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is considered acid when the ratio CaO/SiO, < 1 and hormally it is from processes with low content
in iron. The reason to choose mixing OPC with blast furnace slag is because they decrease the
total hydration heat of the mixture and reduce the chemical reaction with alkalis, which give
better durability thanks to avoid cracking so it provides high resistance to sulphates and sea
water 2%, The reduction of the hydration heat is related to the filler effect, other property of
SCMs which also it is seen in BFS. The filler effect is the partial replacement of space between
cement grains by fine SCMs. It accelerates the hydration reaction of the clinker components by
reducing the distance between particles %, fine particles pack the spaces generating a higher
packing density.

The properties of the binder are explained but the concrete is formed by the binder, aggregates
and liquid. The aggregates most commonly used are sand, gravel, crushed rock or rock chippings.
The difference between sand and gravel is the size: sand can cross a sieve of 4 mm and gravel
cannot 2. In this study, sieved sand has been used as aggregate to create the matrix (more
details in Chapter 4: Materials). The importance of the sand in mortars is its capacity of decrease
the shrinking due to the hardening of the binder to avoid cracking, because, as said before, the
sand creates a skeleton and it occupies most of the mortar’s volume /.

The binder is mixed with water and aggregates (sand in this study) to create the mortar but
sometimes the workability of the mixture is very low: a solid mixture is created instead of a
paste. When this happens, another component can be added to make the mixture more liquid:
a superplasticizer. The superplasticizers are additives that change the rheology of the mixtures,
generating an increase of the workability of the mortars in fresh state 28, This situation is created
thanks to the dispersion of cement grains in the mixture, which cause two main consequences:

- Areduction of the water to cement ratio to achieve better strength and durability.
- Anincrease of the mortar’s plasticity making it easier to handle during more time.

The main idea of how the plasticizer works is represented on Figure 4. The excessive addition of
plasticizer causes a very high hardening time.

O @ D

S 3

So% 5 O
Figure 4: Effect of the plastizicers?®

The difference between plasticizer and superplasticizer (a.k.a. high range water reducers) is that
the second one has a strongest effect. There are different types of plasticizers and
superplasticizers from the chemical point of view, they are divided in three generations:
lignosulphonates (first generation), naphthalene and melamine sulphonates (second
generation) and polycarboxylate ether-based superplasticizers or PCEs (third generation) 3°. The
chemical structure of third generation is different because it is composed by macro molecules
formed by main chains (backbone of carboxyl groups) with lot of side chains, which can be easily
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modified to give the mortar specific properties depending on its application: for example, these
superplasticizers can achieve a 40% of water reduction. In this study, the superplasticizer used
was PCE. This type of superplasticizer can influence in other characteristics such as adsorption
speed of the concrete, slump retention without retardation and subsequent fast strength
development, early strength development with enough workability time, stickiness and
viscosity. This polymer’s backbone is responsible for the attainable water reduction and mixing
time and the side chains determine the slump keeping capability of the superplasticizer, affected
by an increasing number of side chains. The crucial factor is the limited space for carboxyl groups
and side chains along the backbone 3%,

According to the European Standard 196-1, the water to cement ratio on mass in mortars and

concretes must be the following one:

water
—=0.5
cement

However, in lot of literature 3% 3% 34t is found a water to cement ratio of 0.4 in the procedure of

cement pastes and mortars. This is due to the flowability of the mixture: the paste does not have
the aggregates that create the matrix in the mortars, so the water needs to be reduced to
achieve a suitable flowability (avoiding a very liquid paste). When preparing mortars with low
cement ratios happens the opposite: it is too solid and difficult to manipulate. In these scenarios,
the superplasticizer must be used in the mixture, in a maximum quantity of 0.3-0.6% of cement
mass 3> of the cement final mass. A low water to cement ratio leads to high strength but low
workability and a high water to cement ratio leads to low strength, but good workability. The
relation between strength and water to cement ratio is shown below.

&000
o compacted concrete
B
= 6000
£l
5 4000
Lird

incomplete
2000 | compaction

0.20 0.30 0.40 0.50 0.60 0.70
WateT Cement ratio
Figure 5: Relation between strength and water to cement ratios in mortars 3¢

As seen, a water to cement ratio below 0.3 causes an incomplete compaction and the
compacted concrete is considered with highest ratio. Trying to achieve the maximum strength
but maintaining the workability is the reason why a 0.4 w/c ratio is used normally for reference.

2.3.Hydration of cement

The hardening of cement paste is called setting when it is superficial and curing when it is

completed due to the internal cohesion. In both cases, it is due to the hydration of calcium

aluminates and silicates (CsA, CsS, C5S) which are soluble in water. The first part of the hydration

process is the dissolution of the ions of cement into the water. This solution is no longer pure

water, so it is called “pore solution”, because the place it occupies will be the pores when the

cement hardens. During the dissolution, the pore solution starts being saturated because the
9
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alite (CsS), tricalcium aluminate (Cs3A) and gypsum (CsH;) have more solubility than the other
compounds -belite (C;S) and ferrite (C4AF), which means that alite’s rate of hydration is slower.
This is the reason why alite contributes to early strength and belite to the late strength in mature
cement or concrete. This saturation of the pore solution generates the precipitation step, in
which the products precipitated (a.k.a. hydration products) are created by the hydration
reaction: the reactants combine with hydroxyl groups of water (OH") so they generate new
products and because their most stable phases are solid, this means that the solid phases have
the lowest free energy in these conditions.?’. When the precipitation starts, the remaining
reagents can continue dissolving and precipitation from the saturated solution continues. So
gradually the hydration products will form a continuous matrix, binding everything together.
Hydration of both silicates (alite and belite) generates portlandite (calcium hydroxide, CH) and
calcium silicate hydrate gel (C1.7SHx or C-S-H) due to the following reactions (Eq. 2, Eq. 3) 38

Eq. 2: CsS+(1.3+x)H = C1;SHyx+ 1.3CH
Eq. 3: C:S+(0.3+x)H = C1;SHy+0.3CH

The tricalcium aluminate (C3A) is more soluble than tricalcium silicate (alite, CsS) so, if the
reaction occurs in pure water, calcium aluminate hydrates are formed (C-A-H or C,A/H,) and the
final product is called hydrogarnet (C3AHs). The hydration of calcium aluminate (CsA) is done in
two steps (Eq. 4, Eqg. 5), the two intermediate products are different types of calcium aluminate
hydrates (Eg. 5) that react to yield the final product when the internal temperature is above
30°C.

EC] 4: 2C3A +21H > C,AH 19 + CoAHs

Eq 5: C4AH19 + CAHg > 2C3AHg + 9H

The second reaction is more slowly (Eq. 5) than the first one, which is very rapid and exothermic.
During the first reaction in water (Eq. 4), the cement paste hardens in few minutes after mixing,
creating a condition called "flash set". To prevent it, it is necessary to add gypsum (dehydrated
calcium sulphate, CsH,). Due to its high solubility, gypsum generates a fast releasing of calcium
ions (Ca%*) and sulphates (s, SO4%) into the pore solution; these ions react to create hardened
cement paste (HCP) while precipitating (Eq. 6), which becomes primary ettringite or just
ettringite (CeAssHs;). After, the ettringite generates a protective membrane that reduces
hydration rate. Below the reaction when adding gypsum is shown:

Eq 6: Cs3A + 3CsH, + 26H > CeAS3Hs,

If gypsum reacts completely before C3A, the concentration of sulphates in the pore solution is
very low, so an unstable compound called monosulphoaluminate or secondary ettringite forms
(CaAs3H12). This different solid phase (with less sulphate) occurs due to the following reaction:

Eq. 7: 2C3A + CeAssHszp + 4H 2 3C4Ass3H1;

Reactions of Eq. 6 and Eq. 7 are exothermic, both contribute to the hydration heat, explained
below. The hydration of the last clinker phase, ferrite (calcium ferro aluminates, C4AF) is very
similar to the hydration of the calcium aluminates but slower. The different is some aluminium
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in the final products is substituted for iron depending on the conditions and the composition of
the C4AF (Eq. 8).
EC] 8: C,AF + 3CsH, + 21H -> C5(A,F)53H32 + (F,A)Hg

EC] 9: CAF+ Cs(A,F)Sgng +7H 2> 3C4(A,F)SH12 + (F,A)H3

Where (A,F) means aluminium with variable quantity of iron and (F,A) means iron with variable
quantity of aluminium. (F,A)Hs is an amorphous phase forms in small amounts to maintain
stoichiometry. Due to the substitution between aluminium and iron, the products are not pure
primary ettringite (AFt) neither monosulphoaluminate (secondary ettringite, AFm), so they have
other names to difference them: AFt and AFm, respectively, where m means one sulphate ion
and t trisulphate. In OPC where Cs;A and C,AF are mixed, it is assumed that the products are
never going to be pure, so normally it is used the nomenclature indicated before (AFt, AFm).

The qualitative amount of every compound during the curing time is shown in the Figure 6
Temporal evolution of the hydration products (Kurtis, 1995), the portlandite (CH) and ettringite
(AFt) appear during the first 3-6 hours in low quantities due to the fast hydration of CsA and CsS
(Eg. 2 and Eq. 4), in that moment the creation of C-S-H gel becomes more important due to the
hydration of C,;S (Eq. 3) which also generate more CH. Also, calcium aluminates hydrated (C-
(A,F)-H or C-A-H) starts reacting to yield ettringite (AFt) in a combination of the reaction IV, V
and VI: it is seen an increase of the quantity around 6 hours in Figure 6 Temporal evolution of
the hydration products (Kurtis, 1995) The quantity of ettringite (AFt) remains constant for 3 days,
when it starts to decrease and monosulphoaluminate (AFm) starts increasing, this situation is
due to the decrease of gypsum in the mix (Eq. 6 and Eq. 7). At 2 days, the quantity of gypsum is
barely nothing that is why AFt yields completely to AFm. During all the hydration process (or
curing) there is a decrease of porosity due to the precipitation of hydration products thanks to
the saturation and disappearance of the pore solution.

Amount

C-(A,F)-H
Monosulf

Porosity

Ettringite
90

Minutes Hours Days
Figure 6 Temporal evolution of the hydration products (Kurtis, 1995)

The C5S and CsS constitute the 75-80% of the total weight of the OPC that is why the properties

of the OPC are determined by the difference of percentage in CsS and CsS. While the hydration

reaction occurs, the amount of alite and belite decrease because the creation of C-S-H gel and

CH. That is why it is very important to know the age of the concrete for the recycling process: if
11
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the concrete is young (few days), its quantity of alite and belite would be higher than if it is old
(28 days or more) and the reactivity of the recycled cement would increase because it depends
on these compounds.

While converting one phase to another with less free energy, there is a release of energy
normally as heat and reaction is defined as exothermic. In the opposite situation, when the
reaction captures energy is called endothermic. In the cement chemistry, the exothermic heat
of the reaction of hydration is named as “hydration heat” and there is a hydration heat for all
the reactions described before. Thermal analysis is a useful technique to determine the heat
flow to detect the different hydrated fractions or phases of cement. One of these techniques
used in the present work is isothermal calorimetry, in which the heat flow of the hydration
reaction can be measured during a certain time at constant temperature. The general
representation of the isothermal calorimetry data in OPC shown below (Figure 7):
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Figure 7: Schematic of the rate of hydration or heat evolution as a function of time 3°

The information obtained with the rate of hydration is the chemical kinetics and it is possible to
divide the hydration process in 5 basic stages. As noted before, some of the compounds are
highly soluble, so there is a very fast stage (Stage 1) in the first minutes of contact of water and
cement, when cement starts to dissolve. This stage is very fast because the water creates a thin
amorphous layer of CH and C-S-H gel around the particles of cement, which prevent the cement
to continue the dissolution (a.k.a. hydration reaction) as faster as before. In the Stage I, named
“induction period”, almost no reaction occurs. There is not an agreement about the reason of
the ending of this stage yet. The Stage Il and IV represent the start of crystallization process
(nucleation) and grown of crystals. The Stage Ill and the first part of IV (the curve until the first
peak) represents the high ratio of hydration of the tricalcium sulphate (CsS), explained in Eq. 2.
The maximum peak lasts no more than 24 hours from the mixing; this is the maximum heat
released per time and depends on the temperature and the size of the cement particles. In the
second part of the Stage IV there is a fast decrease of the heat flow. During all this stage, the
hydration products, i.e. CH and C-S-H, deposit quickly and continuously so, at the end of it,
around the 30% of the cement has been hydrated. This fast deposition is done in the pore
solution, which means that the porosity of the cement decreases very fast (as seen in Figure 6),
increasing the strength slightly. In this point, the microstructure is formed by unreacted cores
of cement particles surrounded of a layer of hydration products. The final stage is Stage V, called
“diffusion-limited reaction period”, in which the dissolved ions of the cement move to the pores
to precipitate and the water of the solution diffuses until the unreacted cement cores to
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generate more ions and continue the hydration. This process starts to slow down when the layer
becomes thicker.
2.4.Dehydration and reactivation of cement

Basically, recycling of cement means to modify the hydration products found in used concrete
to achieve unreacted products (clinker phases) and reactivate them with water, understood as
rehydration or second cycle hydration, to start the crystallization process and precipitate the
hydration products again (the rehydration products).

It is important to point out that concrete, as noted above, is a mixture of cement paste and inert
aggregates like sand, so the reactivation only makes sense for the cement paste. In the present
work, fresh (or unhydrated) cement has been mixed with water to create cement paste
(“hydrated cement”), that has been milled into powder. This powder has been dehydrated to be
transformed into clinker phases again and later, it has been mixed with different activation
solutions (water and alkalis) to reactivate and yield new hydration products: and this is the
recycled cement, which should have similar mechanical properties as first cycle hydrated
cement.

Activation
Heat up Milling solution

Fresh Water> Hydrated "y Dehydrated LS Dehydrated S Rehydrated

cement cement cement cement cement
POWDER PASTE BLOCK POWDER PASTE

Figure 8: Basic flow chart of steps for recycling cement

There are different researches about the yield from hydrated to dehydrated cement, because,
depending on the temperature of dehydration, it occurs degradation of different compounds.
Next, these degradations are going to be explained and later, it will be justified the activation
solutions chosen to reactivate the dehydrated cement.

The hydration products found in hydrated cement depend on the age of the concrete as seen in
Figure 6 Temporal evolution of the hydration products (Kurtis, 1995) When the cement has been
curing for 2 days, it can be found C-S-H gel mainly, portlandite (CH) and ettringite (AFt). As noted
above, in 7 days most part of the ettringite yields to monosulphoaluminate (AFm), also calcium
ferro-aluminates hydrates (C-(A,F)-H) appears and C-S-H gel and portlandite (CH) continue
increasing. The stages of decomposition can be divided in three or four different steps: 100-200,
450, 650-750 °C. According to C. Alonso and L. Fernandez *°, the decomposition temperatures
for a 70 days old cement are interpreted as follows:

Below 100 °C, ettringite decomposes
* At 100 °C, the free water of the pore solution start evaporating
e Below 200 °C, increase of portlandite (CH) due to the presence of condensate water
e From 100-250 °C, water of C-S-H gel is lost
e At 200 °C, C-S-H gel starts transforming into nesosilicate (Ca,SiO,)
* At 250 °C, most of the bond water is lost

* Below 450 °C, progressive increase of calcite (Cc)
e At 450 °C, dehydrated C-S-H phase yields to a modified C-S-H phase
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* At 450 °C, portlandite (CH) and calcite (Cc) react to lime (CaO, C)

e At 650 °C, total decomposition of calcite (Cc): CaCO3 - CaO + CO2

e At 750 °C, C-S-H gel has completely change into a nesosilicate with belite (CS)
stoichiometry close to larnite (belite mineral form), but less crystalline

e At 750 °C, portlandite (CH) and calcite (Cc) are converted totally into lime (C)

In the present Thesis, the hydrated cement paste is 3 days old, so it is partially hydrated, which
means that all the phases were shown but in different quantities (Figure 6). This is the reason
why the cement has been dehydrated at 500 °C for 2 hours, according to C. Alonso and L.
Fernandez, to maintain some reactive compounds like calcite and C-S-H phase. Also, they
conclude that anhydrous phases, like belite, remain unaltered during heating.

In the next step of the recycling of cement, the dehydrated cement has been milled to achieve
more specific surface for the reactivation. The reactivation of the dehydrated cement with an
activation solution is necessary to recrystalize the calcite, portlandite and ettringite, and to yield
C-S-H gel again from the nesosilicate formed at 200 °C. To reactivate the cement, in the present
thesis it is used water and alkaline solutions, because alkaline activators stimulate latent
properties of different cement aggregates and compounds. Alkalis activate aluminosilicates,
creating a paste with a reasonably short period of setting and curing. Also, pozzolana has more
reactivity in alkaline environment to react with lime at ambient temperature and form
compounds possessing cementitious properties 1. So, for these reasons the alkaline solutions
chosen for the present Thesis have two different molarities (0.5 and 1 M) to compare its
influence and different types of alkalis: sodium hydroxide (NaOH), sodium carbonate (Na,COs)
and sodium sulphate (NaSQs). It has been decided to work with sodium compounds because
the properties of sodium and potassium compounds are similar because both alkali metals, and
potassium has less availability in the market and more cost than sodium ones 4> 43,

2.5.Aim and research objectives: research questions

When analysing all the information given before, the aim of this Master Thesis is to make a
comparison of different mortars to conclude which one maintains better mechanical and
thermal properties in its second life cycle. The compared mortars are formed by combination of
different cement pastes (with Ordinary Portland Cement and blast furnace slag) and different
activation solutions (water and alkaline solutions).

So basically, the different analysis done are the following ones:

e Quantity of blast furnace slag in recycled cement paste: comparison between
cement:slag ratios of 300:0, 300:100 and 300:220.

e Type of activation solution in recycled cement and molarity: comparison between
water, sodium hydroxide 1M, sodium carbonate 1M, sodium sulphate 1M and 0.5M.

e Influence of using fresh OPC to activate cement paste: comparison between specimens
with 100% dehydrated cement (non-activated) and 90% dehydrated cement + 10% fresh
cement (activated).
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2.6.Master Thesis organization

The present Master Thesis is organised in six Parts (Introduction, Experimental, Results and
discussion, Conclusions, Future work and Bibliography) plus Appendices. Following the Part |,
there are the descriptions of the materials, equipment and methods used to achieve it. Then,
the discussion of the results and the conclusions of the experiments done. Finally, the future
work proposed to continue the research and the references consulted.

Chapter 3: Environmental impact calculation method

3.1. Life Cycle Assessment

Life Cycle Assessment or Life Cycle Analysis (LCA) is a design technique made for investigating
and evaluating the environmental impact of a determined product or service during all the
stages of its life: since the extraction of the raw material, to the production, distribution,
consumer use and its end of life (reuse, recycle, valorisation or waste management). The
importance of this technique has appeared due to the increased awareness of the
environmental protection the society lives nowadays. Thanks to this technique, it is possible to
know the potential environmental impacts, needed to quantify the use of a resource (such as
energy, raw materials and water) and the environmental emissions generated because of the
analysed product or service. About the emissions, it is important to highlight that the LCA is not
a risk measurement technique, because it does not evaluate the exposition to the emissions.
The LCA quantify the emissions, but to know the real impact it is needed to know the location
and the way they are emitted. So, for example, the LCA is useful to quantify the differences
between two fabrication processes of the same product or to know the environmental impact
of buying a new product or second-hand product (“which one is more polluting?”). Answering
these questions is required to create an improvement on the processes.

The framework documents used in this technique are the international standards ISO
14040:2006 (Environmental management: Life Cycle Assessment. Principles and framework)
and ISO 14044:2006 (Environmental management: Life Cycle Assessment. Requirements and
guidelines), in which it is described the importance of the LCA, its definition, methodology and
critical review. Some of the utilities of the LCA is the creation of the Environmental Product
Declaration (EPD) and Environmental Footprint, necessary ways to quantify the environmental
impact. The EPD is also regulated by the ISO 14025:2010 which modifies ISO 14025:2006.

The idea of Life Cycle Assessment appears on the explanation of Circular Economy (CE). The CE
is an economic strategy to reduce the consume of raw materials, energy and natural resources
as well as the huge production of wastes society creates. To achieve this aim, CE aspires to close
the economic fluxes or loops of the resources. This is understood as maintaining the value of all
the products and resources during their life time by reducing, re-using and recycling them; this
is called the theory of the “3 R”. The importance of this theory is following it in its order: first,
we should try to reduce the amount of products and resources (water, energy) we use, because
maybe they are not necessary; second, we should try to re-use the products or resources that
are absolutely needed for living, for example with second-hand market or industries symbiosis
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(the waste of a company could be the resource for another one) and third, if the product cannot
be re-used, it is needed to be recycled. Recycling is the last of the options because it consumes
energy and creates wastes also. An explanation chart can be found below (Figure 9).

That is why CE challenges industries to redefine products and services. And, for this reason,
industries need to use the LCA tool to evaluate which strategy or combination of strategies
(reduce, re-use, recycle) is the best option for each product or service.
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Figure 9: Circular economy chart. Source: Ellen MacArthur, 2017

The vision of the industry that CE defends is seen in this Master Thesis: try to find a way to
recycle cement and concrete and give them other life. And LCA is a widely used technique for
the calculation of the impact of the cement and concrete %+ 4> % that is why it could be useful
to calculate the differences with the impact of recycled concrete and its uses in the society.
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PART II: Experimental

The second part is focused on the description of the experimental methodology followed in the
present Thesis: from the materials used and the theoretical explanation of the characterization
techniques to the exposition of the design of the experiment.

Chapter 4: Materials

The materials used in the present thesis are different types of cement, aggregates and activation
solutions. The details are listed below:

4.1.Solid materials

The different cementitious materials used to create the binders are exposed below. Also, their
main characteristics are pointed out.

e CEMI52.5N, Heidelberg's Milke® classic: 95-100% pure OPC

Table 3: Characteristics CEM | from Heidelberg

Compounds [wt%] Compressive strength at 2 days (MPa)
Alite 54.50
Beli .
- elite ‘ 20.25 26.3
Tricalcium aluminate 7.00
Ferrite 7.91

e CEMI52.5R, SECIL’s HES LA: 99% pure OPC

Table 4: Characteristics CEM | from SECIL

Compounds [wt%] Compressive strength at 2 days (MPa)
Portland clinker 99 (Gypsum: 5wt%) 44.0
Siliceous fly ashes 1 '

e Plasticizer, SIKA’s Viscocrete®

e Blast Furnace Slag, ORCEM’s ECO,cem®

Table 5: Characteristics BFS

Compounds

CaO [wt%] 37.54
SiO; [wt%] 34.30
MgO [wt%] 8.79
A|203 [Wt%] 13.74
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Fe,03 [Wt%] 0.43
Mn;,03 [Wt%] 0.27
Cl [wt%] 0.015
S% [wt%] 0.66
SO; [wt%] 0.04
Na,O [wt%] 0.30
K20 [wt%] 34.30
Na,O equivalent [wt%)] 0.70
Ca0+MgO+Si0; [wit%)] 80.63
(CaO+Mg0)/SiO; [wt%] 1.35
Loss of ignition 975 °C [wt%] 0.10
Non-soluble residue [wt%] 0.27
Glass content [wt%] 99.00

Also, to produce the mortars is needed aggregates, as explained in the Introduction. The only
aggregate used during this study was:

e Sieved Rhine river sand from Belgium, sieve between 0.2 - 0.85 mm
4.2.Reactivation solutions

To reactivate the dehydrated cement powder to produce recycled mortars is necessary to use
some liquid. Because the aim of this study is also trying to understand better the reactivation,
different types of solutions were used to this reactivation.

MATERIALS

It is important to recalculate the molarities of the activating solutions because the moles of Na
is not the same in all solutions, which means that sodium carbonate and sulphate are have twice
the amount of Na* than sodium hydroxide:

+

[Na,COs] 0.5M = [NaOH] 1M
The liquids were:
- Distilled water
- Sodium hydroxide (NaOH), 1M (0.5M [Na2COs]equivalent), powder > 99% pure, Honeywell
Fluka
- Sodium carbonate (Na,COs), 1M, powder 99.5% pure, Honeywell Fluka
- Sodium sulphate (Na,SO4), 1M and 0.5M, powder > 99% pure, VWR PROLABO

PREPARATION OF SOLUTIONS

The preparation of all the alkaline solutions were made following the same procedure. First, the
quantity needed for each solution is weighted in a precision scale. Later, the solid is put in a
medium baker with 75-100 ml of water. A glass rod is needed to mix it. Starting the solution in
this way, the water became saturated soon and it can be transferred to a bigger baker to
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continue the mixing with a magnetic stirrer and a magnetic stir bar. The process of solving the
majority of the solid by hand, separate the saturated solution and put more water avoid the
creation of big solid particles in the bottom that can be difficult to solve or take too much time.
The solution must be dissolving for 5 minutes at least to be sure that everything is mixed. When
there are no particles in it, the solution can be transferred to a volumetric flask, where more
water in added to achieve the total volume.

STORAGE

After putting the solutions in the volumetric flask, they were transferred to plastic recipients
with hermetic cover to storage them. The sodium hydroxide reaction is exothermic, so the
solution must be kept in the volumetric flask until it gets cooler, later it can be transferred to
the plastic recipient.

Chapter 5: Methods

5.1.Characterization techniques

The aim of this Thesis is to compare mechanical properties between recycled cements with
different composition and activation solutions. A proper comparison needs information of
different thermal and mechanical analysis to have a real data of the samples. For this reason,
the techniques used in this Thesis are calorimetry, thermogravimetric analysis and compressive
strength testing. In the present headland these techniques are explained to have a global idea
about the information they can provide, in this way it is possible to design the experimental
method that must be followed, explained in the next headland (5.2 Design of the experiment).

5.1.1. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is used to record the mass loss of a sample over time when
the temperature changes. It is a type of thermal analysis, which has been used for many years
to detect the amorphous fraction of hydrated material (complementary method to X-Ray
Diffraction) *’. With the mass loss, different physical phenomena can be studied, like phase
transitions, as well as chemical phenomena like thermal decomposition, oxidation/reduction
reactions, inter alia. TGA is used for the analysis and the thermogravimetric analyser. In the
present study, TGA Q5000 Thermal Analyser (TA Instruments, U.S.A.) was used, which can
achieve 1200 °C.

The operation of the TGA requires a calibration of the pan where the sample is located, with a
previous disinfection of it with a Bunsen burner. The sample must be hardened cement (not
paste) and no more than 25 mg. There are pans of different materials; for this Thesis it can be
used Platinum-HT pans for temperatures below 700 °C and alumina pans for more than 700 °C.
The atmosphere to heat up the samples was nitrogen. Hi-resolution TGA was performed by
heating up to 500, 600 and 700 °C with a heating rate (ramp) of 10 °C/min, resolution of 5 and
sensitivity of 3. The method used followed the following temperature profile:

- Equilibrate at 60 °C
- Isothermal for 5 min at 60 °C
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- Ramp 10 °C /min for 600 °C
- Isothermal for 2 h at 600 °C
- Equilibrate at 60 °C

5.1.2. Calorimetry

The calorimetry is the science that studies the changes of state variables related with the heat
transfer of a body. It is also referred to the act of measuring the heat flow between a body and
the surroundings. So basically, it is needed to determinate the changes in internal energy
(reaction and combustion energy) and enthalpy.

The release of heat is an important property of cement reaction hydration, that is why it has
been used since the early 20" century to characterize and study cements. Today, there are four
types of calorimeters in use for measurements of heat of hydration: solution calorimetry, semi-
adiabatic calorimetry, adiabatic calorimetry, and isothermal (heat conduction) calorimetry. In
this study, isothermal calorimetry has been used because it has been found (Lars Wads6, Markus
Arndt) that results from solution calorimetry and isothermal calorimetry agree well for Portland
cements .

Isothermal calorimeters measure thermal power (heat flow rate). A small sample (1-10 ml) is
placed in contact with a heat flow sensor, which is in contact with a heat sink. The heat leaves
the sample by heat conduction and a well-designed experiment will be essentially isothermal
(typically having temperature changes less than 0.1 °C at the main hydration peak) *°. The
equipment used in this study was TAM Air 8-channel, a chip-based fast scanning calorimeter
(FSC).

The procedure of the calorimetry starts with measuring a baseline during at least 30 minutes.
The glass ampoules are filled by the cement paste and prepared for the calorimeter (more
details in Design of the experiment5.2 Design of the experiment). Later, the ampoules must be
put inside each channel. This part has to be done as fast as possible, because while opening each
channel few turbulences of heat flow are recorded in the data, but they are not due to chemical
reactions. Each sample has to be put after another, due to the situation explained with the het
flow changes, the channels do not have to be opened at the same time. To introduce the
ampoule in the channel, first it is necessary to open the cover and take the fixture with a hook,
later the ampoule is introduced in the channel and the fixture in put in the top of it. Finally, the
cover in put again.

5.1.3. Mechanical test

The standard recommends do different types of test depending on the final use of the concrete.
But compressive strength is one of the most important engineering properties of concrete, so in
this study, this test has been done. Concrete has relatively high compressive strength, but much
lower tensile strength, that is why it is usually reinforced with strong materials in tension, like
steel (do not applicable at this study). The compressive strength or stress test consists in
measuring the maximum amount of compressive load a material can bear before fracturing. The
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test piece, usually in the form of a cube, prism, or cylinder, is compressed between the platens
of a compression-testing machine by a gradually applied load *°.

Very low-strength (14 MPa or less) concrete is normally used as lightweight concrete, achieved
by adding air, foams, or lightweight aggregates, with the side effect that the strength is reduced.
Concrete compressive strength for general construction varies from 15 MPa to 30 MPa and
higher in commercial and industrial structures >. 40 MPa concrete is more durable, but more
expensive. Higher-strength concrete is often used for larger civil projects and strengths more
than 40 MPa are used for specific elements of construction, for example, lower floor columns of
high-rise concrete buildings may use concrete of 80 MPa.

The equipment used were Instron 5900R and Instron 5881H, with spherical seatings load cells.
The specimens tested were cylindrical moulds of 60 mm of height and 33 mm of diameter, with
the ratio height/diameter or H/D = 1.82, approximately. Each batch was formed by 5 specimens.
And two batches were prepared of each type of concrete, to test the strength at 2 days and 7
days -except batches that were seen with very low strength after the first results, which were
tested only at 7 days. The method used during the experiments was define by a compressive
extension of 2 mm/min.

5.2.Design of the experiment

With all the information given up to this point, it is possible to create the design of the
experiment, to plan the tests and the lab work to achieve the objectives. So basically, there
design is composed for two differenced parts: the experimental procedure to create the
specimens and samples, and the tests needed to be done in every stage of the experimental
procedure. The experimental procedure and the tests needed are shown below and all details
for every stage are explained following.

i PRODUCTION OF FRESH CEMENT PASTE (HYDRATED CEMENT) - TGA / CALORIMETRY
ii. SYNTHESIS OF RECYCLED CEMENT POWDER (DEHYDRATED CEMENT) - TGA / CALORIMETRY
iii. PRODUCTION OF MORTARS (REHYDRATED CEMENT + AGGREGATES)
iv. PRODUCTION OF SPECIMENS (CURING AND PREPARATION FOR TESTS) > COMPRESSIVE STRENGTH TEST

5.2.1. Production of fresh cement paste (hydrated cement)

First, TGA was done for fresh cement powder (before hydration of cement). To do it, the method
explained in the point 5.1.1 Thermogravimetric Analysis was followed. The results are shown
and compared to the others in Chapter 6: Results and comparison of samples.

Later, the hydrated cement paste was prepared with a water to cement ratio of 0.4, because no
aggregates were added, it was not necessary to use the same w/c ratio as the mortars, as
explained in the Introduction. The pastes were cured for 3 days in air at 25 °C with a deviation
of £2, so some reactive compounds were in the mixture.

Also, isothermal calorimetry was carried out for hydrated cement paste. This technique was
used to know the heat flow during the hydration reactions in the mortars. A certain water to
cement ratio is required to do these experiments. So, for calorimetry, a w/c ratio of 0.5 was
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used. To create the mixtures, the European standard EN196-1 was used as a guide, but not all
the steps could be followed (for example, different type of mixers were used). In the calorimetry,
the ampoules used were 20 millilitres and made of glass, but the paste quantity was 10 g. A
mixer Heidolph model RZR 2041 and a steel paddle stirrer with small holes was used for mixing
the cement and water. Because the calorimetry measures the heat flow during the whole
hydration reaction, it is very important to mix the materials in the ampoules and introduce them
in the calorimeter immediately. For this reason, the cement powder was introduced in all the
ampoules and the exact quantity of the different liquids (water in the fresh cement paste and
water or alkalis in recycle cement paste) were prepared in separated beakers. Between mixing
one paste and another, the mixer must be cleaned with water and paper.

The mixture described in the European standard EN 196-1 is prepared with a Hobart mixer (in
the present thesis other mixer was used) and the steps start by mixing water and cement at the
different speeds of Hobart mixer -low (1), high (2), superhigh (3)-: at low speed for 30 seconds,
mixing at high speed for 30 seconds, stop mixing to collect the paste of the sides of the recipient
and finally, mixing at for 60 seconds. Because the ampoules of the calorimeter are smaller than
the bakers used to do mortars following the Standard, the mixture procedure followed in this
thesis was mixing the paste at 1600 rpm for 1 minute.

After the mixing, the ampoules must be closed to seal the aluminium cap and a lifting eyelet
must be put in the centre of the cap; thank to them, the ampoule can be put inside the channels
of the calorimeter using a hook.

The procedure of mixing the cement with water to do the cement paste which later was
dehydrated is the same as in the calorimetry, because the European Standard must be followed,
but with different quantities and recipients. The quantity needed for mechanical test were 2 kg
of fresh cement powder and 800 g of tap water to achieve the water to cement ratio of 0.4, and
the mixer used was from Heidolph, model RZR 2102 control and a centre hole type blade for
dispersion with plate shape made of steel, of 4 centimetres of diameter. The mixture was
prepared in a beaker of 2 litres and later the paste was transferred into plastic recipients of 0.5
litres. The recipients were only filled less than % to make the crushing easier.

5.2.2. Synthesis of recycled cement powder (dehydrated cement)

The hydrated cement paste cured for 3 days at room temperature in closed recipients. When
this time passed, the blocks of hydrated OPC were put in the oven at 500 °C for 2 hours, with a
ramp of heating of 30 minutes from room temperature to requested temperature and a slow
cooling to room temperature again. Later, they were crushed manually with a hammer, milled
with a mortar and stored in hermetic bags inside a barrel.

The blast furnace slags used in mortars were dehydrated following the same procedure that the
OPC paste; it was stored in desiccators for a few days and in hermetic plastic bags later. When
needed, the dehydrated OPC powder (crushed hardened paste) was mixed with the dehydrated
slag to create the recycled cement powder. The temperature’s profile followed during the
heating is represented in Figure 10.
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Figure 10: Representation of the heating profile followed during time

5.2.3. Production of recycled mortars (rehydrated cement + aggregates)

This point must be divided in the different types of mortars, because not all of them had the
same proportions of materials. For this reason, an overall explanation about the procedure of
creating mortars is going to be explained firs and later the different quantities used in each batch
are pointed out.

The mixing of the mortar must follow the European Standard -as the cement paste. So, the
procedure was almost the same as the preparation of the hydrated cement paste, with the
difference of the addition of sand during the mixing. Also, the same mixer was the same model:
RZR 2102 from Heidolph with the same blade. The differences of the procedure followed in the
present study and the mortar preparation explained in the Standard were: the absolute
qguantities and the samples tubes. The steps followed used the Standard as reference, these are:
mixing cement and the solution at 800 rpm for 60 seconds, add sand regularly, mixing at 1800
rpm for 60 seconds, stop mixing to collect the paste of the sides and bottom of the recipient and
return it to the centre and finally, mixing at 1800 rpm for 60 seconds.

The tubes used in the present Thesis were cylindrical instead of prismatic because they are
smaller, more manageable and to do the compressive strength test is not necessary the
prismatic ones. So, because the recipients were different, the absolute quantities also (but
maintaining the proportions):

3:1 =sand : cement =2 sand/cement = 3 = 450 (g sand)/ 150 (g cement powder)
2:1 = cement : water 2 liquid/cement = 0.5 = 150 (g cement powder) / 75 (g liquid)

While doing the first mortars, a problem with the workability appeared because it was not a
paste, it was very solid and granulated, so it was added more water to compensate and create
a proper paste able to work with. The total quantity added was 16.5 g, so the final amount was
91.5 g of water. To do a comparison between the results, few batches were prepared with the
same proportion of water (or activation solution), so the resulting water content ratio was:

w/c=91.5g9g/150g =0.61

So, the Tables 1-6 show the batches with different characteristics: different water content ratio
and activation solution used. Different batches were prepared for the mechanical test: for 2 days
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and 7 days of curing. The calculation for the quantities needed for the proportions 300:100 and
300:220 of 100% dehydrated cement and 90% dehydrated + 10% new were:

100% dehydrated cement + blast furnace slag

300 g cement + 100 g slag = 75% cement + 25% slag
- For 150 g of total mix: 112.5 g cement + 37.5 g slag

300 g cement + 220 g slag = 58% cement + 42% slag
- For 150 g of total mix: 86.54 g cement + 63.41 g slag

90% dehydrated cement + 10% fresh (new) cement + blast furnace slag

300 g cement (90% dehydrated + 10% new) + 100 g slag =

= 75% cement (90% dehydrated + 10% new) + 25% slag
- For 150 g of total mix:
112.5 g cement (90% dehydrated + 10% new) + 37.5 g slag =

=101.25 g dehydrated cement + 11.25 g new cement + 37.5 slag

300 g cement (90% dehydrated + 10% new) + 220 g slag =

=58% cement (90% dehydrated + 10% new) + 42% slag
- For 150 g of total mix:
86.54 g cement (dehydrated + new) + 63.41 g slag =
= 77.88 g dehydrated cement + 8.65 g new cement + 63.41 slag

The name given to identify the samples is form with different parts: Cem is referred to CEM |
(OPC) from SECIL, Cem" is referred to CEM | (OPC) from Heidelberg; the following number
indicate the OPC proportions; F indicates the presence of 10% of fresh cement (unhydrated) in
the binder; BFS,umper indicates the proportions of blast furnace slag. These proportions numbers
come from the ratios of cemen:slag 300:220 kg and 300:100 kg, which were suggested by the
partners of this project. All the nomenclature used is in Appendix IIl.

Table 6: Quantities of materials in batches activated by water with w/c 0.61 for 2-day test.

Proportions and Name given Water | Sand Dehydrated | Dehydrated | Fresh
characteristics g (g) (8) OPC (g) BFS (g) OPC (g)
300:0 Heidelberg | - 1w clago(H:0)os: | 91.66 | 450.68 | 150.13 ; ;
w/water

300:100 w/water Cemsgoslagioo(H20)061 | 91.50 | 450.20 | 112.51 37.49 -
300:220 w/water Cemsgoslagaao(H20)o61 | 91.57 | 450.12 | 86.53 63.40 -
300:100 w/new FCemagoslagioo(H20)0s: | 91.50 | 450.01 | 101.27 37.52 11.25
cement

ig:ﬁ? w/new FCemagoslagazo(H20)0s: | 91.53 | 450.21 | 77.88 63.42 8.66
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Table 7: Quantities of materials in batches activated by water with w/c 0.61 for 7-day test.

Proportions and Name given Water | Sand Dehydrated | Dehydrated grséh
characteristics & (g) (8) OPC (g) BFS (g) (@
300:0 Heidelberg Cem"300slago(H20)o61 | 91.50 | 450.69 | 150 - -
300:100 w/water Cem3ooS|ag100(Hzo)o,61 91.64 450.27 | 112.44 37.48 -
300:220 w/water Cemsooslagazo(H20)o61 | 91.44 | 450.82 | 86.54 63.44 -
Table 8: Quantities of materials in batches activated by alkaline solution with w/c 0.61 for 2-day test.
Proportions and Name given Alkaline Sand Dehydrated | Dehydrated
characteristics & solution (g) | (g) OPC (g) BFS (g)
300:100 w/sodium
hydroxide 1M Cem3ooS|ag1oo(NaOH)o_61 91.53 450.41 112.59 37.50
300:220 w/sodium
hydroxide 1M Cem3ooS|ag220(NaOH)o_61 91.54 450.01 86.72 63.47
300:100 w/sodium | e 106(Na2COs)os: | 91.64 450.99 | 112.56 37.57
carbonate 1M
300:220 w/sodium [ e0(Na2COs)oer | 91.55 450.58 | 86.58 63.47
carbonate 1M
Table 9: Quantities of materials in batches activated by alkaline solution with w/c 0.61 for 7-day test.
Proportions and ) Alkaline Dehydrated | Dehydrated
N

characteristics ame given solution (g) Sand (g) OPC (g) BFS (g)
300:100 w/sodium
hydroxide 1M Cemagoslagioo(NaOH)oe1 | 91.71 450.93 | 112.49 37.49
300:220 w/sodium
hydroxide 1M Cemsooslagaao(NaOH)oe1 | 91.52 450.32 86.53 63.41

11 i
300:100 w/sodium | e 06(Na2COs)oer | 91.49 450.73 | 112.52 37.50
carbonate 1M

22 i
300:220 w/sodium | o agra0(NazCOs)os: | 91.51 450.28 | 86.53 63.42
carbonate 1M

Due to the results obtained in the mechanical test, the next samples to test were changed from
the original planning. First, the water to cement ratio “w/c” was changed to 0.5 instead of 0.61,
so it was necessary to add the superplasticizer ViscoCrete® from Sika Group, which is used to
achieve lower water content ratio on cement paste (which increases strength). The problem is
it only works in water, not in alkaline solutions. So, other alkali was tested (sodium sulphate)
and with lower molarity (1M and 0.5M) too, to see if there was any difference.

Also, samples of CEM | from Heidelberg with proportion 300:0 in cement:slag (AW) gave very
bad results (discuss in Part 1ll), so the 100% cement samples were repeated using other cement
(CEM | from SECIL). So, the quantities used in the mortars activated by water are in Table 10:
Quantities of materials in batches activated by water with w/c 0.5 for 2-day test, with lower
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water content ratio and different blast furnace slag proportions. And in Table 11: Quantities of
materials in batches activated by water and alkalis with w/c 0.5 for 7-day test, there are also the
quantities for batches with alkalis for the 7-day test.

Table 10: Quantities of materials in batches activated by water with w/c 0.5 for 2-day test

Proportions and . Dehydrated Dehydrated
N W

characteristics ame glven ater (g) | Sand (g) OPC (g) BFS (g)

300:0 w/water Cemsooslago(H20)os | 75.18 450.22 150.07 -

300:220 w/water Cemsgoslagioo(H20)o0s | 75.17 450.01 112.51 37.50

300:100 w/water Cemsgoslagazo(H20)os | 75.09 450.11 86.54 63.41

Table 11: Quantities of materials in batches activated by water and alkalis with w/c 0.5 for 7-day test

Proportions and Name given Liquid | Sand Dehydrated | Plast. | Dehydrated
characteristics g (g) (g) OPC (g) (8) BFS (g)
300:0 w/water Cemsgoslago(H20)o:s 75.31 450.02 | 150.01 0.47 -
300:0 w/sodium
hydroxide 1M Cemsooslago(NaOH)os 75.13 | 450.12 | 150.12 - -
300:0 w/sodium
carbonate 1M Cem3005|ag0(NazCO3)oA5 75.10 450.17 150.02 - -
300:0 w/sodium ™
sulphate 1M Cemsooslago(Na2S04™)os | 75.07 | 450.19 | 150.04 1.24 -
300:0 w/sodium 0.5M
sulphate 0.5M Cemsooslago(NazS04°"M)os | 75.32 | 450.25 | 150.13 0.47 -

1
300:100 Cemsooslagioo(H20)0s 75.38 | 450.04 | 112.52 0.48 37.52
w/water

2
300:200 Cemsooslagaao(H20)os 75.03 | 450.13 | 86.55 0.47 63.43
w/water

The mixtures were put in the tubes to create the specimens for the mechanical test. This
procedure is described below.

5.2.4. Production of specimens (moulding, curing, demoulding and preparation for test)

When the mixtures were prepared, the mortars were put in tubes or moulds of 60 mm of height
and 33 mm of diameter, approximately. Later, the tubes were put in a vibration table during few
minutes (to make air bubbles go out the mixture), closed and labelled. At 48 hours of curing the
specimens need to be demoulded, but for the 2-days were demoulded and cut at 24 hours to
let the water of the sword dry. This is possible because during the first hours, the cement paste
starts to harden. The demoulding can be done easily if the tubes are internally painted
with oil, but it could happen that that the demoulding is difficult: in this situation, a little hole
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must be done in the bottom surface with a drill and the specimen can be pushed out from the
tube using a compress air gun. When using the air gun, it is necessary to use gloves and safety
glasses.

After the demoulding, the specimens must be prepared to do the mechanical test: the top and
the bottom must be flat to do the compressive strength test, so the specimens must be cut with
a diamond sword to achieve it. Because the sword uses water as cutting oil for cooling, the
specimens become wet, so it is needed to dry them before the compression test: after the
cutting, the specimens were put in an oven at 502C for 24 hours. When they are dry, the height
and diameter of the specimens must be measured. This data will be necessary for the
compressive strength test.
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PART lll: Results and discussion

Chapter 6: Results and comparison of samples

In the third part of the thesis, the results of the different cement pastes and concretes tested
are shown. The binders tested in the calorimeter are prepared with fresh cement (OPC) with
water and dehydrated cement (OPC or OPC with slags) with a reactivation solution: water and
alkaline solutions (sodium hydroxide, sodium carbonate and sodium sulphate, all 1M and last
one also 0.5M). Cement from the company is “fresh” or “unhydrated”, after it is mixed with
water and it is heat up until 500 °C, so it is called “dehydrated” and later it is mixed with a
reactivation solution to become “hydrated”, “rehydrated”, “regenerated” or “reactivated”.

First, the results from the thermogravimetric analysis are represented to analyse the hydrated
material tested. Second, the reactivity study done with the calorimeter describes the hydration
heat due to the chemical reactions that occur in the samples, using isothermal calorimetry as
the characterization technique. Finally, the results from the compressive strength test are
analysed and compared with each other and with the calorimetry results. It is important to
explain the dehydration of cement in detail. Below, a general graph about the
thermogravimetric analysis is shown and explained (Figure 11). CEM Il paste of 1 day old has
been chosen to explain the different steps of the TGA because they are represented very clearly
in this paste. Also, the sample has been heated up until 800 °C to see what happens in all
temperatures. As seen in the Figure 11, three main steps of weight loss are seen around 100 °C,
400°C and 650-700 °C. As explained in 2.4 jError! No se encuentra el origen de la referencia., in
those temperatures there are different reactions, i.e. dehydroxylation and decarbonation,
where the reactants decompose and the mass loss is recorded. The green line represents the
weight loss in percentage and the blue one the derivative of the weight loss, which indicates the
point of greatest rate of change on the curve. This is also known as the inflection point >2.
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Figure 11: TGA to cement paste of 1 day old. Hubo's CEM Il + water with a water to cement ratio of 0.4

Upon heating, a decrease in the weight loss is seen. In that part, ettringite starts dehydrating du
to the evaporation of freewater so it begins to lose its crystalline form (around 80 °C to 100 °C).
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At 100 °C, the free water evaporation geerates the dehydration of C-S-H gel. So, the first step
seen around that temperature is the weight loss due to the free water. Between 100 °C and the
next big step at 400 °C, part of the water steam condensates because there are sealed parts in
the cement, so not all the vapour goes out the pores. This condensation of water reacts with the
alite and belite that are still present in the mixture and generates an increase of portlandite and
C-S-H. In the same time, the water still evaporating so the C-S-H gel starts dehydrating; the
partially dehydrated C-S-H is a new form of a nesosilicate (Ca1sSiOss -+ xH20) (Alonso and
Fernandez, 2004). According to Alonso and Fernandez, around 400-450 °C, bond water is
completely lost (which means that all phases are dehydrated). From the initial heating until the
second main step, the reaction of the CO, gas present in the pores generates calcite (Cc, CaCOs,
Ca0:C0,) due to the carbonation of lime, being the maximum increase of Cc at 450 °C. In that
temperature, calcite and portlandite start reacting into lime. This reaction will be completed at
750°C. Also, around 700 °C, the calcite starts the decarbonation, reacting to CO, and lime again
and the new nesosilicate created from C-S-H gel is completely formed.

All these steps are seen in hydrated cement paste but when the cement is dehydrated, the steps
are not always seen. The study of TGA curves of pastes with cement dehydrated at different
temperatures (100, 200, 450, 750 °C) 53 shown that when re-hydrating the dehydrated cement
(called before reactivation), samples changed to crystalline composition, so some of hydrated
forms were recovered: calcite, portlandite, ettringite and C-S-H gel. Initial belite (C;S) and ferrite
(C4AF) remained unaltered during reactivation. But they concluded that in samples heated at
750 °C “weight losses are very low in the whole range of temperatures (...) indicating that during
heating [at 750 °C] a complete chemical transformation of the cement paste has occurred”,
explaining that the only transformation seen in dehydrated samples at high temperatures is the
transformation of the portlandite and calcite into lime. So, the reactivation of the dehydrated
cement at 750 °C generate again portlandite, calcite and a C-S-H gel very similar to the initial;
but no alite, belite or ettringite which give strength to the cement. For this reason, the
dehydration of the cement paste has been done at 500 °C in the present study.

6.1.Results thermogravimetric analysis

The importance of the TGA in cement research and industry is to identify portlandite (CH), calcite
(Cc), calcium aluminate hydrates (C-A-H, C4A/H,), bond and free water. The different phases of
the cement break down at different temperatures (as seen in the Introduction) to release bond
water during their dehydration and CO; (in the case of decarbonation of calcite). These releases
help to identify different phases present in the cement thanks to the weight loss observed and
the derivatives curves quantify the proportions of the phases in the hardened cement paste.

In the present study, this technique has been used to identify the phases in fresh cement and in
recycled mortars (prepared with regenerated cement previously dehydrated at 500 °C) prepared
with different proportions of blast furnace slag (0Wt%, 25Wt% and 42Wt%) and reactivation
liquids (water and alkaline solutions of different molarities), as well as the comparison with
mortars activated with a 10% of fresh cement and water. Also, an old used concrete (more than
90 days) was analysed to perform as a reference.
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First, when analysing fresh (unhydrated) CEM | from SECIL used in the majority of the mortars
(Figure 12: TGA to fresh CEM | SECILFigure 12), the total mass loss is low (0.25%). This shows
that the fresh cement is almost not hydrated. The first mass loss step starts at about 110 °C and
might be linked to the first dehydration of the gypsum (dihydrate calcium sulphate) (Eq. 10). In
the same figure, fresh cement powder is compared with fresh cement paste (hydrated, cement
powder mixed with water) before dehydration. There it can be seen the hydrated phases this
cement have, explained below.

Eq. 10: CaSO4-2H,0 = CaS041.5H,0 + 0.5H,0
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Figure 12: TGA to fresh CEM | SECIL: powder (up) and comparison between powder and paste (mixed
with water) (down)

As explained in the beginning of Part Ill, around 100-150 °C it is seen the evaporation of free

water of the pore solution and a partial dehydration of hydrated compounds like gypsum, which

represent the 5% of the clinker, with a mass loss of 0.22%. Because this is fresh (unhydrated)

cement, the step around 450 °C is very low: at this temperature the C-S-H gel dehydrates due to
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the elimination of bond water of the gel and also the portlandite (CH) yields to lime (C) due to
the reaction with calcium carbonate (Cc) and the portlandite dehydration, but the hydrated
phases (C-S-H, CH) are not present in unhydrated cement, so their dehydration does not happen.
In this step, the loss is a 0.35% of mass, indicating the cement powder does not have lot of
portlandite (which is generated due to the presence of water).

The next analysis is between mortars of dehydrated CEM | but mixed with different solutions
(water, sodium sulphates of different molarities, sodium carbonate and sodium hydroxide).
These specimens had different ages and they are compared with a concrete of more than 90
days old (Figure 13).
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Figure 13: TGA for mortars with 100% of dehydrated CEM | from SECIL and different liquids used in the
reactivation, different ages

There are seen in all the curves the two steps expected around 100 °C and 450 °C of evaporation
of free water and dehydration of C-S-H in the first one and decomposition of portlandite and the
change of crystalline form of C-S-H in the second one. At the first temperature, the maximum
mass loss is seen in the younger mortar, prepared with sodium hydroxide (4.9%) with can be
compared with the same age mortar prepared with sodium carbonate (with a mass loss of 3.3%)
and mortar prepared with water (mass loss of 2.2%). Just as reminder, the solution of 1M of
sodium carbonate acts like an equivalent solution of 2M of sodium hydroxide, because of the
quantity of sodium, which means that the solution with sodium carbonate has less water than
the others. It has less water, but it is seen that mortars with sodium hydroxide solution have
bigger mass loss and mortars with water have less mass loss. The reason why sodium hydroxide
generates bigger loss could be due to the presence of hydroxides (and not because the sodium):
they can react with the calcium of gypsum to create portlandite, in which case the
decomposition of gypsum would be seen in that step with the evaporation of free water.

To compare the influence of water it can be analysed the curves of mortars with sodium sulphate
with different molarities: 1M and 0.5M. As seen, the mortar with more water (0.5M, pink curve)
has less mass loss (1.9%) than with less water (1M, green curve) which has a 2.1% of loss. This
situation is the opposite as expected, because it can be thought that if the mixture has less
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water, less quantity is going to be evaporated. But the quantity of water is slightly different
(solution with 0.5M has 0.89% less water) and mortar with less water has more sodium sulphate,
so it seems that this alkali has an influence on this step.

The second step is the dehydration of portlandite and creation of new phase of C-S-H due to the
elimination of bond water. As in the first step, the mortar with more mass loss (more
portlandite) is prepared with sodium hydroxide (1.6%), followed by mortars with water (0.8%)
and with sodium carbonate (0.8%). These mortars are younger than mortars with sodium
sulphate, so their quantity of portlandite should be less than the older ones, but it is seen that
the water loss due to the dehydration of portlandite is bigger, which means they have more
portlandite. The other mortars have less mass loss; 0.5% mortar with sodium sulphate 1M and
0.6% with sodium sulphate 0.5M.

Comparing with same young age, mortars with sodium carbonate have smaller loss due to the
reaction with portlandite to create sodium hydroxide and calcium carbonate (Eq. 11).

Eq. 11: Ca(OH); + Na,COs3 = 2NaOH + CaCOs3

The analysis of the older mortars shows that mortar with less sulphates (0.5M, pink curve) has
more mass loss (more portlandite) (0.5743%) than with more sulphates (1M, green curve) which
has a 0.4839% of loss, even they are very similar. This could happen because the mortar with
less sulphate has more water, so the clinker reacts with it to create more portlandite, even if
this binder is one day younger (theoretically, young mortars have less portlandite).

The next analysis done with TGA is between mortars with 100% dehydrated binder (cement and
blast furnace slag) and mortars with 90% dehydrated binder and 10% fresh OPC, to see if the
activation with fresh cement affects the hydration products (Figure 14).
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Figure 14: Influence of activation by 10% of fresh cement. TGA for mortars with 25% of slag, water and
with (pink) and without (green) fresh or new cement, 15 days old.
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As seen in Figure 14, the tendency of the curves of the mortar with dehydrated binder activated
with 10% of fresh cement (pink) is the same as the mortars with only dehydrated binder (green
curve). The first step (evaporation of free water) is slightly bigger (more mass loss) for 100%
dehydrated binder (1.2-1.3%) than for the dehydrated binder activated with fresh cement
(1.1%). And the second step (dehydration of portlandite) is the opposite: the dehydrated binder
has less mass loss (0.4-0.3%), which means less portlandite, than the dehydrated binder with
fresh cement (0.5%). Because both types of mortars have same age, it can be understood that
the mortar with 100% dehydrated binder has a slower hydration reaction, that is why it has more
water and more less portlandite than the other at the same age.

The comparison of this binders with the fresh cement paste is shown in Figure 15. There it can
be seen that the fresh cement paste is very hydrated, more than the concrete as expected, so
this comparison cannot give lot of information.

100 0.20
1 1232% 1.103% 0.4693% 0.6815%
95 L
- 0.15
1 1.27% |
90 ‘ Fresh cement paste )
. il Cem300slag100 r >
S il / FCem300slag100 <
-— =
£ 85 / - o010 2
] ] L 3 =
80 / . a
1 / ~ 0.05
75 / |
1 N L
70 T T T - T T 0.00
0 100 200 300 400 500 600
Temperature (°C) Universal V4.

Figure 15: Influence of activation by 10% of fresh cement and comparison with fresh cement paste
(black). TGA for mortars with 25% of slag, water and with (blue, FCem300slag100) and without (green,
Cem300slag100) fresh or new cement, 15 days old

The next analysis is between dehydrated binders with 10% of fresh OPC to activate but with
different proportion of blast furnace slag in their dehydrated binder (25% and 42% of
dehydrated slag). The influence of dehydrated slag in binder can be seen with this comparison
(Figure 16).

33



Recycling of concrete: Dehydration and reactivation of cement

100 —
E = I — CWN(1)_15days
i A T W) T
i 0 N _ _15days
98 1?32052 N e ————  DWN(2)_15days
10.9987% \& —— — Reference concrete
i o, L ==
96 7 ;:;ggo}: . 0.4894%
] \\ 0.4675%
1 0.3263%
e T~
& % —~— 0.3640%
= ] T
= ] T
Q T
= 92 7 N 1‘1.142%
90
88
86 - : : : : : :
0 100 200 300 400 500 600 700
Temperature (°C) Universal V4.5A

Figure 16: Influence of slag proportion. TGA for mortars with 10% of fresh cement, water and different
prportion of slag, 15 days old

As seen, the evaporation of free water around 100 °C is barely the same, which means that both
mortars have same quantity of free water in that moment. However, the dehydration of
portlandite at 450 °C is different. In this second step, the dehydrated binder with less slag (more
OPC) has a bigger step, which means it has more portlandite. This make sense because it has
more OPC.

6.2. Reactivity study

The reactivity study was done to analyse the hydration heat and enthalpy of samples with a
water to cement ratio of 0.5 principally, because it is the ratio used in the European Standard.
Also, other important analysis is the influence of water in the mortars and in the hydration
reaction, so few binders were tested with an excess and less water. Because the calorimetry
analyses the chemical reactions, inert aggregates are not needed to be added to the mixture
tested, such as sand. The main reactions cannot be seen properly in the representation of the
data of 7 days, because they occur during the first and second day, so it has been decided to
only use the first days’ data, that is why the results obtained in the calorimetry were cut to scale
the resolution of the graphics.

6.2.1. Reactivity of binders with water to cement ratio 0.5

The binders characterised in this section are detailed in Table 12 with the quantities of the
materials used. In this part, binder with fresh OPC has been tested in the calorimeter to compare
it with the other results: it is the only sample with fresh cement paste, the rest of the samples
were prepared with dehydrated OPC at 500 °C. The first comparison than can be done is the
analysis of the differences in the enthalpy of hydration of the binders (Table 13). The reaction’s
enthalpy is the heat absorbed or released during the period in which the chemical reaction
occurs, in this case, the hydration enthalpy represents the enthalpy of all the chemical reactions
that occur during the hardening of the cement paste.
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Table 12: Quantities of materials in binders with w/c 0.5 for calorimetry.

Proportions and Name given Liquid Dehydrated | Dehydrated
characteristics & (g) OPC (g) BFS (g)
300:0 w/water Cemsgoslago(H20)0s 3.350 6.672 -
300:100 w/water Cem300$|agloo(Hzo)o,5 3.340 5.001 1.676
300:200 w/water Cem300$|ag220(H20)o,5 3.350 3.854 2.823

: i h i
igﬂo Ow/sodium hydroxide | @@ laes(NaOH)os 3310 |6.678 -
ig/?:o w/sodium carbonate | o @ iagi0(NaxCOslos | 3380 | 6.675 -
:15:3/'0:0 w/sodium sulphate | o lago(Na:S0:M)os | 3.300 | 6.679 ;
300:0 w/sodium sulphate Cemsooslago(NaxS0:Mos | 3.310 | 6.67 i
0.5M
300:0 w/water, w/c=0.36 Cemszooslago(H20)0.36 2.678 7.363 -

Fresh OPC (g)

300:0 Fresh OPC w/water, FCemsooslago(H:0)os 3.342 6.698
w/c=0.5
300:0 Fresh OPC w/water, FCemooslago(H20)oa 5 868 7 169
w/c=0.4

Table 13: Enthalpies of the hydration reaction in binders with w/c 0.5, in J/g of cement

Proportions and characteristics

Name given

Enthalpy (J/g dehydrated
CEM 1), at 2" day

300:200 w/water Cemsgoslagazo(H20)os 314.032
300:100 w/water Cemsgoslagioo(H20)o:s 296.271
300:0 w/water Cemsgoslago(H20)os 263.391
300:0 w/sodium hydroxide 1M Cemsgoslago(NaOH)o s 234.543
300:0 w/sodium carbonate 1M Cemsgoslago(NazC0s)os 233.325
300:0 w/sodium sulphate 1M Cemsgoslago(NazS04™M)o s 255.577
300:0 w/sodium sulphate 0.5M Cemsgoslago(NazS04%*M)g 5 260.786
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300:0 w/water, w/c=0.36 Cemaooslago(H20)0.36 210.235
300:0 fresh OPC w/water,

W/C:0.4 / Fcem3005|ago(Hzo)o_4 267.051
300:0 fresh OPC w/water, FCemaooslago(H20)os 585,393
w/c=0.5

Comparing the enthalpies, the binder with higher enthalpy is prepared with 42% of slags and
water, Cemsgoslagaao(H20)os, and the second one is with 25% of slags and water too,
Cemsgoslagioo(H20)0s. This means that slags increase the reactivity more that the alkaline
solutions used in this study. Fresh cement (unhydrated, before dehydration) with water has
higher enthalpy than dehydrated cement, which means that the dehydration generates a loss in
the reactivity of the binder. The comparison between different water ration in fresh cement
shown that binders with 0.5 are more reactive than binders with 0.4, both higher that
dehydrated binders. So, a decrease of the water to cement ratio decreases the reactivity, could
be that with less quantity of water than 0.5 not all the clinker phases react.

Between the rest of dehydrated cements without slags, binder with water (Cemsgoslago(H20)o.5)
has higher enthalpy than binders with other solutions and also than binder with lower ratio
(Cemsgoslago(H20)o.36). Comparing alkaline solutions, sodium sulphate generates higher heat
than hydroxide and carbonate, in that order. More molarity in sodium sulphate solution creates
lower heat (binder Cemsgoslago(Na;S04M)os) than binder of 0.5M, it could happen because
solution with lower molarity have more absolute water and due to the effect of alkalis, which
should be studied in detail. About the alkalis, sulphates react with C3A and C,4AF to create AFt
and AFm, so these reactions increase the total hydration heat. So, this alkali has a clear influence
in the hydration heat.

Finally, binder of dehydrated OPC and with lower water to cement ratio has been compared
(Cemsgoslago(H20)o036). This binder has the lowest enthalpy, so the reactivity of the hydration
reaction is lower, which could mean that not all the hydrated phases have been created after
the reactivation or not all regenerated clinker phases were present before the reactivation.

First comparison shown is between the fresh (unhydrated) and dehydrated OPC pastes. Fresh
OPC paste was prepared mixing water and cement directly from the company bag and
dehydrated OPC paste by dehydrating the fresh OPC paste at 500 °C for 2 hours, as explained in
5.2 Design of the experiment. Both pastes were prepared with a water to cement ratio of 0.5 -
as suggested in the European Standard, reactivated with distilled water and without slags; the
thermogram is shown in Figure 17. In all the thermograms, the heat flow is represented in darker
curves and the enthalpy is represented in light curves. The reaction’s enthalpy is represented as
the area under the curve and calculated as the summation of enthalpies in every second during
the reaction. So, it is the summation of the data from the beginning of Stage 3 (first minimum)
to the end of the reaction. In this case, only the reactions during the first two days were
analysed. To do these representations, the data has to be normalised by the total amount of
OPC in each sample. Also in all these representations, the first sharp peak in the thermogram
represents the second peak in the hydration reaction since the first peak (‘dissolution peak’ or
Stage |) is so fast (first minutes of reaction) that cannot be recorded using this test.
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Figure 17: Reactivity of binders prepared with fresh (unhydrated) and dehydrated pastes, with a water to
cement ratio of 0.5 and water. In blue fresh (unhydrated) OPC and in orange dehydrated OPC.

In Figure 17, the heat flow achieved in the second hydration peak (the first one seen in the
thermogram) is higher for the fresh paste than for the dehydrated cement paste. This situation
shows that clinker phases are not totally regenerated after the dehydration and reactivation of
the cement, that is why the final reactivity is lower. Also, both enthalpies have the same
tendency but being the enthalpy of fresh cement always higher, also seen in Table 13.

The next thermograms show the heat flow of the reactions in dehydrated cement (OPC or OPC
with slags) and reactivated with different solutions (water or alkaline solutions). Next
comparison is the influence of blast furnace slag in dehydrated binders with water (Figure 18).
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Figure 18: Reactions with water and different binders, w/c =0.5. In grey binder with more slag, in blue
binder with less slag and in orange binder without slag.
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Analyzing Figure 18, the presence of blast furnace slag increases the hydration heat and enthalpy
(grey and blue lines). This situation happens due to the filler effect explained in 2.2 Types of
cement and aggregates, according to European Standard EN 197-1. Because the slags are fine
particles, they are filling the spaces between OPC grans, which accelerate the reaction of the
clinker compounds >*. Comparing the second hydration peak (first one seen), binder without slag
(orange curve) has lower hydration heat. Also, in these curves another broader peak (third on
hydration reaction, but second on the graph) can be observed. This peak is bigger in binders with
slags and very low -but not inexistent- in the binder without them. It represents the reaction of
slags and portlandite, and the creation of more C-S-H gel. So, it can be concluded that the slags
give more reaction products than only OPC. In the case of the curve of binder without slags
(orange curve), the third peak of the hydration is lower but not flat; so, it can be the continuation
of creation of portlandite and C-S-H, explained by the Stage IV: the unreacted cement cores
move to the pore solution due to the diffusion of the water that goes inside cement grains
(explained in 2.3 Hydration of cement). This could happen due to an excess of water in the
hydration reaction, so it will be developed in the comparison of water content in section 6.2.3.
Influence of water to cement ratio in compressive strength.

The next interesting comparison to do is the analysis of the influence of different solutions used
to reactivate the cement. In this case, all binders were 100% dehydrated OPC.
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Figure 19: Reactions with different solutions used to reactivate cement using w/c = 0.5. Purple:
Cem300slag0(Na;S04™)o s, grey: Cem300slagO(Na;S0s)o.5, blue: Cem300slagO(NaOH),.s and orange
Cem300slagO(H;0)o.s.

As seen in Figure 19, the solution that generates the highest heat flow is the one with sodium
sulphate (Cemaposlago(Na>S04™M)os, purple curve). As mentioned before, sulphates react with
CsA and C,AF to create AFt and AFm, so these reactions increase the total hydration heat. The
second highest heat flow is the reaction with sodium carbonate (binder Cemsgoslago(NazCOs)ozs,
grey curve). The carbonates react with the portlandite to yield to calcite and its reaction heat
flow contributes to the total of hydration seen in the graph. The solution of sodium hydroxide
has a smaller peak than the carbonate solution but a slightly higher enthalpy. And the heat flow
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peak of the reaction with water is the smallest but this binder has the highest enthalpy, due to
the third peak seen in the curve. This third peak (second in the graph) is seen in binders with
water and binders with slag and carbonates, but not in binders with carbonates but without slag.

Other parameter compared during this thesis is the influence of the molarity in the alkaline
solutions (Figure 20). To do this, two solutions of sodium sulphate with different molarities were
used: 1M and 0.5M, in the binders Cemsposlago(Na;S04™)os and Cemsogoslago(Na2S04%°M)oss,
respectively.
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Figure 20: Reactivity of dehydrated binders without slags reactivated with sodium sulphate solutions of
different molarities. In purple with 1M and green with 0.5M

As seen in Figure 20, solutions with both molarities have very similar tendencies. The only
difference is solution with higher molarity has a higher maximum in the peak and tends to cero
before, and its enthalpy is slightly higher. But both are very similar curves. For these reasons, it
can be concluded that there is no difference between solutions of 1M and 0.5M, maybe lower
or higher molarities and larger differences in molarities can give different results.

6.2.2. Reactivity of cement pastes with an excess of water

As seen in the previous section, the presence of water in the cement paste influences the
hardening, so it could be interesting to analyse the heat flow and the enthalpy when the pastes
have an excess of water. In this case, the water to cement ratio used was 1.5 and all the binders
tested were dehydrated cement (two types of OPC and OPC with slags) and reactivated with
different solutions. The quantities of the materials of the binders characterised in this section
are detailed below (Table 14).
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Table 14: Quantities of materials in binders with w/c 1.5 for calorimetry.

Proportions and Name given Liquid Dehydrated | Dehydrated

characteristics 8 (g) OPC (g) slag (g)

300:0 Heidelberg w/water Cem"3goslago(H20)15 6.17 3.93 -

300:0 Heidelberg w/sodium N

hydroxide 1M Cem"3p0slago(NaOH)1 s 6.16 3.90 -

300:100 w/water CemaooS|ag1oo(Hzo) 1.5 6.10 2.93 0.98

300:100 w/sodium

hydroxide 1M CemaooS|ag1oo(NaOH)1,5 6.13 2.97 0.97

300:100 w/sodium

carbonate 1M Cem3005|ag100(N32C03) 15 | 6.14 2.92 0.97

300:220 w/water Cem3ooS|agzzo(Hzo)1_5 6.11 2.26 1.65

300:220 w/sodium

hydroxide 1M Cemsooslagazo(NaOH)ys | 6.13 2.24 1.65
22 i

300:220 w/sodium Cems00BFS220(Na;COs)1s | 6.18 2.25 1.66

carbonate 1M

The main hydration reaction happens during the first two days, but it continues slowly while the
heat flow continues to decrease towards the baseline. Even the thermograms show the first two
days, some binders were tested for 7 days to compare if there is lot of difference between the
reactivity data from 2" and 7" day. Knowing the enthalpy gives an idea of the extent of
hydration that occurs in the paste. Table 15 shows the enthalpies of the hydration reaction in
binders with an excess of solution.

Table 15: Enthalpies of all reaction in binders with w/c 1.5, in kl/g of cement

. Enthalpy
Z;Zf:cr:;ori:;i:d Name given (J/g dehydrated CEM 1) | |ncrease (%)
At 2 days | At7 days
300:0 Heidelberg Cem"s00slago(H20)1 5 192 044 27 19%
w/water
300:0 Heidelberg y
2 241 99
w/sodium hydroxide 1M Cem"3o0slago(NaOH)1.5 08 15.9%
300:100 w/water Cemagoslagioo(H20)1.5 364 492 35.2%
300:100 w/sodium ]
hydroxide 1M Cemsgoslagioo(NaOH)1s | 386 496 28.5%
300:100 w/sodium
carbonate/lM Cemsgoslagioo(NazC0Os)1s | 441 563 27.7%
300:220 w/water Cemsgoslagaoo(H20)1s 393 544 38.4%
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300:220 w/sodium ]
hydroxide 1M Cem3ooS|ag220(NaOH)1,5 447 608 36.0%
300:220 w/sodium

carbonate/lM Cemsgoslagaao(NaxCOs)ys | 521 744 42 .8%

In general, binders with 42% of slags (Cemsogslagazo) have higher enthalpies and binders with
100% OPC from Heidelberg have the lowest. Comparing between solutions used to reactivate,
sodium carbonate generates more heat than sodium hydroxide and water in the last position.
This behaviour is the opposite that occurs with a water to cement ratio of 0.5 in binders without
slags: in the previous case, binders without slags have more reactivity when react with water
than with alkaline solutions. So, binders with slags get more reactivity when reactivating with
alkaline solution and binders without slags (100% OPC) when are reactivated with water; i. e.
Cemsgoslagioo(H20)1.5 has 364 J/g and Cemsgoslagioo(Na2C0s)1 s has 441 /g, and n the other hand,
Cemsgoslago(H20)05 has 263 J/g and Cemsgoslago(Na,COs)os has 233 J/g. And even it is not the
maximum, binders with slags have more reactivity with more water content: i.e.
Cemsgoslagioo(H20)15 has 364 J/g and Cemagoslagioo(H20)005 has 296 J/g. So, the final order of
highest enthalpies is (first one the highest):

i.  With slags + excess of alkalis = around 400 J/g
ii.  With slags + excess of water = around 360 J/g
iii.  With slags + 0.5 of water = around 300 J/g
iv.  Without slags + 0.5 of water = around 260 J/g
v.  Without slags + 0.5 of alkalis = around 250 J/g

It is important to point out that an excess of heat (high enthalpy) could generate future cracking
in concrete (less durability) and less resistance to sea water. Also, the BFS added in fresh cement
decrease the total heat but, as seen with these results, BFS added in recycled cement increases
it, so more studies should be done related with this topic.

Other issue to analyse is the increase of the enthalpy from the 2" day to the 7. Binders with
more slags shown a bigger increase of the total hydration heat when more days passed. This
situation reinforces the idea that slags make the reactivity increase in recycled binders. Between
type of solution, there is not seen a clear tendency, because depending on the binder, the lower
and higher increase is seen in binders with different solutions.

From Figure 21 to Figure 25, the representations of reactivity of binders with different solutions
(water, sodium hydroxide 1M or sodium carbonate 1M) are shown, so the comparison in each
figure is between the different binders tested. Also, the data represented are normalised per
gram of cement in each binder. The thermograms of the pastes mentioned in Table 14 and Table
15 are shown in that figures.
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Figure 21: Reactivity of binders with excess of water. In blue Cem300slag100(H,0):.5, orange
Cem300slag220(H,0)1.s and grey Cem"300slag0(H,0);.s

As seen in Figure 21: Reactivity of binders with excess of waterFigure 21, the reaction of the binder
of 100% dehydrated CEM | from Heidelberg (Cem"sgoslago(H20)15) is extremely different from
the others also containing BFS. Comparing with the theoretical information explained, it is seen
that the reaction of hydration in this binder only has the first stage of heat flow and the reactions
afterwards are not the same as the other binders. So, in the first minutes of contact with water,
the dehydrated OPC from Heidelberg starts to dissolve because it shows the same tendency
explained in the theoretical explanation of the Stages in calorimetry (2.3 Hydration of cement)
but the formation of modified C-S-H phase never starts or is very limited (Eq. 3). Probably only
the CaO dissolves but the other reaction steps are limited, with an enthalpy, thus the extent of
reaction, lower than the other binders (Table 15).

The same situation also happened with sodium hydroxide 1M instead of water, so the problem
is with this dehydrated cement. The problems could be the dehydration process or the storage
of the dehydrated powder (but no differences were written down) or the chemical composition
of this cement. So, binder of dehydrated CEM | from Heidelberg (Cem"sqoslago) has not the same
tendency as the other binder’s curves, which means the reaction happening in this binder is
different from binders Cemsgoslagioo and Cemsgoslagaao. Although the heat flow in the beginning
is higher for 1M NaOH than for pure water, the total enthalpy is comparable. From these
experiments it is clear that the regeneration of pure CEM | from Heidelberg (Cem"300slago) does
not seem to be possible with heating at 500 °C. For this reason and for the results of the
mechanical test, no further testing has been done with the binder of CEM | from Heidelberg.

Now, binder with 25% of slag (Cemsgoslagioo) and 42% of slag (Cemsooslagazo) are going to be
analyzed. It could already be expected that these binders had very similar thermograms because
both have CEM | from SECIL and blast furnace slag. In the reaction with water (Figure 21: Reactivity
of binders with excess of waterFigure 21), the binder with a 25% of slag has lower enthalpy of
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hydration than the binder with 42% and, when analyzing the graph, the first peak (production
of modified C-S-HI) is almost the same but in the Stage 4 (after the first peak), the binder with
42% of slag continues reacting and the heat flow decreases slowly, while the binder with 25% of
slag has a faster fall after the peak and later follows the same tendency as the first binder.
However, the difference in enthalpy is smaller [(345.98-333.25)/333.25 = 3.8%] than the
differences in slag content [(48-25)/25 = 92%)]. Theoretically, the long tail could be a second peak
(smaller that the first one) which represent the production of secondary ettringite (AFm). Its
creation is due to the existence of remaining calcium sulphate (gypsum) when all calcium
aluminate (C3A) has reacted to ettringite (AFt), so this could mean that in the binder with more
slag (Cemsgoslagaz) protects the cement from the gypsum, giving high resistance to the
sulphates, but there are no lot of research about this, so more research is needed to figure this
out.

In the reaction with sodium hydroxide 1M (Figure 22Figure 22: Reactivity of binders with excess
of sodium hydroxide), the tendency of this figure is almost the same as Figure 21.
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Figure 22: Reactivity of binders with excess of sodium hydroxide. In blue Cem300slag100(NaOH) s,
orange Cem300slag220(NaOH)1.s and grey Cem"300slagO(NaOH); s

It can be notice in Figure 22 that binder with less slag (Cemsgoslagioo) is always less reactive than
binder with more (Cemsooslagazo). In fresh cement pastes (before dehydration), presence of slag
reduces chemical reaction with alkalis, because in the first reaction of OPC with slag, the slag is
activated by the decomposition products of OPC. As such, more slag reduces the reactivity of
the binder. But in the dehydrated cement however, the inverse seems to be true, as seen. The
possible explanation is that the reactive phases of OPC have been reactivated to a limited extent.

The next comparison is between binders reactivated with a solution of sodium carbonate of 1M.
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Figure 23: Reactivity of binders with excess of sodium carbonate. In blue Cem300slag100(H,0)1.s, orange
Cem300slag220(H,0)1.5 and grey Cem"300slag0(H;0)1.5

In the reaction with sodium carbonate 1M (Figure 23), both binders have two peaks in their heat
flow but the binder with more slag (Cemsgoslaga2o) has the reactions retarded in time. Actually,
the two peaks seen are the second and the third peak, because the first peak of the reaction is
so fast that in cannot be seem, as explained in 2.3 Hydration of cement. Both binders with
Na,COs have sharper peaks than reactions with water or NaOH, which means that carbonate
accelerates the hydration reaction. This is also clear form the enthalpy which is about 10% higher
than in the case of NaOH. Comparing the proportion of slag, it is seen that the second exotherm
(which is the first seen in the calorimeter) is retarded but somewhat higher for the binder with
more slag (Cemsgoslagazo) and its third peak is less reactive -same behaviour than in the reaction
with water. Also, binder Cemsqoslagzzo is more reactive during the Stage 5 (decreasing of the heat
flow).

The comparison between the solutions used to reactivate the cement is also an interesting
analysis to do. So, the next graph shows the influence of different reactivation liquids in binder
Cemsgoslagioo (Figure 24).
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Figure 24: Reactivity of binders with 25% of slag and an excess of different solutions. In blue
Cem300slag100(H,0).5, orange Cem300slag100(NaOH)1.s and grey Cem300slag100(Na;COs)1.5
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Figure 25: Reactivity of binders with 42% of slag and an excess of different solutions. In blue
Cem300slag220(H;0)..s, orange Cem300slag220(NaOH)1.s and grey Cem300slag220(NaCOs); 5

When analysing the binders Cemsgoslagioo with 25% of slag (Figure 24), the main difference
noticed is the sharpness of the third peak (in the graph, the second) in the reaction with a
solution of sodium carbonate of 1M (as seen also in the previous analysis), instead of the peak
extended over a long period seen in water and the only peak seen in the reaction with the
solution of sodium hydroxide 1M. The third peak in the reaction of hydration in fresh cement
pastes is the creation of secondary ettringite (AFm). As explained in the part 2.3 Hydration of
cement, AFm appears when gypsum has reacted totally but some quantity of calcium aluminate
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(CsA) remains in the mixture, so CsA reacts with ettringite (AFt) to yield AFm (Eqg. 7). In binder
Cemsg0BFSi100, the fastest reaction to achieve the maximum of the second peak (the first seen in
the graph), which represents the creation of modified C-S-H, is due to carbonate, but the
reaction with sodium hydroxide starts first even though it does not reach the same heat flow.
And the reaction with water is the slowest one and with less heat flow.

The next comparison is the influence of the solutions used in the reactivation in the binder
Cemsgoslagazo, with a 42% of slag (Figure 25). As seen, the tendencies of binders Cemsgoslagazo
are very similar to the binder Cemsggslagioo. The difference notice between both binders is that
binder with less slag has sharer peaks and its binder with carbonates has a faster hydration
reaction, so slags accelerate the hardening when mixed with carbonates.

6.2.3. Influence of water to cement ratio in the chemical reactivity

The influence of water in enthalpy is compared in this section. For this reason, other paste of
dehydrated OPC was prepared with a different water to cement ratio for the calorimetry test,
with a w/c of 0.36, lower than the European Standard EN 197-1. Below there are shown the
different enthalpies of the hydration reaction in each binder and their representation in the
thermogram.

Table 16: Enthalpies of binders with 100% dehydrated cement and different water to cement ratios, J/g

of dehydrated cement
Proportions and . Enthalpy at 2" day (J/g
N
characteristics ame glven dehydrated CEM 1)
300:0 w/water, w/c=0.5 Cemaooslago(H20)os 208.60
300:0 w/water, w/c=0.36 Cemaooslago(H20)0.36 165.10
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Figure 26: Reactions with different water to cement ratio in binders with 0% slag. In orange w/c=0.5 and
in blue w/c=0.36

46




Recycling of concrete: Dehydration and reactivation of cement

The influence of water content in the heat flow is very important, as seen in Figure 26. The
binder with w/c=0.36 has a lower peak and tends to zero faster that the binder with 0.5
(situation that happens when there are less hydration products, so lower strength can be
achieved). Also, because the lack of water, the binder with 0.36 does not have the third peak
(represented as second one in the graph). As said before, the creation of portlandite become
slower when the layer around the cement grains star being very thick because the diffusion of
water into the cement core becomes harder. But having more water makes that diffusion easier,
so when the reaction is slowing down, the remaining water diffuses inside the cement cores and
make the hydration products precipitate in the pore solution, reaction that is shown in this peak.
However, it is important to point out that the enthalpies between them are not so different
(AH=1.7 k)/g).

The comparison of different water content can be done also with binders with slags. Below there
are shown the differences between water to cement ratio of 0.5 and 1.5: their enthalpies and
the representation of the calorimeter data.

Table 17: Enthalpies for binders with slag and dehydrated cement and different water to cement ratios,
J/g of dehydrated cement

. . . Enthalpy (J/g
Proportions and characteristics Name given dehydrated CEM 1)
300:100 w/water, w/c=1.5 Cemsgoslagioo(H20)15 363.89
300:100 w/water, w/c=0.5 Cemsgoslagioo(H20)o5 296.27
300:220 w/water, w/c=1.5 Cemszooslagazo(H20)15 393.08
300:200 w/water, w/c=0.5 Cemszooslagazo(H20)0s 314.03
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Figure 27: Reactivity with different water to cement ratio in binders with 25% slag. In organge w/c=1.5
andin blue w/c=0.5
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Figure 28: Reactivity with different water to cement ratio in binders with 42% slag. In organge w/c=1.5
andin blue w/c=0.5

As seen in Table 17, the enthalpies between same type of binders are not as similar as between
binders with 100% OPC. The other difference is that in Figure 27 and Figure 28, the binders with
excess of water (w/c=1.5) are less reactive than binders with less water (w/c=0.5); as reminder,
in binders with 100% OPC, the one with 0.5 was more reactive than the ones with 0.36. So, here
it can be pointed out that a very large quantity of water does not accelerate the hydration
reaction. In all binders, it can be seen both peaks but with some differences: binders with less
slag have their third peak very similar but one above other, and in binders with more slags, the
curve of w/c=1.5 decreases continuously, without decrease very fast but maintaining both
peaks.

As explained in 5.2 Design of the experiment, the cement pastes prepared with fresh
(unhydrated) cement were mixed with water with a w/c of 0.4, later they were cured for three
days and heat up to 500 °C for two hours, to be finally mixed with other solutions or slags to
reactivate the clinker phases, following a w/c ratio of 0.5. Because of the different ratio used for
the fresh cement paste, it is very interesting to compare two pastes prepared with fresh OPC
but with these two ratios: 0.4 and 0.5. This comparison is shown in Figure 29.
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Figure 29: Reactivity of fresh cement pastes with different water to cement ratios: 0.4 and 0.5, both with
water and without slags. In orange FCem300slagO(H,0)o.4 and in blue FCem300slagO(H»0)o.5.

The analysis of different water to cement ratios in fresh OPC (unhydrated, before dehydration)
is seen in Figure 29: Reactivity of fresh cement pastes with different water to cement ratios: 0.4
and 0.5, both with water and without slags. In orange FCem300slag0(H.0)o4 and in blue
FCem300slag0(H,0)os.Figure 29 shows that binders with lower water content (w/c=0.4) has
higher heat flow in the second peak of the hydration but lower hydration enthalpy at 2™ day.
Also, this binder hydrates faster. So, less water in fresh cement pastes accelerates the hydration
but give less reactivity, which in some cases could be interesting to avoid cracking.

6.3. Results compressive strength

The other main test to compare the specimens and determine if the concrete is good enough
for the market is the compressive strength test, in which the maximum resistance of the
concrete to breaking under pressure is measured. As explained before, the equipment used in
these mechanical tests are Instron 5885H and Instron 5900R, where the load is measured during
the compression of the specimens, so it is possible to know these properties during the
compression of the specimen (seen as negative extension). Later the average of the maximum
strength of all 5 specimens tested had to be calculated and only the data inside the 10% up and
down of the average must be accepted as correct. So, the average is calculated again without
the discarded data.

To know the influence of an excess of water, a water to cement ratio of 0.61 has been used
instead of 1.5 in the compressive strength test. The following results are divided by the water to
cement ratio in the specimens (w/c = 0.5 and w/c = 0.61) to compare the influence of every
binder and solution used in the mortars. Later, the influence of the water content in the strength
is also compared.
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6.3.1. Compressive strength in specimens with a water to cement ratio of 0.5

Now, the results of compressive strength test for mortars prepared with a water to cement ratio
of 0.5 are shown below. First, the study is focused on the analysis of mortars with different
proportion of slags and reactivated with water; and later, the comparison of different liquids
used to reactivate mortar with 100% of dehydrated CEM | from SECIL. In blue the strength at 2
days of curing and in orange at 7 days is shown.
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Figure 30: Comparison of compressive strength for different binders with water, w/c = 0.5

The influence of the proportion of blast furnace slag in the recycled binder of mortars
reactivated with water is seen in Figure 30, where it is compared 100% of CEM | from SECIL
(Cemsooslago), 25% of slag (Cemsgoslagioo) and 42% of slag (Cemsooslagazo). The workability of
these samples was better that other batches: they had paste texture instead of solid state, which
gave a good flowability to mould them. It was seen during this procedure that the setting of
these samples was not so fast as other batches (which were difficult to mould due to the creation
of little stones in the paste). The data of 2 days of curing in specimens of mortar
Cemsgoslagaao(H20)os was lost due to a problem during the data extraction with the equipment.
First of all, it is important to point out that the strength in Cemsoneslagioo at 2 days of curing is
higher than at 7 days and theoretically, the strength rises with the days of curing, so the data
from the 7-day compressive test in binder Cemsgoslagioo should not be taken account because
they are not a reliable data. One explanation is that while demoulding the specimens from the
tubes, few of the specimens broke: some quantity of material remained stick in the bottom of
the tube, so the height of the final specimens was shorter than others (when cutting the sides
to achieve them to be flat). So, the specimens did not have the optimal height to diameter ratio
(which is h/D = 2, according to standard), it was lower which can be decisive when rely the
results. Other explanation could be the air bubbles inside the specimens: in specimens with
water, it was seen some holes when demould them. The specimens with holes were discarded
but it is not possible to assure that the other specimens did not have not-visible holes inside.

The rest of compressive strengths are all in the same range. There is no explanation found for
the lower strength of the sample with a low amount of slag after 7 days, compared to 2 days.
As seen, the mortar reactivated with water with more strength is Cemsgoslago(H20)os (0% slag)
with 14.1 MPa, followed by Cemsooslagzo0(H20)o.5 (42% of slag) and Cemsgoslagioo(H20)o.5 (25% of
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slag), which are very similar, so it has not a clear tendency. Besides, in the comparison of mortars
with 0.61 of water content to cement, the tendency shown that the mortars with more strength
are the ones with less slag, so we should expect that binder with 25% of slag has better strength
that binder with 42% of it (Figure 32).

Below, the influence of the liquid used to reactivate the mortars prepared with dehydrated
cement is analysed. In Figure 31, the results for mortars with binder Cemsooslago and a solution
of sodium sulphate 1M  (Cemsgoslago(NazS0s™M)os),  sodium  carbonate 1M
(Cemsgoslagioo(Na2C0Os)os), sodium  hydroxide 1M (Cemsposlago(NaOH)os) and  water
(Cemsooslago(H20)05) at 2 and 7 days of curing are shown. The results obtained with sodium
carbonate and sodium hydroxide are extremely low, 0.9 and 2.3 MPa respectively. And the
strength with sodium sulphate is better but not so high as with water. In this point it is important
to point out that during the preparation, the workability in these mortars was very bad due to
the low water to cement ratio (considering “water” as any liquid). To help to the workability,
0.43 grams of superplasticizer (maximum amount recommended: 0.3-0.6% of cement mass >°)
were added to the mixture, but it only works with water, so the mortars prepared with alkaline
solutions had a very bad workability. That is why the compressive strength in water is
remarkably better than the rest and not due to the chemical reactions that happen during the
curing.
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Figure 31: Compressive strength in mortars with 100% dehydrated CEM | from SECIL and different
solution of IM to reactivate

Below, some pictures about the look of the specimens of these mortars are shown (Figure
32Figure 32: Pictures of specimens of mortars with 100% of dehydrated CEM | from SECIL and
sodium carbonate 1M (left) and 25% of slag, 75% of dehydrated CEM | from SECIL and water
(right)).
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Figure 32: Pictures of specimens of mortars with 100% of dehydrated CEM | from SECIL and sodium
carbonate 1M (left) and 25% of slag, 75% of dehydrated CEM | from SECIL and water (right)

Due to these results shown before, the next step done was to analyse the influence of the
molarity in the solution used to reactivate the mortars. So, the next solution compared was of
sodium sulphate but 0.5M (Cemsgoslago(NazS04%°M)o5) and the results are shown below:
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Figure 33: Influence of molarity in liquids used to reactivate the recycled mortars

As seen, the strength of mortars with alkaline solution but with less molarity that before had
higher strength. First, it can be thought that this situation happens because a solution of 0.5M
has more water content that a solution of 1M, but it is seen that mortars with solution of sodium
sulphate 0.5M has more strength that mortars prepared with water, even thou mortar with
water had superplasticizer, so their workability was better. This means that a little alkalinity in
the solution helps to reactivate the cement inside the mortar.

The following tables (18-19) summarise all these results.

Table 18: Influence of blast furnace slag in mortars with water, w/c = 0.5

. . Strength | Strength
Type of binder Name in graphs at7days | at 2 days Comments

100% CEM | SECIL Highest strength in 7-

(dehydrated) Cem3ooS|ago(Hzo)o_5 14.1 MPa 11.7 MPa day test
75% CEM | SECIL 7'daysr:|§isatb‘lj§ta not

o)
(dehydriltaed) +25% | Cemsgoslagioo(H20)0s | 12.2 MPa | 15.1 MPa But, 2-days strength
& higher than with 0% slag

58% CEM | SECIL . .

(dehydrated) Cemsgoslagaao(H20)os | 12.5 MPa - Higher t:?: with less
+42% slag g
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Table 19: Comparison of strength between mortars reactivated with different liquids, w/c = 0.5

100% CEM | SECIL (dehydrated)
Reactivation liquid Compressive strength

Water Cemsgoslago(H20)os 14.1 MPa

Sodium hydroxide 1M Cemsgoslago(NaOH)os 2.3 MPa
Sodium carbonate 1M Cemsgoslago(NaCOs)o s 0.9 MPa
Sodium sulphate 1M Cemsgoslago(NazS04™M)o s 9.8 MPa
Sodium sulphate 0.5 M Cemsgoslago(NazS04%°M)g 5 17.9 MPa

Better strength: 0.5M Na,SO4
Coments But, water better than 1M of Na,SO4
Worst: NaOH and Na,CO;

6.3.2. Compressive strength in specimens with a water to cement ratio of 0.61

In the Figure 34, there is the comparison between binder with 100% of CEM | from Heidelberg
(CemM300slago(H20)061) and binders of CEM | from SECIL and different proportions of blast
furnace slag: 25% of slag (Cemsooslagioo(H20)0.61) and 42% (Cemsgoslagazo(H20)061). The figure
shows the strength of the mortars at 2 (blue) and 7 (orange) days of curing.
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Figure 34: Comparison of compressive strength for different binders with water, w/c = 0.61

As seen in the reactivity study, the mortar Cem"sposlago(H20)061 has the lowest compressive
strength. This binder showed during the calorimetry test that the reaction that occurs during
the hydration is not the same (part is missing) as in the other binders and comparing with the
result obtained in the mechanical test, it was decided to not continue working with it. It is
important to point out that the problems seen in this mortar can be done by a wrong procedure
during the dehydration, but no difference was written down, so it can be also for the type of
cement.

Analysing the other mortars with water, we can see that the mortar with less slag in its binder
(Cemsoposlagioo(H20)061) has higher strength that the other one with more slag
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(Cemsooslagaz0(H20)0.61): it has 28.9% less compressive strength at 2 days of curing. These binders
also follow this tendency at 7 days of curing. One explanation of this behaviour is that the more
quantity of cement has the binder, higher strength achieves. Comparing these results with the
reactivity study done during the calorimetry (Figure 21: Reactivity of binders with excess of water),
it can be pointed out that the reaction of hydration in both binders is very similar -being a little
more reactive when more quantity of slag is in the cement- (until the creation of C-S-H gel and
portlandite) but the third peak (the second one in the graph), which represents the creation of
secondary ettringite, is smaller in the binder with more slag. As explained in the Introduction,
the secondary ettringite (AFm) is generated when the mixture runs out of gypsum (calcium
sulphate). The strength results thus show that the link between calorimetry (or heat flow) and
strength build up is not straightforward.

Binders with same proportion of slag but with a 10% of fresh (FCemsooslagioo(H20)o.61,
FCemsooslagazo(H20)0.61) cement in their cement content and also with water were tested. The
results are shown below in Figure 35. These batches only were tested at 2 days of curing.
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Figure 35: Influence of fresh cement in compressive strength for different binders with water, w/c = 0.61

As seen, the strength is higher in the binder with less slag (Cemsgoslagioo(H20)061) but a little
lower in the binder with more slag. The extra activation given by the fresh cement should give
more strength to the mortar, but the results show that is not always true. That is why more test
should be done with a 10% of fresh cement, like the compressive strength test for 7 days of
curing.

Also, mortars with alkaline solutions to activate the cement were tested. Figure 36 shows the
results for mortars reactivated with a solution of sodium hydroxide of 1M ((NaOH)g1).
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Figure 36: Comparison of compressive strength for different binders with sodium hydroxide, w/c = 0.61

As in the activation with water, the binder with less slag (Cemsgoslagioo(NaOH)os1) has higher
strength than the binder with more slag (Cemsgoslagzo(NaOH)os1) even if the solution of
reactivation is sodium hydroxide. The difference with water is that the strength is very similar
between binders at 7 days of curing. Also, at 2 days of curing, strength in both binders is very
low, as said before, the workability was very low, so the moulding was difficult due to the fast
setting. Probably, this is the reason of the low strength. The solutions for this situation need to
be study, but the addition of sulphates or the decrease of activator concentration could be
tested; all of them will be discussed on Future work. The comparison between liquids in each
binder is done further on.

In the reactivation with a solution of sodium carbonate of 1M, the results changed. As seen in
Figure 37, the mortar with more slag (Cemsgoslagz20(Na>COs)os1) has more strength that the
mortar with less slag (Cemsgoslagioo(Na2C0Os)o61), just the opposite situation seen in reactivation
with water and sodium hydroxide.
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Figure 37: Comparison of compressive strength for different binders with sodium carbonate, w/c = 0.61,
and dehydrated CEM | from SECIL

Now, we can do the comparisons of the different reactivation solutions for each binder. First,
the results for mortars with binder of less slag (Cemsooslagioo) are shown, being R for the solution
of sodium carbonate 1M, S for sodium hydroxide 1M and W for water.

55



Recycling of concrete: Dehydration and reactivation of cement

9.9

17.3
10.9
— 10 104 Day test
§ — 5.6 m2d
— 5 . . m7d
0

(H20)0.61 (Na2C03)0.61  (NaOH)0.61

Compressive strength

Cem300slag100

Figure 38: Influence of reactivation liquid in mortars with 25% of slag, w/c = 0.61

As seen in the Figure 38, the mortar with higher strength has been reactivated with water,
followed by the reactivation with sodium carbonate and the lowest strength is in the mortars
with sodium hydroxide in the strength at 7 days, but at 2 days the hydroxide gives more strength
than the carbonates, but both are within margin of uncertainty, therefore it is not possible to
know exactly their differences and distinguish them.

In the mortars with more slag in their binders (Cemsgoslagazo), the comparison of the different
liquids used in the reactivation of dehydrated cement paste is below.
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Figure 39: Influence of reactivation liquid in mortars with 42% of slag, w/c = 0.61

The same pattern seen in the reactivation in mortars with 25% of slag is seen in mortars with
42% of slag: water gives more strength, followed by sodium carbonate and the lowest strength
is given by sodium hydroxide. The difference between NaOH and Na,COs; activated samples is

however larger in this case especially after 2 days. Conclusions of these results is exposed in the
Tables 20-21.

Table 20: Influence of presence of fresh cement in binders with slags and water with a w/c = 0.61

Strength

Type of binder Name in graphs at 7 days

Comments

75% CEM | SECIL (dehydrated)

+25% slag Cem300$|agloo(Hzo)o_61 10.4 MPa
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67.5% CEM | SECIL
(dehydrated)

Higher strength in mortar

+7.5% fresh CEM | SECIL FCemagoslagioo(H20)o61 | 11.3 MPa | with I.ess slag reactivated
with fresh cement
+25% slag
0,
58% CEM LS4E2(EJ/I0LS(|<:Zhydrated) Cemsooslagao(H20)oe1 | 7.4 MPa
L t thi t
51.92% CEM 1 SECI with more slag reactivated
0,
(dEhydra(:fEI(\j/: I+SF;E.(ZI6I_9/J fresh FCemaooslagazo(H20)o61 | 7.1 MPa with fresh cement
+42% slag

Table 21: Comparison between binders and liquids used in reactivation with a w/c = 0.61

75% CEM | SECIL

58% CEM | SECIL

. (dehydrated) + | (dehydrated) +
Reactivation liquid 25% slag 42% slag Coments
Cemsooslagioo Cemsooslagazo
Reactivation with water:
Water (H20)0.61 17.3 MPa 13.5 MPa
better 2 cement less slag
Sodium Reactivation with NaOH:
hydroxide 1M (NaOH)oe: 9.9 MPa 9.6 MPa better 2 cement less slag
Sodium Reactivation with Na,COs:
carbonate 1M (Na2COs)ox 10.9 MPa 11.4 MPpa better 2 cement more slag
Reactivation Reactivation
Coments better 2> water | better 2 water

worst = NaOH worst = NaOH

6.3.3.

Influence of water to cement ratio in compressive strength

All the graphical representations of the results are explained before, so in this point only the
summary of the data is shown to do a comparison between the amount of water in the mortars’
strength: the difference with w/c =0.61 and w/c = 0.5.

Table 22: Comparison of strength between mortars with different w/c

Strength at 7 days
Type of binder Name in graphs w/c= w/c= Comments
0.5 0.61
75% CEM | SECIL 12.2 Clear tendency in both
(dehydrated) + 25% slag Cemsooslagioo(H20)os MPa (*) 10.4 MPa binders:
less water = more
58% CEM | SECIL 12.5
. t th
(dehydrated) + 42% slag Cemaooslagzzo(Hz0)os MPa 7.4 MPpa Strensg
(as the theory says)
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So, when the amount of water decreases the compressive strength in the mortar increase. This
is because too much water will generate segregation of the sand from the binder (cement paste)
because it does not participate in the hydration reaction of the cement *®.
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PART IV: Conclusions

Chapter 7: Conclusions

In this Chapter, all the conclusions that have seen said during all this Thesis are summarise. To
organise them, this chapter is divided in different sections to analyse the influence of different
issues separately.

DEHYDRATION PROCESS
= Dehydration process generates a loss in the reactivity on binders of OPC and OPC with
slags, which have lower heat than fresh cement pastes.
= Not all regenerated (after dehydration) clinker phases are present before the
reactivation.
= Not all the hydrated phases are present after the reactivation with solutions.

INFLUENCE OF SLAGS IN DEHYDRATED CEMENT AND CONCRETE
= Slags increase the reactivity of the hydration reaction of OPC more than alkaline
solutions.
= Slags with water give higher compressive strength = Both help workability of the pastes

INFLUENCE OF ALKALIS IN REACTIVATION OF DEHYDRATED CEMENT
= Binders with slags are more reactive when mixing with alkalis instead of water.
= Binders without slags are more reactive when mixing with water than with alkalis.
=  Mortars with alkaline solutions have less compressive strength than mortars with water
- the dab workability of mortars with alkalis has a big influence on this
= Between alkalis, sodium hydroxide shows the worst compressive strength and sodium
sulphate the best

INFLUENCE OF MOLARITY IN ALKALINE SOLUTIONS USED IN REACTIVATION OF DEHYDRATED CEMENT
= There is no difference of 1M and 0.5M in the chemical reactivity of the reactivation with
sodium sulphate solutions.
=  Mortars with 0.5M sodium sulphate solution has better strength than with water and
with water better than with sodium sulphate 1M

INFLUENCE OF REACTIVATION WITH 10% OF FRESH OPC IN 90% OF DEHYDRATED CEMENT
=  Mortars with 10% of fresh OPC have better compressive strength if binder has less slag
(25%) than more slag (42%)

INFLUENCE OF WATER CONTENT IN REACTIVATION OF DEHYDRATED CEMENT AND FRESH CEMENT
= Decrease of w/c decreases the reactivity in dehydrated cements, it could be because
not all clinker phases react with less ratio of 0.5.
= Decrease of w/c decreases the reactivity in fresh cement pastes -which in some cases
could be interesting to avoid cracking- but accelerates the hydration reaction.
= Increase of w/c decreases the compressive strength: 0.5 better than 0.61
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PART V: Future work

Chapter 8: Future work

This final chapter is thought to make suggestions about the future work the author thinks that
needs to be studied and all the questions than cannot have been answer in this Thesis.

First of all, the presence of blast furnace slag has not the same behaviour depending on the
composition of the binder and the solution used to reactivate the dehydrated cement. Also, it
seems slags acts differently in fresh and dehydrated cement, so the comparison of these results
with more test would be interesting to clarify this situation.

Second, the study of the influence of the molarity of alkaline solutions in dehydrated binders
has been very concise in this study: solutions with molarities between 0.5 and 0.1 or less should
be done to see exactly the influence of it.

Third, the exact effect of alkalis -in general- in the reactivation is not very clear, it would be
interesting to do other types of tests like XRD to the mortars and pastes with the alkalis studied.

Fourth, the influence of the dehydration temperature has not been tested. Maybe lower
temperature could achieve the same results with less energy consumption, or it could obtain
better regeneration of the clinker phases to get more hydration products from the dehydration
and higher strength.

Fifth, to achieve better workability in the mortars (which could resonate in the compressive
strength), other procedure could be designed: i. e. curing of the specimens with pressure.

60



Recycling of concrete: Dehydration and reactivation of cement

PART VI: References

! Portland Cement Association. (2018). Cement and Concrete Basics. 02/06/18, Portland
Cement Association Web site: http://www.cement.org/cement-concrete-applications

2 plaza Gdmez, B., & Arilla Agérriz, E. (2014). Estudio de la posibilidad de sustitucidn de
hormigones tradicionales por hormigones ecoldgicos fabricados con conglomerantes
procedentes de residuos industriales y dridos reciclados. Universitat Politécnica de Valéncia

3 European Comission. (2016). Construction and Demolition Waste (CDW). 02/06/18, European
Comission Environment Web page:
http://ec.europa.eu/environment/waste/construction_demolition.htm

4 European Pollutant Release and Transfer Register. 02/06/18 Web page:
http://prtr.ec.europa.eu/#/home

> The European Cement Association, 02/06/18, CEMBUREAU Web page:
https://cembureau.eu/about-cembureau/who-are-we/

® The European Cement Association, CEMBUREAU Anual Report 1997
” The European Cement Association, CEMBUREAU Anual Report 2015

8 Recycling.com. (2016). Waste Hierarchy: Lansink's Ladder. 07/04/18, Recycling Community
Web page: http://www.recycling.com/downloads/waste-hierarchy-lansinks-ladder/

% Andrew, R. M. (2018). Global CO 2 emissions from cement production. Earth Syst. Sci. Data,
105194, 195-217.
https://doi.org/http://dx.doi.org.kuleuven.ezproxy.kuleuven.be/10.5194/essd-10-195-2018

10 Roberto Gonzalez. (2012). Ventajas de la biomasa. 24/07/18, Twenergy Web page:
https://twenergy.com/a/ventajas-de-la-biomasa-767

11 European Pollutant Release and Transfer Register. 02/06/18 Web page:
http://prtr.ec.europa.eu/#/home

2 owe, D. C., & Zealand, N. (2007). Changes in Atmospheric Constituents and in Radiative
Forcing (IPCC 2007). Change, 30(22), 129-234. https://doi.org/10.1103/PhysRevB.77.220407

13 United Nations Climate Change. (2018). Global Warming Potentials. 10/04/18, United
Nations Climate Change Web page: https://unfccc.int/process/transparency-and-
reporting/greenhouse-gas-data/greenhouse-gas-data-unfccc/global-warming-
potentialshttps://unfccc.int/process/transparency-and-reporting/greenhouse-gas-
data/greenhouse-gas-data-unfccc/global-warming-potential

4 Gerald, B., & Neville, P. E. (1981). Concrete manual.

15 GreenSpec. (2018). Aggregates for Concrete. 26/07/18, GreenSpec Web page:
http://www.greenspec.co.uk/building-design/aggregates-for-concrete/

16 plaza Gémez, B., & Arilla Agérriz, E. (2014). Estudio de la posibilidad de sustitucion de
hormigones tradicionales por hormigones ecoldgicos fabricados con conglomerantes
procedentes de residuos industriales y dridos reciclados. Universitat Politecnica de Valéncia

61


http://prtr.ec.europa.eu/#/home
http://prtr.ec.europa.eu/#/home

Recycling of concrete: Dehydration and reactivation of cement

17 Kurdowski, W. (2014). Cement and concrete chemistry. Cement and Concrete Chemistry,
9789400779457, 1-700. https://doi.org/10.1007/978-94-007-7945-7

18 CEMBUREAU. (2018). The Story of Cement Manufacture. 05/06/18, The European Cement
Association Web site: https://cembureau.eu/media/1544/cementmanufacturing.pdf

19 Kurdowski, W. (2014). Cement and concrete chemistry. Cement and Concrete Chemistry,
9789400779457, 1-700. https://doi.org/10.1007/978-94-007-7945-7

20 Jeff Thomas & Hamlin Jennings. (2014). The Science of Concrete. 15/06/18, Infrastructure
Technology Institute, Northwestern Engineering Web page:
http://iti.northwestern.edu/cement/

21 B, Sivasankar. (2008). Engineering Chemistry. Chennai: McGraw-Hill.
22 B, Sivasankar. (2008). Engineering Chemistry. Chennai: McGraw-Hill.

23 |ECA. (2017). Componentes y propiedades del cemento. 05/07/18, Instituto Espafiol del
Cemento y sus Aplicaciones Web page: https://www.ieca.es/componentes-y-propiedades-del-
cemento/

24 puertas, F. (1993). Escorias de alto horno: composicién y comportamiento hidraulico.
Materiales de Construccion, 43, 37—-48. https://doi.org/10.3989/mc.1993.v43.i229.687

%5 Berodier, Elise & Scrivener, Karen. (2014). Understanding the Filler Effect on the Nucleation
and Growth of C-S-H. Journal of the American Ceramic Society. 97. 10.1111/jace.13177

26 Construmatica. (2018). Componentes del Mortero. Caracteristicas. 30/07/18, Asociacién
Nacional de Fabricantes de Mortero Web page:
https://www.construmatica.com/construpedia/Componentes_del_Mortero._Caracter%C3%A
Dsticas#tPropiedades_f.C3.ADsicas_de_los_.C3.Alridos

27 Grupo de Investigacion de Tecnologia del Medio Ambiente. (2003). Morteros. 30/07/18,
Universidad Pablo de Olavide de Sevilla Web page:
https://www.upo.es/tym/WebCT/Materiales/page_11.htm

28 Grupo de Investigacion de Tecnologia del Medio Ambiente. (2003). Morteros. 30/07/18,
Universidad Pablo de Olavide de Sevilla Web page:
https://www.upo.es/tym/WebCT/Materiales/page_11.htm

2 Grupo de Investigacion de Tecnologia del Medio Ambiente. (2003). Morteros. 30/07/18,
Universidad Pablo de Olavide de Sevilla Web page:
https://www.upo.es/tym/WebCT/Materiales/page_11.htm

30 Instruccidn Espafiola del Hormigén Estructural (EHE-08)
31 Technical datasheet of Sika® ViscoCrete® Polymer Technology

32 pApebo, N. S., Shiwua, A. J., Agbo, A. P., Ezeokonkwo, J. C., & Adeke, P. T. (2013). Effect of
Water-Cement Ratio on the Compressive Strength of gravel -crushed over burnt bricks
concrete. Civil and Environmental Research, 3(4), 74—82. Retrieved from http://www.iiste.org

3 Kumar, L. R., Karthikeyan, M., & Raghu, R. (2017). Influence of Water-Cement Ratio on
Compressive Strength of burnt bricks. IOSR Journal of Mechanical and Civil Engineering, 14(02),
91-94. https://doi.org/10.9790/1684-1402029194

62



Recycling of concrete: Dehydration and reactivation of cement

% Alonso, C., & Fernandez, L. (2004). Dehydration and rehydration processes of cement paste
exposed to high temperature environments. Journal of Materials Science, 39(9), 3015—-3024.
https://doi.org/10.1023/B:JMSC.0000025827.65956.18

% Han, Virak & Ros, Soty & Shima, Hiroshi. (2013). Effects of Sand Content, Superplasticizer
Dosage, and Mixing Time on Compressive Strength of Mortar. Aci Materials Journal. 110. 23-
31.

36 Judy Brewer. (unknown). Concrete: Scientific Principles. 30/07/18, Department of Materials
Science and Engineering University of lllinois Urbana-Champaign Web page:
http://matsel.matse.illinois.edu/concrete/prin.html

37 Jeff Thomas & Hamlin Jennings. (2014). The Science of Concrete. 15/06/18, Infrastructure
Technology Institute, Northwestern Engineering Web page:
http://iti.northwestern.edu/cement/

38 Jeff Thomas & Hamlin Jennings. (2014). The Science of Concrete. 15/06/18, Infrastructure
Technology Institute, Northwestern Engineering Web page:
http://iti.northwestern.edu/cement/

39 Judy Brewer. (not known). Concrete: Scientific Principles. 30/07/18, Department of Materials
Science and Engineering University of lllinois Urbana-Champaign Web page:
http://matsel.matse.illinois.edu/concrete/prin.html

40 Alonso, C. & Fernandez, L. Journal of Materials Science (2004) 39: 3015.
https://doi.org/10.1023/B:JMSC.0000025827.65956.18

41 Della M Roy, Alkali-activated cements Opportunities and challenges, Cement and Concrete
Research, Volume 29, Issue 2, 1999, Pages 249-254, ISSN 0008-8846,
https://doi.org/10.1016/S0008-8846(98)00093-3.

42 "Potassium." Chemicool Periodic Table. (2012). Chemicool.com. 04/08/2018, Web page:
https://www.chemicool.com/elements/potassium.html

43 "Sodium." Chemicool Periodic Table. (2012) Chemicool.com. 04/08/2018, Web page:
https://www.chemicool.com/elements/sodium.html

44 Deborah N. Huntzinger, Thomas D. Eatmon, A life-cycle assessment of Portland cement
manufacturing: comparing the traditional process with alternative technologies, Journal of
Cleaner Production, Volume 17, Issue 7, 2009, Pages 668-675, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro.2008.04.007

4 Fernanda N. Stafford, Fabiano Raupp-Pereira, Jodo A. Labrincha, Dachamir Hotza, Life cycle
assessment of the production of cement: A Brazilian case study, Journal of Cleaner Production,
Volume 137, 2016, Pages 1293-1299, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro.2016.07.050

6 Garcia-Gusano, D., Herrera, |., Garrain, D. et al. Clean Techn Environ Policy (2015) 17: 59.
https://doi.org/10.1007/s10098-014-0757-0

47 Collier, N. C. (2016). Transition and decomposition temperatures of cement phases - a
collection of thermal analysis data. Ceramics - Silikaty, 60(4), 338—343.
https://doi.org/10.13168/cs.2016.0050

63



Recycling of concrete: Dehydration and reactivation of cement

48 Lars Wads®, Markus Arndt, An international round robin test on isothermal (conduction)
calorimetry for measurement of three-day heat of hydration of cement, Cement and Concrete
Research, Volume 79, 2016, Pages 316-322, ISSN 0008-8846,
https://doi.org/10.1016/j.cemconres.2015.10.004

4 Lars Wads®, Markus Arndt, An international round robin test on isothermal (conduction)
calorimetry for measurement of three-day heat of hydration of cement, Cement and Concrete
Research, Volume 79, 2016, Pages 316-322, ISSN 0008-8846,
https://doi.org/10.1016/j.cemconres.2015.10.004

Y Encyclopaedia Britannica

51 Gopal Mishra. (unknown). Compressive Strength of Concrete -Cube Test, Procedure, Results.
30/07/18, de The Constructor Sitio web: https://theconstructor.org/concrete/compressive-
strength-concrete-cube-test/1561/

>2Thermogravimetric Analysis (TGA): A Beginner’s Guide from Perkin Elmer, 03/08/18, Web
page: https://www.perkinelmer.com/CMSResources/Images/44-
74556GDE_TGABeginnersGuide.pdf

>3 Alonso, C., & Fernandez, L. (2004). Dehydration and rehydration processes of cement paste
exposed to high temperature environments. Journal of Materials Science, 39(9), 3015—-3024.
https://doi.org/10.1023/B:JMSC.0000025827.65956.18

>* Grupo de Investigacion de Tecnologia del Medio Ambiente. (2003). Morteros. 30/07/18,
Universidad Pablo de Olavide de Sevilla Web page:
https://www.upo.es/tym/WebCT/Materiales/page_11.htm

%5 Han, Virak & Ros, Soty & Shima, Hiroshi. (2013). Effects of Sand Content, Superplasticizer
Dosage, and Mixing Time on Compressive Strength of Mortar. Aci Materials Journal. 110. 23-
31.

%6 Kolawole Adisa Olonade, Ibrahim Kayode Ajibola, Chigozie Lawrence Okeke, Performance
evaluation of concrete made with sands from selected locations in Osun State, Nigeria, Case
Studies in Construction Materials, Volume 8, 2018, Pages 160-171, ISSN 2214-5095,
https://doi.org/10.1016/j.cscm.2018.01.008

64


https://www.britannica.com/editor/The-Editors-of-Encyclopaedia-Britannica/4419

Recycling of concrete: Dehydration and reactivation of cement

65



Recycling of concrete: Dehydration and reactivation of cement

APPENDICES

Appendix I: Cement Chemist Notation (CCN)

Table 23: Cement Chemist Notation (CCN)

Chemical name Mineral name

Cement Oxide Chemical formula
notation formula
o Cao Cao Calcium oxide Quicklime / Burnt
lime / Lime
S SiO, SiO, Silicon dioxide Silica
A Al,O3 Al,03 Aluminium oxide Alumina
F Fe,03 Fe,03 Ferric oxide Hematite / Rust
H H,O H.0 Water -
M MgO MgO Magnesium oxide Periclase
N NazO NazO Sodium oxide -
s SO; SO; Sulphur trioxide Sulphate
c CO, CO; Carbon dioxide -
P P,0s P,0s Phosphorus hemi- -
pentoxide
Cs CaSOs Ca0-S0, Calcium sulphate Andydrite
CH Ca(OH), Ca0O-H,0 Calcium hydroxide Portlandite
Cc CaCOs Ca0-CO;, Calcium carbonate Calcite
CsS CasSio 3Ca0:-Sio; Tricalcium silicate Alite
C:S Ca,Si0, 2Ca0:-Si0; Dicalcium silicate Belite / Larnite
CA CazAl,06 3Ca0-Al,03 Tricalcium aluminate Celite / Aluminate
CA CaAl,05 Ca0-2Al,03 Dicalcium aluminate -
C.AF CasAl,Fe;010 4Ca0-Al;03-Fe;03 Tetracalcium alumino Ferrite
ferrite
C,AS CazAl;Six 07 2Ca0-Al;03:Si0; Dicalcium alumino Gehlenite
silicate
CAS; CaAl;Si,0s Ca0-Al;,03-2Si0; Calcium alumino di- Anorthite
silicate
AFt / CagAlS3018 (Ca0)3-Al>03:(CaS0y4)3 Alumina ferric oxide tri- Primary
CsAs:H;, -32H20 -32H,0 sulphate ettringite
AFm / CasAl;SO10 (Ca0);-Al;,03-CaS0, Alumina ferric oxide Secondary
C,As:H,, -12H20 -12H,0 mono-sulphate ettringite
C-A-H - x Ca0 -y Al,03 -z H,0 Calcium aluminate -
hydrate
CS-H; - CaS0s-2H,0 Calcium sulphate Gypsum
dihydrated dihydrated
C-S-H gel - x Ca0 -y SiO; -z H,0 Calcium silicate -
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Appendix Il: European Standard EN 197-1

Table 24: Types of cement described in EN 197-1

Composition (percentage by mass %)
Main constituents Minor
additional
[constituents
;‘::; ’E‘n";“s":riiﬁni F;":I_:::‘tf; Clinker :l :I :;e ﬁ:::rc: Pozzolana Fly ash :t::r; Limestone
slag natural | natural |siliceous | calca-
calcined regus
K 5 D° P Q v w T L L
CEMI Pertland cement CEMI 95-100 - - - - - - - - - 0-5
Portland-slag CEMIIA-S | 8094 | 620 - - - - - - - - 05
cement CEMI/B-S | 6579 | 21-35 - - - - - - - - 0-5
Portland-silica fume | CEM Il/A-D 90-04 - 6-10 - - - - - - - 0-5
cement
CEM /AP a0-04 - - 6-20 - - - - - - 0-5
Portland-pozzolana | CEMIVB-P | 6579 - - |2t - - - - - - 05
cement CEMIIA-Q | 8094 - - - | 62| - - - - - 0-5
CEM IVB-Q 6579 - - - 21-35 - - - - - 0-5
CEM I/A-V 80-94 - - - - 6-20 - - - - 0-5
CEMI | portiand-fly ash CEMIVB-V | 65-79 - - - - |2135| - - - - 0-5
cement CEM /AW | 80-04 - - - - - 6-20 - - - 0-5
CEMI/B-W | 6579 - - - - - 21-35 - - - 0-5
Portland-bumt shale | CEMIVA-T | 80-94 - - - - - - |62 - - 05
cement CEMIVB-T | 6579 - - - - - - |21 - - 0-5
CEM IFA-L a0-04 - - - - - - - 6-20 - 0-5
Polandlimestone | CEMI/B-L | 65-79 - - - - - - - |2138| - 0-5
cement CEM I/A-LL | 80-04 - - - - - - - - 6-20 0-5
CEMI/B-LL | 6579 - - - - - - - - 21-35 0-5
Portland-composite | CEMIIIA-M | 80-94 6-20 05
cement ° CEMIB-M | 6579 21-35 05
CEM /A 3564 36-65 - - - - - - - - 0-5
CEMIIl | Blastfumace CEM B 20-34 66-80 - - - - - - - - 0-5
cement CEM VG 519 81-95 - - - - - - - - 0-5
Pozzolanic CEMIV/IA | 65-89 - 1135 - - - 05
CEMIV | cement ® CEMIVB | 4564 - 3655 - - - 05
Composite CEM VIA 4064 | 1830 | - —— 1830 —— - - - - 0-5
CEMY | cement CEMV/B 2038 | 3180 | - | «——3150—— - - - - 05
a  The values in the table refer to the sum of the main and minor additional constituents.
b The proportion of silica fume is limited to 10 %.
¢ In Poriland-composite cements CEM II/A-M and CEM II/B-M, in pozzolanic cements CEM IVIA and CEM IV/B and in composite cements CEM
VIA and CEM V/B the main constituents other than clinker shall be declared by designation of the cement (for example see clause 8).
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Nomenclature used in the Thesis

Table 25: Nomenclature of the present Thesis

Proportions and characteristics

Name

300:0 w/water

Cemaooslago(H20)os

300:100 w/water

Cemsgoslagioo(H20)o.5

300:200 w/water

Cemsgoslagazo(H20)o.5

(only in mech.
test and TGA)

300:0 w/sodium hydroxide 1M Cemsgoslago(NaOH)os
w/c=0.5
300:0 w/sodium carbonate 1M Cemsgoslago(NazC0s)os
300:0 w/sodium sulphate 1M Cemsgoslago(NazS04™M)g 5
300:0 w/sodium sulphate 0.5M Cemsgoslago(NazS04%*M)g 5
300:0 100% fresh OPC w/water CemoFsooslago(H20)os
w/c=0.36 300:0 w/water, w/c=0.36 Cemaooslago(H20)0.36
300:0 Heidelberg w/water CemMsgoslago(H20)0.61
300:0 Heidelberg w/sodium hydroxide 1M CemMsgoslago(NaOH)1s
300:100 w/water Cemsgoslagioo(H20) 15
w/c=1.5
300:100 w/sodium hydroxide 1M Cemszooslagioo(NaOH)1 s
(onlyin
calorimetry, 300:100 w/sodium carbonate 1M Cemsooslagioo(Na2COs) 15
TAM Air)
300:220 w/water Cemaooslagazo(H20) 15
300:220 w/sodium hydroxide 1M Cemsgoslagaao(NaOH) 15
300:220 w/sodium carbonate 1M Cemsgoslagazo(NazC0s) 15
. H H
w/c = 0.61 300:0 Heidelberg w/water Cem"3p0slago(H20)0.61

300:0 Heidelberg w/sodium hydroxide 1M

Cem'300slago(NaOH)o 61

300:100 w/water

Cemsooslagioo(H20)o.61
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300:100 w/water, 10% fresh OPC, 90%
dehydrated OPC

FCemsgoslagioo(H20)0.61

300:100 w/sodium hydroxide 1M

Cem3ooslag100( NaOH )0_51

300:100 w/sodium carbonate 1M

Cemsooslagioo(Na2C0s)o.61

300:220 w/water

Cemsooslagazo(H20)0.61

300:220 w/water, 10% fresh OPC, 90%
dehydrated OPC

FCemagoslagz20(H20)o.61

300:220 w/sodium hydroxide 1M

Cem3005|ag220( NaOH )0.61

300:220 w/sodium carbonate 1M

Cemsgoslagaz0(NaC03)o.61
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