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Resumo 

O desenvolvimento de novos cimentos eco-eficientes é o maior desafio que as cimenteiras nacionais 

enfrentam na actualidade, motivado pela responsabilidade ambiental e consequente necessidade de 

redução das emissões de dióxido de carbono antropogénico durante as próximas décadas. 

Recentemente, foi desenvolvido um novo ligante hidráulico amorfo através de uma parceria entre a 

CIMPOR e o Instituto Superior Técnico, que surge como uma potencial alternativa ao cimento Portland 

(OPC). Este novo produto caracteriza-se por possuir um rácio molar CaO/SiO₂ (C/S) de 1.1, tendo um 

potencial de redução de emissões de CO2 de cerca de 25% face ao tradicional OPC.  

A presente dissertação tem por objectivo o desenvolvimento de um betão eco-eficiente produzido com 

o novo ligante hidráulico amorfo e realizar a respectiva prova de conceito, em matrizes de argamassa, 

atendendo à actualmente muito reduzida capacidade de produção do novo clínquer. Para o efeito foram 

realizados ensaios de caracterização das misturas em estado fresco, ensaios de caracterização da 

resistência mecânica à flexão e à compressão aos 3, 7, 28, 56, 91 e 120 dias, assim como ensaios de 

caracterização da retracção ao longo de um período de 91 dias. Foram ainda obtidas e analisadas 

imagens de MEV.  

Concluiu-se que, principalmente quando o novo ligante hidráulico amorfo é activado com uma pequena 

percentagem de uma solução alcalina de silicato de sódio e hidróxido de sódio, é possível obter 

resistências da ordem de grandeza dos cimentos Portland tradicionais. Estes primeiros resultados 

obtidos em matrizes à macroescala revelam que esta alternativa poderá surgir no futuro como opção 

vantajosa face ao clínquer de OPC em aplicações específicas. 

Palavras-chave 

Ligante hidráulico amorfo, clínquer, ativador alcalino, resistências mecânicas, retração 
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Abstract 

The development of new eco-efficient cementitious materials is the biggest challenge that national 

cement producers are facing nowadays, driven by the environmental responsibility and the consequent 

need to reduce anthropogenic carbon dioxide emissions during the next decades. Recently, a new 

amorphous hydraulic binder was developed through a partnership between CIMPOR and Instituto 

Superior Técnico, which emerges as potential alternative for the Ordinary Portland Cement (OPC). This 

new product is characterized by having a CaO/SiO₂ (C/S) molar ratio of 1.1, having the potential of 

reducing CO2 emissions by about 25% in comparison with the traditional OPC. 

The present thesis, aims at the development of an eco-efficient concrete produced with the new 

amorphous hydraulic binder and perform the respective proof of concept in mortar mixtures, given the 

currently very small production capacity of the new clinker. For this purpose the following tests were 

performed: fresh state characterization tests, mechanical strength characterization tests at the ages of 

3, 7, 28, 56, 91 and 120 days, as well as shrinkage characterization tests until the age of 91 days. SEM 

images were also obtained and analyzed. 

It was concluded that, especially when the new amorphous binder is alkali activated with a small 

percentage of a sodium silicate and sodium hydroxide aqueous solution strength results of the same 

order of magnitude as the traditional Portland cement ones can be obtained. These first results obtained 

with macro-scale mixtures, reveal that this alternative might arise in the future as an advantageous 

option to the OPC clinker in specific applications. 

Keywords 

Amorphous hydraulic binder, clinker, alkali activation, mechanical strength, shrinkage. 
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I. Introduction 

I.1 Scope 

Concrete, mortar and pastes are worldwide used in the construction industry, being therefore Portland 

Cement (Ordinary Portland Cement – OPC) the most consumed product, immediately after water. In 

2017, 4.100 million metric tons of cement were produced all over the world, making this industry 

responsible for 6-8% of the global anthropogenic CO₂ emissions [1]. It is estimated that, using the best 

available technology, about 800 kg of CO₂ are emitted to the atmosphere for each ton of clinker 

produced [1]. This gas is emitted from the calcination process of limestone, from combustion of fuels in 

the kiln and from power generation for purchased or self-generated electricity [2]. Carbon dioxide is a 

greenhouse gas present in Earth’s atmosphere but, since the Industrial Revolution, anthropogenic 

emissions have rapidly increased leading to global warming, among other problems [3]. A new study of 

Moody’s Investors Service indicated that the search for this material can increase between 12 and 23% 

until 2050 [4]. The challenge is to reduce CO2 emissions and simultaneously increase production, 

pushing the industry to reduce CO2 emissions in the production process. After the Paris Agreement in 

2015 [5], future taxing of CO2 emissions will be a reality and thus the industries need to adapt by (i) 

developing new cements, (ii) developing new production processes, (iii) improving the energy efficiency 

of the process, (iv) replacing high-carbon fossil fuels by alternative fuels or/and (v) using blended 

cements with lower doses of clinker [2].  

Most of this CO₂ emission reduction attempts have already been tried and implemented at most modern 

cement plants. It was concluded that the most direct way to reduce CO₂ emitted by the cement industry 

is to develop new clinkers with a smaller amount of carbonated raw materials needed. However, 

Portland cement clinker is highly dependent on the chemistry of calcium, with its main constituents 

containing large amounts of this element, namely Alite (C₃S), Belite (C₂S), tricalcium aluminate (C₃A) 

and tetracalcium aluminoferrite (C₄AF). Unfortunately, calcium is usually found in nature in its 

carbonated form of limestone (CaCO3), being its calcination process responsible for circa 60% of the 

total CO₂ emissions of the entire cement production process. 

CIMPOR and IST initiated in 2012 a project that is today a reference in developing more sustainable 

cements. It should be highlighted that a drastic change of the existing technology for cement production 

is very difficult to be conducted because of the large investment of the cement industry in the existing 

technology. Therefore, the development of a novel hydraulic binder must be based on the production 

process of traditional clinker. Therefore, the initial objective was to investigate the hydraulic properties 

of amorphous clinkers with C/S<2 in order to find a new family of alternative environment-friendly 

clinkers. As a result two patents have been developed for dendritic Belite based hydraulic binders [6] 

and for low calcium content amorphous hydraulic binders [7]. When the most promising C/S molar ratio 

was found, many studies were conducted aiming at (i) understanding the hydration mechanisms, 

(ii) explaining the influence of cement phases on the mechanical properties, (iii) optimizing the 

production procedures, and (iv) adjusting the granulometry as well as the cooling system to increase 

the mechanical strength. In the follow up of this project several works have already been developed and 
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published: a PhD thesis [8], three master thesis [9–11], and several scientific papers [12–16]. The new 

amorphous binder C/S 1.1 studied in this work, reduces in circa 25% the amount of CO2 originated from 

the raw mix in the production process [15]. In addition, previous studies demonstrated a high increase 

of strength in pastes produced with alkali activation. The one that presented the best results to date was 

an aqueous solution containing Na₂SiO₃ (sodium metasilicate commonly known as water-glass) 

corrected with an addition of NaOH [16]. 

The present thesis comes as follow-up of the work already done in this project, contributing mainly with 

the study of the mechanical behavior of the new low-calcium content amorphous hydraulic binder with 

a C/S molar ratio of 1.1, tested at the macro-scale, by the production of mortars with selected aggregates 

and following the procedures typically used in cement industry for the mechanical testing of OPC. 

I.2 Objectives 

The main objectives of this master thesis are the following: 

1. Proof of concept, conducted in mortar specimens, of a new eco-efficient concrete produced with 

the new hydraulic amorphous binder with C/S ratio of 1.1. 

2. Development of mix design and characterization of the behavior of mortar mixtures using the 

new amorphous hydraulic binder C/S 1.1 in both fresh and hardened states. 

In the present work a mix design of current concrete mixtures was performed, having this mix design 

been converted to the respective mortar mixtures taking out the respective proportion of larger 

aggregates and normalizing the proportions of the other constituents to the unitary production volume. 

Mortar specimens with the new amorphous hydraulic binder with a C/S molar ratio of 1.1 and with three 

types of OPC were produced. With the OPC cements, concrete mixtures were also produced in order 

to correlate both mixtures and withdraw conclusions and future developments. Fresh and harden state 

characterization tests were performed in order to characterize the new amorphous binder behavior and 

to provide a comparison with the OPC mixtures. As secondary objectives of the present work 

(i) experiments in pastes with new activations of the amorphous binder were performed; and (ii) an 

introduction of the use of a superplasticizer admixture in the amorphous binder in order to reduce the 

w/c ratio in mortars and concretes. 

I.3 Structure 

The present thesis is divided in five chapters briefly described in this section. In the present chapter, an 

introduction to the cement industry and the environmental problems related to the latter are described. 

The project developed by CIMPOR and IST is also presented, announcing the motivation and objectives 

for the present work: Proof of concept in mortar mixtures of a new eco-efficient concrete produced with 

a low calcium content amorphous hydraulic binder with C/S ratio of 1.1. 

In the second chapter the state of the art related to the thematic of the present work is developed. The 

first part refers to general aspects about cement, the production process is described, the CaO-SiO2 

diagram is presented and its main phases announced, and the hydration processes and products 
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elucidated. The second part presents the new amorphous binder C/S 1.1 along with the knowledge 

produced in previous research works on this matter. 

The third chapter deals with the characterization of the materials used in the present work, the 

preparation and mix designs of the mixtures performed are described, as well as the experimental 

techniques and procedures adopted. 

In the fourth chapter, the results obtained from each technique are presented and in each of them 

comparisons and explanations are provided. Six different techniques were performed in the mortar 

mixtures produced with the different amorphous binder and OPC mix designs and some of them were 

also performed in pastes and concrete mixtures. 

In the fifth and last chapter, the main conclusions drawn from the present work are presented and 

suggestions for future work are provided, aiming at achieving the final goal of scaling up the production 

of this new eco-efficient cement. 
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II. State of the art 

II.1 Ordinary Portland Cement (OPC) 

It is common since the ancient civilizations the search for building materials to fulfil common social 

needs. In the imposing Egyptian, Greek and Roman constructions the first materials with hydraulic 

properties were used, which means that the mixture of soil materials they used get harden with water. 

Some of those constructions, with more than 4.500 years, are still here [17]. 

After the fall of the Roman Empire, this extraordinary building material called concrete was almost 

abandoned. Only in the beginning of the 19th century, a new cement, called Portland cement, was 

developed, giving rise to a new era of concrete construction. It was Joseph Aspdin that, in 1824, 

patented this new cement that he called ‘artificial stone’. The reason for Portland cement to reach 

mechanical strengths similar to those of stone was a higher cooking temperature of raw materials, 

between 1400 and 1450 °C [18]. 

According to EN 197-1:2001 [19], cement is “a hydraulic binder, which means, an inorganic material 

finely ground that, when mixed with water, forms a paste that hardens due to hydration reactions and 

processes and that, after hardening, preserves his mechanical strength and stability under water”. 

Because of the abundance of the main raw materials all over the world, cement is produced in virtually 

all countries. In 1894 the first Portland Cement plant was installed in Portugal, in Alhandra. This plant at 

that time produced 6.000 tons/year in a Hoffman horizontal kiln. Nowadays, the installed production 

capacity is higher than 3.83 million tons/year [20]. 

The following sections are dedicated to the description of the production of Portland cement and also 

its main features, such as composition, hydration products and reactivity. 

II.1.1 Production 

Ordinary Portland Cement (OPC) is produced with mainly limestone and clay or other materials with 

similar bulk composition. That is why cement plants are usually located near quarries, so that the 

transportation cost can be minimized. The main component of the limestone is calcium carbonate 

(CaCO₃) that goes through the process of calcination inside the kiln producing calcium oxide (CaO) and 

carbon dioxide (CO₂). Some of the components of the clay are silicon dioxide (SiO₂), aluminium oxide 

(Al₂O₃) and iron oxide (Fe₂O₃). These minerals produce the raw meal with an overall composition of 

67% CaO, 22% SiO₂, 5% Al₂O₃, 3% Fe₂O₃ and 3% of other components [21]. 

An illustration of the production process is illustrated in Figure II.1-I. This process starts in the quarry 

with the extraction of raw materials and their storage. It is important for the plants to maintain the quality 

of their final product, which maintains a relation of dependence with the raw materials used in the 

production process. The collected raw materials are selected, crushed, and ground so that the resulting 

mixture has the desired fineness and chemical composition for delivering a quality and uniform clinker. 

The feed to the kiln is called raw meal. Before going into the kiln, the raw meal goes into a cyclone tower 

that homogenizes the mixture and preheats it. The cyclone tower receives the exhaust gases from the 



6 
 

kiln, preheating the material to about 800 °C on the base of the tower, initiating the calcination process. 

The rotary kiln is where the clinkerization occurs. The kiln is coated with a refractory material and the 

burning fuel is located at its end, so the temperature increases progressively along its length, reaching 

a maximum of 1450oC. 

 

Figure II.1-I- Example of a production process of a cement plant (adapted from[20]). 

 

The rotary kiln has a slope of 3-4% relatively to the horizontal. The raw material gets inside at the upper 

part and goes down until the lower part where it gets out. In the initial part of the kiln, at a temperature 

between 800 and 1200°C the first main reaction occurs with the combination of some CaO and SiO2, 

forming Belite (C2S). Next, at a temperature close to 1300 °C, some of the material starts to melt giving 

origin to a liquid phase in which Al2O3 and Fe2O3 combined with some CaO forming tricalcium aluminate 

(C3A) and tetracalcium aluminoferrite (C4AF). It is important to refer that only 20% of the raw meal 

reaches the fusion state inside the kiln. The reactions of the remaining 80% occur already in solid state. 

In the last part of the kiln, where the maximum temperature of 1450 °C is reached, some of the Belite 

turns into Alite (C3S) reacting with the available CaO. The reactions described are illustrated in the 

Figure II.1-II and the chemical composition, correspondent abbreviations and final amount of the main 
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phases formed are presented in the Table II.1-I. After getting out of the kiln, the cooling process must 

be fast enough, to prevent reverting some of the reactions. This cooling process is done with exterior 

air in counter-current, in a planetary cooler [18,21]. 

 

Figure II.1-II- Representation of the phases transformations that occur inside the kiln in the clinkerization 

process (adapted from [17]). 

There are other components that are present in the clinker, although in very small amounts, like CaO, 

MgO, TiO₂, Mn₂O₃, K₂O, Na₂O. The content of these components is limited in order to prevent these 

from influencing negatively the cement behavior.  

Table II.1-I - .Ordinary Portland Cement clinker main constituents. 

Phase Chemical constitution Abbreviation Final amount 

Tricalcium silicate 3CaO.SiO₂ C₃S 50 to 70 % 

Dicalcium silicate 2CaO.SiO₂ C₂S 15 to 30 % 

Tricalcium aluminate 3CaO.Al₂O₃ C₃A 5 to 10 % 

Tetracalcium aluminoferrite 4CaO.Al₂O₃.Fe₂O₃ C₄AF 5 to 15 % 

 

When it gets out of the kiln, the final product is called clinker and it is solid and grainy, with blocks of 3 

to 20 mm. Therefore, the last part of the process consists in grinding the clinker together with additives 

to control the properties of the cement (e.g., fly ash, blast furnace slag, pozzolana, gypsum and 

anhydrite). Gypsum is a very important component to prevent the phenomenon of “flash setting”, in 

which the cement loses its workability instantly due to the early reaction of the calcium aluminates. The 

degree of fineness of the cement is one of the most determining characteristics of the cement properties, 

because it influences the development of strength and rate of setting.  
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The instrument used for grinding is called a ball mill that consists in a rotatory moving tube around the 

horizontal axis with very heavy weight balls inside. This equipment has two compartments, one for 

grinding the bigger clinker blocks and another for grinding the smaller particles. In the first compartment, 

the grinding occurs through the impact of the balls, whereas in the second it takes place through 

compression and friction [18]. 

Nowadays, there are 27 products in the family of common cements and five types of cements according 

to the EN 197-1:2000 [19]: (i) Type I – Portland cement with a maximum of 5% minor additional 

constituents; (ii) Type II – Portland-composite cement containing varying additions of secondary 

materials, i.e. fly ash, pozzolana, slag, silica fume or limestone; (iii) Type III – Blastfurnace cement; 

(iv) Type IV – Pozzolanic cement; and (v) Type V – Composite cement. Each type of cement is 

produced with different percentages of clinker, gypsum and different types of inorganic additions, each 

one providing different beneficial characteristics. In addition to the cement composition, its strength both 

at early ages and at long term are also taken into account when classifying it. 

II.1.2 CaO-SiO2 Diagram 

In the clinkerization process previously described, four main phases of the clinker are present. C2S and 

C3S play the most important role in the development of strength in hydrated Portland cements. The 

CaO-SiO2 diagram, Figure II.1-III, played a very important role in the development of the new amorphous 

binder, so it is important to present it in more detail. The most relevant phases of this diagram are Alite, 

Belite, Rankinite and Wollastonite; all of them are calcium silicate phases with different proportions of 

each component. It is important to understand that the vertical lines in the diagram describes the stability 

of each component at different temperatures. At the base of the diagram, the variation of the amount of 

SiO2 in each phase can be seen and at the top the C/S molar ratio that expresses the ratio of calcium 

vs silica. Starting the analysis from Alite (C3S), a decrease of calcium content leads to the formation of 

Belite (C2S), in one of its five allotropic forms, then it leads to Rankinite (C3S2) and finally to Wollastonite 

(CS) that also has two allotropic forms (α and β). The Alite is metastable at room temperature and has 

the strongest hydraulic activity, with the progressive reduction of calcium content the hydraulic reactivity 

of the phases reduces as well, being both Rankinite and Wollastonite reported as hydraulically 

inactive [21]. Since, apart Alite and Belite, no other calcium silicate phases seem to present enough 

potential to act as a hydraulic binder, only the metastable phases present at the high calcium content 

part of the diagram (C/S molar ratio higher than 2) seemed to have the adequate properties to be used 

as cementitious materials [19]. 
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Figure II.1-III- CaO-SiO2 equilibrium phase diagram (adapted from [8]). 

 

However, it was recently found that it is possible to obtain a material in the C/S range from 0.8 to 1.4, in 

the Wollastonite phase (CS) region, with hydraulic properties by heating a mixture of raw materials at 

temperatures between 1460 and 1550 oC, corresponding to the liquid or the liquid + Pseudowollastonite 

zone (L+CS), and then cooling it fast to obtain a final product with hydraulic properties. The final product 

is circa 97% amorphous and has approximately 3% in weight of some Pseudowollastonite crystals, 

which may be formed as a result of some sort of equilibrium achieved in the heating stage in the L+CS 

region  [15]. 

Regarding the Portland cement, Alite and Belite correspond to the cement phases that have more 

influence on the development of strength when hydrated. As it can be seen in Figure II.1-IV, C3S is 

responsible for developing strength at early ages, mainly during the first four weeks of hydration. In the 

case of C2S, it has more influence on strength development at later ages, and at the age of 

approximately one year the two compounds contribute equally to ultimate strength. The phases C3A and 

C4AF present only a slight positive contribution to the development of strength [22]. 
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Figure II.1-IV- Development of strength of pure compounds (adapted from [22]). 

 

II.1.3 Mechanism of hydration and hydration products 

In cementitious materials, the hydration process is the one responsible for, at room temperature, turning 

a fluid suspension into a solid material, without the need for heating with a minimum bulk volume change. 

The cement hydration mechanism is a highly debated question that has been widely reported by 

researchers. Nowadays the most well accepted is the dissolution-precipitation process [23]. 

The OPC hydration process occurs in four stages commonly identified as: (i) initial reaction, (ii) period 

of slow reaction, (iii) acceleration period and (iv) deceleration period [24]. The hydration mechanism of 

OPC is exothermic, so all of these stages can easily be identified by the use of isothermal calorimetry 

measurements, being the four stages shown in Figure II.1-V.  

Immediately after the introduction of water in the cement mixture the first heat release peak occurs and 

it is associated with the C3A hydration that is reported to be a very rapid and extremely exothermic 

reaction, in the presence of gypsum ettringite is formed. The next period a very small amount of heat 

realized is registered and therefore it is associated with a dormant period. The acceleration period is 

associated with the C3S and C2S hydration followed by a deceleration period where the hydration of the 

remaining products is slower [25]. 
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Figure II.1-V- Isothermal calorimetry measurements showing the rate of Alite hydration as function of time 

(adapted from [21]). 

 

The dissolution-precipitation hydration process is very complex and out of the scope of this master 

dissertation. Nevertheless, it can be described by a sequential/simultaneous process of dissolution of 

anhydrous phases, nucleation of the hydrated phase, and further growth processes. Simplifying, in the 

case of OPC, the main constituent phases (C₃S, C₂S, C₃A and C₄AF) undergo a series of hydraulic 

reactions when water is added, being the most important the ones occurring in C₃S and C₂S and from 

which the main hydration component C-S-H is formed [17]. The term C-S-H is used to describe hydrated 

calcium silicate phases that have poor crystalline form, almost amorphous, with a general formula 

CaOx.SiO2.H2Oy in which both x and y can vary in a large number interval. In the case of Portland 

cement, a mean C/S value of 1.7 is usually accepted when describing the C-S-H formed [26]. This 

hydration product is the main responsible for the development of mechanical strength in cements. This 

calcium silicate phase is formed along with Ca(OH)2 - Portlandite (CH) that under ideal condition of 

crystallization forms hexagonal plates that constitute 20 to 25% of the solid volume of the hydrated 

paste. The Portlandite weakens mortar and concrete due to its vulnerability to sulphate and carbonate 

attacks. In the hydration process another product appears when gypsum is introduced in the cement 

and reacts with the C3A to prevent the phenomenon of “flash setting”, ettringite. This phase constitutes 

15 to 20% of the solid volume of the hydrated paste, being the crystals needle-like [18,25]. Figure II.1-VI 

presents three stages of hydration of cement pastes and the evolution of the hydration products along 

them. 
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Figure II.1-VI- Formation of the hydration products (adapted from [25]). 

 

II.2  New low calcium content amorphous binder C/S 1.1 

This section is dedicated to the presentation of this new low calcium content amorphous binder with a 

C/S molar ratio of 1.1, hydraulically active and produced with a mixture of typical raw materials used in 

the production of OPC. The production process of this material and a summary of the findings in previous 

studies [8,9,13,15,16] are presented next. 

II.2.1 Production 

The raw materials used in the production of the low calcium content amorphous C/S 1.1 are the ones 

typically used in the production of Portland cement clinker. Limestone is the main source of CaO, sand 

is the main source of SiO2 and Fuel Catalytic Cracking (FCC) is the source of both SiO2 and other minor 

constituents, such as Al2O3 and Fe2O3. The clinker production is limited to the laboratory scale at this 

moment. Table II.2-I presents the raw materials compositions determined by X-ray fluorescence (FRX) 

of the material samples used in this study to produce the amorphous binder clinker. 

Table II.2-I-Raw materials composition. 

 Composition (% in weight) 

Raw-

materials 

% 

Weight 

Fire 

loss 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 Cr2O3 P2O5 MnO 

FCC 0.97 0.65 39.48 51.39 0.52 0.13 0.17 0.09 0.02 0.48 0.81 0.00 0.22 0.00 

Sand 35.03 0.00 97.85 2.01 0.12 0.06 0.00 0.00 1.36 0.08 0.03 0.00 0.00 0.00 

CaO 64.00 43.90 0.20 0.16 0.14 99.11 0.30 0.04 0.02 0.04 0.02 0.00 0.00 0.00 
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The final composition of the amorphous material with an overall C/S molar ratio of 1.1 obtained from a 

FRX technique is presented in Table II.2-II.  

Table II.2-II-Final amorphous binder composition. 

 SiO2 Al2O3 Fe3O3 CaO MgO SO3 KO Na2O 

% 47.49 1.98 0.14 49.67 0.15 0.00 0.66 0.08 

 

The raw-mix was prepared in batches of 500 g and blend as evenly as possible. The sand used to the 

raw-mix was ground in a rotating ring mill, in portions of approximately 65 g for 40 s, before being mixed 

with the other components. 

Before going to the furnace, the raw-mix was pressed in order to maximize the amount of material placed 

in the cup shaped platinum crucible. Then the raw-mix is placed into the furnace that is programed for 

a heating rate of R1 = 25 ⁰C/min until the temperature of T1 = 1500 ⁰C is reached and maintained for 

60 min. The components of the mixture must be evenly blended and must reach the fusion state inside 

the furnace. 

A fast cooling system is required to obtain a hydraulic active material. The cooling process used in this 

work, based on Cunha [9], consisted of fast cooling in a water recipient at room temperature for 

approximately 30 s immediately after removing it from the furnace. This procedure is schematically 

presented in Figure II.2-I: 

 

Figure II.2-I- Scheme of the procedure used in the production of the amorphous binder (adapted 

from [15]). 
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At the bottom of the recipient, a sieve allows removing the already solidified material. Then the clinker 

is placed in an oven at circa 105 ºC in order to evaporate the free water. Finally, the material that came 

out of the furnace was ground in a ring mill for 180 s with propanol, followed by a drying step at 50 ⁰C 

in an oven for about one hour. 

Once dried, the material is ground with propanol, and dried once again, to obtain the final product with 

a particle size distribution presented in Figure II.2-II and a Blaine specific surface of 5130 cm2/g. 

 

Figure II.2-II-Amorphous binder granulometric curve (adapted from [9]). 

 

As explained in section II.1.2, after leaving the furnace, the clinker is almost 100% amorphous, 

containing only two crystalline phases, called Wollastonite (β-CS) and Pseudowollastonite (α-CS) in a 

very small percentage. Pseudowollastonite is one of the two polymorphic forms, that occurs at high 

temperatures, being extremely rare in nature [17]. As explained in the section II.1.2, CS is not one of 

the typical phases present in cements and its hydraulic behavior is known to be very poor. 

II.2.2 Mechanism of hydration and hydration products 

The hydration mechanism of the amorphous hydraulic binder has been studied and some theories have 

already been suggested, therefore more detailed explanations on this matter can be found in recent 

publications [8,9,15]. The objective of this section is to explain the basics of the hydration mechanism 

of the amorphous binder, which is as very complex matter, still with many unanswered questions, in 

order to justify some of the studies described in next sections. 

One of the conclusions drawn from previous studies is that the amorphous binder is sufficiently unstable 

to allow calcium dissolution when combined with water, promoting a rearrange of the structures and 

forming stable hydrations products with a semi-crystalline character. The main hydration product formed 

is C-S-H (calcium silicate hydrates), the same found in all Portland cement-based systems. Another 
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interesting hydration product formed is nanocrystalline Tobermorite 9Ă, the rarest type of 

Tobermorite [13]. Contrarily to normal Portland cement clinker, no Portlandite is formed from the 

hydration of this material, which may lead to increased performance in terms of durability. Also, in 

previous works [8], the amount of CxSHy produced was investigated and although a smaller amount of 

hydration products was obtained in the pastes produced, compared to typical C1.7SHy of Portland 

cement, this binder shows similarities with pastes prepared from slag and limestone cement blends 

regarding compressive strength, indicating improved properties of the hydration products obtained 

and/or denser resultant microstructures [15]. 

For the formation of C-S-H to occur, the structural units that form the amorphous binder must firstly start 

to collapse through bond breaking. Knowing this, three stages can be defined in the hydration 

process [8,27]: 

1. The Ca-O bounds are relatively week, so they start to break immediately after the introduction 

of water in the cement (dissolution of Ca2+ species). Si-O and Al-O bounds only starts to beak 

when the solution pH reaches a critical point value; 

2. The pH of the solution starts to raise, because of the absorption of H+ trough the Si-Al-rich 

framework, leaving OH- species free in the solution. The species that result from the early 

mentioned bound breaks are [SiO4]4- and [AlO4]5- that start to react with Ca2+ and H2O and form 

the C-S-H gel; 

3. C-S-H gel starts to nucleate and grow. This process is conditioned by the amount of anionic 

molecules available in the solution. 

The formation of C-S-H gel is the reaction responsible for the highest exothermic peak identified in the 

isothermal calorimetry. Isothermal calorimetry results suggest different hydration kinetics in the 

formation of C-S-H species, depending on the precursor hydraulic binder, Figure II.2-III. In the OPC 

reference sample the exothermic peak occurs around 8 hours after starting the hydration process and 

has a much higher heat release than the amorphous binder samples. The non-activated sample of the 

amorphous binder presents a dormant period that lasts 24 hours until some heat activity can be 

observed reaching its maximum around 46 hours after starting the hydration process. The alkali 

activated sample hydration mechanism is briefly explained in the next section and, for comparison 

purposes, its isothermal calorimetry result is also presented. The activated sample presents a very high 

initial reaction peak and an absolute maximum peak higher than the non-activated sample at 

approximately 20 hours after the beginning of the hydration process [16]. 
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Figure II.2-III- Comparison of the isothermal calorimetry curves of an OPC reference sample, a non-

activated amorphous binder sample and a Na2SiO3 activated amorphous binder sample (adapted 

from [16]). 

 

As final remark, it must be said that, when compared to OPC, the new hydraulic binder consumes lower 

amounts of water, in order to fulfill the full hydration process. This conclusion was drawn from an 

experimental study where cement pastes of the amorphous binder were manufactured with different w/c 

ratios and the resulting compressive strength and workability measured [9]. The best w/c ratio has not 

been found yet because the amorphous binder does not have the ability to retain all the water introduced 

and thus it starts to evaporate. 

II.2.3 Alkaline activation 

The development and use of alkali-activated materials, as an alternative to Portland cement-based 

materials, for construction has advanced in recent years, but its discovery and study dates back to 

1930 [27]. The extensive literature published is focused mainly on improving the reactivity of typical 

industrial slags, such as iron blast-furnace slag, fly ash, among other materials, that have been used as 

partial replacement of OPC, in order to obtain more sustainable materials. The use of alkaline activators 

triggers hydraulic reactions and the formation of hydration products, which would not be formed without 

their presence or would only occur at much later ages [16]. Also, the replacement of Portland cement 

with supplementary materials usually results in long setting time and lower early strength, but the 

addition of an extra alkali source to accelerate the reaction can result in a useful hybrid cement, more 

ecofriendly [28]. These materials are not intrinsically or fundamentally “low CO2 products”, unless 

designed effectively to achieve such performance, but when the mix design and raw materials selection 

are carried out with a view toward optimization of environmental performance, the outcome can result 

in very significant savings [28].  
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Alkali-activated pastes of the amorphous binder were initially produced by Santos et al [8,16] after a 

considerable number of studies on alkaline activation in cementitious materials, especially industrial 

slags. The experiments performed revealed improved mechanical properties at all ages when compared 

to pastes prepared with water. The alkaline solutions increased the kinetics of the amorphous binder 

reaction allowing it to develop initial strength similar to those of typical OPC. 

In the present work, some alkaline activations tested by Santos [8] were adopted and some new ones 

were tested. The main goal was to check if any of the new less expensive activations could promote an 

increase in the mechanical properties, in which case it would be chosen to use in the production of the 

mortars. Several types of initial paste hydration conditions were tested in this work, namely: (i)  a mixture 

of NaOH/Na2SiO3 activation (usually known as waterglass), (ii) a mixture containing 10% of a reference 

clinker, (iii) a mixture with 3% of calcium sulfate (CaSO4) and (iv) a mixture using an aqueous solution 

of NaOH with a pH of 13. 

The best results were obtained with the waterglass mixture. The amount of activator added, in the form 

of an aqueous solution, corresponded to a Na2O content of 3% in weight. Moreover, the Na2SiO3 

commercial solution used was corrected with the addition of NaOH, so that the Si/Na molar ratio would 

be equal to 1.2. To a better understanding of the activator effects, the hydration process of the hydraulic 

binder with the waterglass activation is explained next, based on previous works on this matter [8,16,27]: 

1. In the case of the alkaline activation, specially NaOH-activated samples, the pH of the solution 

rapidly grows above the critical value and not only the Ca-O but also the Al-O and Si-O bonds 

are promptly broken, leading to a more abundant availability of [SiO4]4- and [AlO4]5- species. 

Furthermore, in the particular case of Na2SiO3 activation, the [SiO4]4- species become readily 

available from the activator source. 

2. “Primary C-S-H” is formed from the reaction of the Ca2+ in solution with the available dissolved 

[SiO4]4- species from the activator. This step corresponds to the first sharp peak registered in 

the isothermal calorimetry experiment, occurring in the first minutes of hydration, Figure II.2-III. 

Then, as [SiO4]4- and [AlO4]5- species rapidly dissolve due to the activation effect, more C-S-H 

is produced. This second step is related to the broader peak registered in the isothermal 

calorimetry experiment. The formation of C-S-H now proceeds at a lower rate since the pre-

dissolved [SiO4]4- species from the activator extinguished and is now dependent on the 

dissolution rate of the anionic species. Aluminum may occupy some positions in the linear 

chains, specially replacing Si in bridging sites. 

3. The growth of C-S-H continues to occur with the formation of sandwiched structures. Aluminum 

will continue to replace Si in some positions in the chains and Na+ may also balance the charge 

locally and enter the structure of the hydrated products. 
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III. Materials and methods 

III.1 Types of Portland cement 

Three types of OPC produced by CIMPOR were selected for the present study and analyzed according 

to the CIMPOR-Alhandra cement plant production quality tests. X-Ray Diffraction with Rietveld analysis 

was also performed in order to identify all the cement constituents, being all in agreement with the EN 

197-1:2001 [19] standard. The OPC used and the respective constituents were: (i) CEM I 52.5R, with a 

density of 3.11 kg/dm³, with 95% clinker and 5% gypsum, and with a Blaine fineness of 4390 cm²/g, 

ensuring a high strength cement characteristics; (ii) CEM II A/L 42.5R, with a density of 3.09 kg/dm³, 

with 83% clinker, 13% limestone filler and 4% gypsum, and with a Blaine fineness of 4490 cm²/g; 

(iii) CEM II B/L 32.5N, with a volumetric density mass of 2.98 kg/dm³, with circa 67% clinker, 29% 

limestone filler and 4% gypsum, and with a Blaine fineness of 4580 cm²/g. 

III.2 Low calcium content amorphous binder C/S 1.1 

The production process, raw materials, final clinker composition, hydration mechanisms and hydration 

products of the low calcium content amorphous binder C/S 1.1 have already been summarized in section 

II.2. The amorphous binder is 100% clinker and has a volumetric mass density of 2.85 kg/dm3 and a 

Blaine fineness of 5130 cm2/g. This amorphous binder has also been alkali activated with a mixture of 

NaOH/Na2SiO3 (usually known as waterglass), defined to have a Si/Na molar ratio of 1.2, and the 

amount of activator added was 3% in weight of Na2O content. 

III.3 Aggregates, water and admixtures 

The aggregates selection for the design of the concrete mixtures and corresponding mortar mixtures 

was made in order to accomplish stable and homogeneous mixtures, with an adequate compactness 

and workability. The following aggregates were adopted: fine silica sand 0/1 mm, medium silica sand 

0/4 mm and silica gravel 4/8 mm, all with a density of 2.63 kg/dm3 and a medium limestone gravel 

6/14 mm, with a density of 2.66 kg/dm3. In the production of mortars, only silica sand and gravel were 

used. Water used from the public water supply network of Coimbra was used in the mixtures production 

and the selected admixture was a superplasticizer by BASF, named MasterGlenium Sky526 (MGS 526). 

The BASF MasterGlenium Sky526 is a second-generation superplasticizer made of polycarboxylate 

ether polymers (PCE) [29]. It is used in the production of high-performance concrete with special effect 

on the early age mechanical resistances. This product allows the increase of plasticity and workability 

of the mixture with a water reduction, and subsequent mechanical properties growth. This behavior 

occurs because the amount of water needed to ensure workability and plasticity is much higher than the 

one needed to hydrate the cement particles, being the remaining water responsible for a decrease in 

strength. The density of this admixture is 1.063 g/cm3 and the amount used varies between 0.15 and 

0.20% of the cement mass.  
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III.4 Paste preparation 

All pastes produced in this work were prepared using a bench-top mixer, with mixing times of 

approximately 1 minute, for batches of 100 g of cement. The water to cement (w/c) ratios used were 

chosen based on previous experiments and empirical knowledge, respecting the different fineness of 

each cement particles and hydration needs. The w/c ratios used were 0.430 and 0.325 for OPC and 

amorphous binder pastes respectively. After mixing, the pastes were poured into proper molds with 

dimensions of 20x20x40mm3, as shown in Figure III.4-I. It is important to mention that, due to the very 

low quantity produced of the new cement, only one sample of cement paste was produced and tested 

at each age, which gives a very low confidence in results. 

 

The molds were kept in a thermo-hygrometric chamber with a controlled temperature of 20ºC and 

relative humidity of 95%. The OPC specimens were taken from the molds 24 hours after the production, 

while the specimens of the new amorphous hydraulic binder remained in the molds for 7 days after the 

production in order to ensure the right consistency of the specimens not risking damaging them. The 

samples were left to cure in the same thermo-hygrometric chamber until the date they were tested. 

III.5 Concrete and mortar mix design and production 

The study of the composition of a concrete mixture consists in defining the optimum mixture of 

aggregates as well as the proportions in cement and water, the goal being accomplishing the desired 

concrete qualities and specifications. Concrete mixtures should be designed in order to hold when cast 

a proper workability and consistency and, after hardening, the requested strength, durability, among 

others. Mix design methods are based on volumetric or weighted contents of binders and aggregates 

and the conversion from one to the other may be carried out by knowing the apparent density of the 

constituents. The method used in the present work was developed by Lourenço et al [30] both for normal 

concrete and lightweight aggregate concrete. The method uses an iterative procedure, allowing 

corrections and parameters definitions until reaching the expected final product. The method comprises 

the following steps: 

Figure III.4-I- Molds used for paste preparation with specimen dimensions of 20x20x40mm3. 
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I. Specification of the required concrete behavior; definition of environmental exposure classes, 

density, mechanical resistance classes, consistency classes and aggregates maximum size; 

II. Choice and characterization of the constituents; binders, admixtures and fine and coarse 

aggregates; 

III. Definition of packing density (compactness) expectancy, according to the desired consistency, 

type and dosage of admixtures used and size and shape of aggregates; 

IV. Quantification of the binders’ paste, defining the cement content (in kg/m³), admixtures and air 

void volume; 

V. Quantification of the volumetric portion of aggregates, through the adjustment of the aggregate 

mixture available to a referential granulometric curve, the Faury’s reference curve, in this case; 

VI. Definition of the proportioning table, in which all absolute volumetric proportion of the 

constituents are known, and through the density of each component the pondered proportions 

are defined; 

VII. Fresh state properties must be tested to validate the proposed mix design; these tests are the 

slump test, volumetric mass density test and air content test. If these tests are in agreement 

with the parameters adopted in the mix design, the production starts; if not, parameters must 

be corrected. 

It is important to refer that in any mix design the fundamental equation of concrete composition (Eq 

III.5.I), also known as absolute volumes equation, must be satisfied: 

 
𝑐 + 𝑠 + 𝑎𝑑 + 𝑚 + 𝑤 + 𝑣𝑣 = 1 (III.5.I) 

 

This equation describes all the constituents volume, which sum results in the unitary apparent volume 

of concrete. The variables of the expression are: (i) c – absolute volume of cement; (ii) s – absolute 

volume of any addition used; (iii) ad – absolute volume of admixtures; (iv) ∑ 𝑚  – sum of the absolute 

volume of the aggregates used; (v) w– water volume; (vi) vv – voids volume; all of these volumes are 

per unity of absolut volume of concrete. Other important concept is the compactness coefficient that 

represents the absolute volume of solid materials (cement, additions and aggregates) divided by the 

total volume of fresh concrete, i.e., per cubic meter. This approach is empirical and is based on a vast 

experimental campaign conducted by the authors during several years, in order to reach an optimal 

granulometric concrete, which means obtaining the best compactness possible for the chosen 

consistency. 

Like in any other mix design method, the physical properties of every constituent must be previously 

characterized. This properties are shown in detail in the chapters regarding each of the component 

materials, sections III.1, III.2 and III.3. 

First of all, the binder’s paste parameters were defined based on empirical experience and theoretical 

concepts that support Lourenço et al [30] method. These following parameters were considered: 

compactness, air content and cement content. The complementary volume of the binder’s paste is the 
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set of aggregates volume, which is distributed for the proportions obtained by adjustment the aggregates 

granulometric curves, shown in Figure III.5-I, to the Faury’s reference curve, presented in Figure III.5-II. 

Some small adjustments were made to the reference curve in order that the total coarse aggregates 

volume sums 35% of the total volume, for each concrete mix design. This way, the mix design of the 

different mortar mixtures results from the division of each constituent’s content (except that of the coarse 

aggregates) by the complementary proportion of 65%. 

 

Figure III.5-I- Granulometric curve of all aggregates. 

 

Figure III.5-II- Granulometric adjustment to Faury’s reference curve. 

 

As previously explained, the production of the amorphous binder clinker is still limited to laboratory scale 

and thus only very small batches can be produced. For this reason, it was decided to settle the clinker 
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content to 300 kg/m³ or lower, for all mixtures prepared. Although the increase of cement content would 

allow the reduction of the water to clinker ratio, w/clk, with a better workability for the mixtures, it was 

important in this work to maximize the number of tests that could be performed with the reduced amount 

of material available. It should be highlighted that, with the incorporation of aggregates, the w/c ratio has 

to be adjusted to higher values compared to those adopted in cement pastes, due to the absorption of 

water by these components. In the case of the amorphous binder, this adjustment is particularly hard to 

perform because of the already low optimal w/c ratio in pastes combined with a most sensible loss of 

mechanical strength with the increase of this ratio. It is important to emphasize the idea that with a 

higher clinker content, this difficulty would be attenuated because it would be possible to maintain the 

w/c ratio, empowering the improvement of efficiency of mechanical strength.  

The mortar mixtures were produced and characterized following both EN 196 [31] and EN 1015 [32] 

standards, respecting the corresponding concrete mix design. As explained earlier in order to produce 

the mortar mixtures, the fraction of coarse aggregates was removed (35% vol.) dividing the other 

constituent content by 0.65. Because the mortar mixture corresponds to a concrete mix design, it was 

chosen to adapt the production process closest to the concrete one, introducing only one speed in the 

mixer until a homogeneous mortar mixture was obtained. The molds used were triple molds of 

40x40x160mm3 for specimens production, shown in Figure III.5-III, III.5-IV and III.5-V , for testing both 

mechanical strength and shrinkage. The samples of OPC were demolded 24 hours after production and 

immediately placed under water at a temperature of 20⁰C. The amorphous binder samples were 

demolded only 3 days after production, date of the first characterization tests, because they exhibit a 

slower hardening process at early ages and thus were placed under water only at day 7, in order to 

avoid the risk of compromising the samples, since it was necessary to ensure that the specimens were 

consistent enough to be placed under water without being damaged by the immersion. The samples for 

shrinkage testing were placed in a thermo-hygrometric chamber with a room temperature of 20⁰C and 

a relative humidity of 50%, which are the normalized curing conditions defined by the NP 12808-

4:2008 [33]. 
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III.5.1 Amorphous hydraulic binder 

In the amorphous binder mix designs, Table III.5-I, it was initially defined an amorphous binder mixture 

with a w/c ratio of 0.4 and an alkali activated amorphous binder mixture with an “alkali aqueous solution” 

to cement ratio, AA/c of 0.4. However, a major difficulty to reach the right consistency with these mixtures 

was anticipated because, regardless the fact that the amorphous binder is finer than OPC, it is more 

efficient with lower w/c ratios and the aggregates represent a major volume of the mixture which difficult 

workability. In addition, some of the most important parameters for the amorphous mixtures mix design 

were unknown, since this work is pioneer in these mixtures characterization, in particular the ideal w/c 

ratio to reach a good workability and controlling the resultant air content in the mixtures was not known. 

In the first amorphous binder mixture, the cement content of 300 kg/m³ (which in this case is the same 

as the clinker content) was maintained and the following parameters were experimentally adjusted, 

observing the rheology of the mortar mixture. Once the workability was confirmed, a subdivision in two 

mixtures was made with the objective of being able to reduce the w/c ratio and maintaining the same 

consistency of the mixtures without compromising the amorphous binder properties (it should be noticed 

that these admixtures had never been used with this cement before): (i) CA_0,45 mixture of amorphous 

binder with a w/c ratio of 0.45; (ii) CA_0.40 mixture of amorphous binder with 0.2% of superplasticizer 

(percentage of the cement mass) that allowed the decrease of w/c ratio to 0.4. Besides this effort to 

improve the mixtures consistency, it was verified that both mixtures still had worse slump flow in 

comparison with the OPC mixtures and the air content was much higher, which led to a reduction of the 

compactness in the mix design parameters, resulting in a loss of mechanical performance. The third 

mixture was an alkali activated amorphous binder, using the alkali activator described in section III.2, 

with the same cement content of 300 kg/m³ and an AA/c ratio of 0.4 as explained before. Once again, 

 

Figure III.5-III- Prismatic 

specimens of OPC 

mortar mixtures. 

 

Figure III.5-IV- Prismatic 

specimens of amorphous 

binder mortar mixtures. 

Figure III.5-V- Failure zone of an amorphous 

binder specimen after flexure strength test. 
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the air content of this mixture was much higher than expected, see Table IV.1-II, resulting in a very 

porous mixture, as demonstrated in the next sections IV.1 and IV.6.  

Table III.5-I- Final constituent content of mortar mixtures mix design. 

Constituents. [kg/m3] and 
parameters. 

C5 C4 C3 C3A CA_0.40 CA_0.45 CAA 

CEM I 52.5R 316 ---- ---- ---- ---- ---- ---- 

CEM II A/L 42.5R ---- 361 ---- ---- ---- ---- ---- 

CEM II B/L 32.5N ---- ---- 448 316 ---- ---- ---- 

Amorphous binder ---- ---- ---- ---- 300 300 300 

Water 169 169 169 169 119 135 110 

Admixture (MGS 526) 0.63 0.72 0.90 0.47 0.60 ---- ---- 

NaOH ---- ---- ---- ---- ---- ---- 8 

Na2SiO3 ---- ---- ---- ---- ---- ---- 34 

Fine sand 0/1 189 181 163 186 205 202 198 

Medium sand 0/4 754 723 652 745 820 810 792 

Coarse sand 4/8+ Medium Gravel 6/14 930 930 930 930 930 930 930 

Compactness 0.810 0.810 0.810 0.810 0.845 0.840 0.860 

w/c 0.536 0.468 0.378 0.536 0.400 0.450 0.380 

w/clk 0.565 0.565 0.565 0.801 0.400 0.450 0.380 

AA/C ---- ---- ---- ---- ---- ---- 0,400 

Clínker [kg/m3] 300 300 300 212 300 300 300 

Air content [%] 2.0 2.0 2.0 2.0 3.5 2.5 3.0 

 

III.5.2 OPC 

Regarding OPC mixtures, see Table III.5-I, two different series have been considered. In the first series 

the type of OPC used varied, being the mixtures called C5, C4 and C3 (with CEM I 52.5R, CEM II A/L 

42.5R and CEM II B/L 32.5N, respectively), keeping constant the clinker content, equal to 300 kg/m³, 

and the w/clk ratio, equal to 0.565. The compactness was settled as 0.81 and the air content as 2%, 

being the superplasticizer content used very low (0.2% of the cement mass). The second series was 

mix designed with the variation of two cement types, being the mixtures called C5 and C3A (with 

cements CEM I 52.5R and CEM II B/L 32.5N, respectively), maintaining the cement content equal to 

316 kg/m³ and the w/c ratio equal to 0.536. The compactness and air content defined and the amount 

of superplasticizer used were the same as in the previous series. 

In the mix design of the first series, in which a constant clinker content of 300 kg/m³ was used, the 

content of cement increases from C5 to C4 and to C3 (and the w/c ratio decreases), because with the 

reduction of the cement strength class the percentage of clinker in the composition of the cements 

decreases as well, as explained in section III.1. The decision of using a constant clinker content in this 

series is based on the fact that the amorphous binder is 100% clinker. This decision is expected to 

influence the strength evolution of this series since, on one hand, C5 (CEM I 52.5R) is the finest cement 

and thus with the highest strength and, on the other hand, the increase of cement content (with constant 

clinker) provides an increase in workability and compactness with a consequent improvement of 
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mechanical performance. The decision was made with the objective of comparing the amorphous binder 

with the Portland cements, maintaining constant the parameter that influences most the mechanical 

strengths, i.e., the clinker content. The content of the superplasticizer, being dependent of the cement 

content, allowed mixtures to have the same w/clk ratio and to reach the adopted consistency class: 

plastic consistency (S4). 

The mix design of the second series had the main goal of providing an objective comparison with the 

amorphous binder, using a constant cement content. In this case, there was an advantage from the 

already produced C5 mixture, which has a clinker content of 300 kg/m³ and a consequent cement 

content of 316 kg/m³, being complemented with the new C3A mixture with the same cement content of 

316 kg/m³ and a consequent clinker content of 212 kg/m³. This comparison was made using the most 

different cements in a strength and composition characteristics point of view. The w/c ratio of 0.536 was 

also maintained constant in both mixtures. In the design of all mixtures there was a search for reaching 

the same consistency in all mixtures, so the superplasticizer content was decreased to 0.15% in the 

C3A mixture because its higher fineness provides a more plastic consistency.  

Tests conducted in fresh state validated the mix design parameters and allowed to move on to the 

following experimental characterization of the mortar mixtures. The results of these tests are showed in 

Table IV.1-I and IV.1-II.  

III.6 Thermogravimetric analysis (TGA) 

Santos [8] presented a relation between the compressive strength evolution and the percentage of 

bound water in pastes, proving that the evolution of strength clearly follows the trend of the water 

incorporation process. The bound water is of course related to the amount of hydrated products. So, in 

the present work, the amount of bound water was also tested in the pastes produced, to have more data 

on the bound water in the amorphous pastes. The results can be seen in section IV.2.1. 

 

Figure III.6-I- Graphical representation of the bound water results obtained from pastes plotted against 

the respective compressive strength from Santos work [8]. 
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After performing compressive strength tests on different ages pastes, parts of the samples were ground 

and then submitted to TGA. These experiments were performed in an ELTRA equipment running at 

constant heating rates between fixed temperature steps of 105, 250, 500 and 950 ⁰C. Inside the 

equipment, the samples weight is constantly monitored and, this way, the samples mass loss is 

calculated, in percentage, at every step of temperature. 

TGA was used, in this work, especially for determining the amount of bound water in hydrated clinkers 

at the ages of 7 and 28 days. For this purpose, it was considered that the weight loss between 105 and 

500 ⁰C was exclusively due to the structural water removal in the pastes prepared in the present work. 

This temperature range was used by Santos [15], based on other published studies on water loss of C-

S-H, which is the main hydration product of cement, for different cement types. 

III.7 Isothermal calorimetry 

Isothermal calorimetry is a very useful technique to follow the hydration processes that involve heat 

transfer, especially in the first hours of reaction, allowing to describe the main stages that cement pastes 

undergo during the hydration process until the formation of a perfectly solid and rigid material. In the 

present work, this technique was used as a base to compare the amorphous binder with OPC and to 

evaluate the amorphous binder capacity to react with water and hydrate with the presence of the water 

reducing admixture used to produce mortar mixtures. 

The equipment used was a TAM Air Instrument, the experiments were performed at 20⁰C and the heat 

of hydration was recorded during 7 days. 

III.8 Fresh state tests: slump test and aerometer 

In the fresh state, mortar mixtures were characterized in terms of consistency through the slump test 

and the volumetric mass density and air content were measured with an aerometer of 1.0 dm3, according 

to EN 1015 [32] standard, allowing either the validation or the adjustment of the parameters values, 

assumed in the mix design of each mixture. The results are presented in section IV.2.2 . 
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Figure III.8-I- Aerometer. 

 

III.9 Compressive strength tests 

Compressive strength is one of the most important mechanical properties of concrete, since the main 

purpose of this structural material in reinforced concrete structures is to resist compressive stresses, 

while tension stresses are resisted by the steel reinforcement. This property is assessed by performing 

a test where the cement mixture sample is submitted to an compressive axial force with a constant 

speed until failure is reached. Depending on the cement mixture, molds with different dimensions are 

used, being the strength given by the ratio between the ultimate load and the sample base area. 

The two halves of the prismatic samples, that result from the flexural strength test, see section III.10, 

may be used to perform the compressive strength test. The testing machine must be equipped with a 

special compressive device with two plates of 40x40mm2. The compressive load is applied at constant 

speed (in N/mm2/s) until the sample failure is reached. The compressive strength is given by Eq. III.9.I: 

 
𝐶 =

𝑃

𝐴
 (III.9.I) 

being (i) P - the load applied (in N) and (ii) A - the plates area (in mm). 

 

Cement pastes, described in section III, were only tested for compressive strength. The calculation of 

this strength was done with the Eq III.9.I, using the 20x20mm2 as base area. 
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For mortar mixtures the compressive strength was characterized at the ages of 3, 7, 28, 56, 91 and 120 

days, using 2 mortar samples per age for each cement mixture, according to EN 196-1 [31] regulation. 

The tests at 91 and 120 days were performed using the shrinkage mortar samples described in the 

following section III.11, so these results can be directly compared with the ones from the other ages 

because of the different cure conditions. 

For OPC concrete mixtures the compressive strength test was performed with two concrete cubic 

specimens of 100x100x100mm3 for each concrete type, according to the EN 12390 – Testing hardened 

concrete; Part 1, 2 and 3 ( compressive strength of test specimens) standard [34]. All mechanical tests 

were performed at the age of 28 days, used as reference in design codes for concrete structures. 

Figure III.9-I-Concrete molds. Figure III.9-II- Collapsed concrete cubes after compressive 

strength test. 

 

Eurocode 2 (EC2) “Design of concrete structures” [35] provides an equation (Eq. III.9.II) to estimate the 

compressive strength of concrete at different ages, assuming a temperature of 20 ⁰C and curing 

conditions in accordance with EN 12390 standard [34]:  

𝑓 (𝑡) = 𝐵(𝑡) ∙ 𝑓 ,  ; 𝐵(𝑡) = 𝑒𝑥𝑝 𝑠 ∙ 1 −
28

𝑡

.

 (III.9.II) 

being (i) fcm - the mean concrete compressive strength, (in MPa), (ii) t - the age of concrete (in days), 

and (iii) s - a coefficient that depends on the cement type, being s=0.2, for “R – Rapid hardening”, namely 

CEM 52.5N, CEM 52.5R and CEM 42.5R, s=0.25, for “N – Normal hardening”, namely CEM 42.5N and 

CEM 32.5R and s=0.38, for “S – Slow hardening”, namely CEM 32.5N. 
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In Figure III.9-III the evolution of the hardening coefficient for each type of cement is presented. 

 

Figure III.9-III- Hardening coefficient evolution with age predicted in EC2 according to each type of cement 

(adapted from [35]). 

 

III.10 Tensile and flexural strength tests 

The tensile strength is a very important characteristic of concrete and mortar mixtures in phenomena 

like cracking and reinforcement adherence. Since a pure tensile test is very difficult to perform, this 

parameter is usually measured indirectly, e.g., through a splitting test or a flexural strength test. Both 

were adopted in the present work. 

The flexural strength test is performed by installing the prismatic sample in a flexural machine that 

consists of two cylinders as supports at the ends and a cylinder on top at half span to apply a vertical 

load. The latter is applied at a uniform speed until failure. The tensile flexural strength (in N/mm²) is 

given by Eq III.10.I:  

 

𝑓 , =
𝑀

𝑤
=

𝑃 ∗ 𝐿
4

𝑏
6

 (III.10.I) 

the bending moment (M) is divided by the first moment of area (w) of the section, being (i) P – load 

applied (in N), (ii) L – the span length (in mm), and (iii) b – the width of the cross-section of the prismatic 

specimen (in mm): 

 

In mortar mixtures the tensile flexural strength was characterized at the ages of 3, 7, 28, 56, 91 and 120 

days, using 2 mortar samples per age for each cement mixture, according to EN 196-1 [31] standard. 

The tests at 91 and 120 days were performed using the shrinkage mortar samples described in the 
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following section III.11, so these results can be directly compared with the ones from the other ages 

because of the different cure conditions. 

For the concrete mixtures, one prismatic specimen of 100x100x500mm3 for each type of cement was 

tested at the age of 28 days. The flexural test was performed with the prismatic specimen, see Figure 

III.10-II, according to EN 12390 – Testing hardened concrete; Part 5 ( flexural strength of test 

specimens) standard [34] being the tensile flexural strength computed using Eq. III.10.I. With the two 

halves of the prismatic specimen after failure, a splitting test was performed, see Figure III.10-I, 

according to EN 12390 – Testing hardened concrete; Part 6 (tensile splitting strength of tests 

specimens) standard [34] in order to calculate the tensile splitting strength of the concrete samples. The 

latter was calculated with Eq. III.10.II: 

 
𝑓 , =

2 ∗ 𝑃

𝜋 ∗ 𝐴
 (III.10.II) 

being (i) P – load applied (in N), and (ii) A – the cross-section area of the prismatic specimen (in mm) 

 

 

Figure III.10-I- Splitting test. 

 

Figure III.10-II-Flexure strength test. 

 

The development of tensile strength with time is strongly influenced by curing and drying conditions. 

EC2 [35] defines a hardening curve, given by Eq III.10.III, based on the same equation (Eq. III.9.II) used 

previously for the compressive strength evolution: 

𝑓 (𝑡) = 𝐵(𝑡) ∙ 𝑓 , ;  𝛼 = 1 𝑓𝑜𝑟 𝑡 < 28 𝑎𝑛𝑑 𝛼 = 2 3⁄  𝑓𝑜𝑟 𝑡 ≥ 28 (III.10.III) 

being (i) fctm - the mean concrete tensile strength, (in MPa), (ii) t - the age of concrete (in days), and 

(iii) B(t) - the hardening coefficient calculated with Eq. III.9.II for each cement type. 
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III.11 Shrinkage 

Shrinkage is the decrease of volume that occurs during the hardening process of cement-based 

specimens (or structures) without any variation of temperature or application of force, due to cement 

hydration and concrete drying process. If free shortening of specimen (or structure) is restrained at 

supports, shrinkage will originate tension stresses and most probably cracking when the latter are higher 

than the material’s tension strength. 

The shrinkage evolution with time was measured using 3 samples per cement mixture, with the 

measurement device equipment with a compatible comparison clock in Figure III.11-I, according to the 

EN 12808-4:2008 [33]. The specimens used were the same prismatic 40x40x160mm³ molds with steel 

pins on the ends of the sides of the specimens.  

 

Figure III.11-I- Shrinkage measurement device. 

 

III.12 Scanning electron microscopy (SEM) 

SEM images were taken from the samples fractured zones in order to evaluate cement-aggregates 

interaction. These images were taken in a FEG-SEM JEOL 7001F, using the samples mechanically 

tested at the age of 28 days. SEM images allow information of morphology, topography, composition, 

orientation and crystalline structures of the samples. This information is provided through scanning of 

the surface of the sample with a focused beam of electrons that interact with the sample atoms and, as 

a final result, a high-quality image display of the topography of the surface is created. In order to improve 

conductivity of the surface and keep the sample pieces without moving inside the microscope, the 

samples were covered with a conductive liquid silver paint that exhibits high adhesion to almost any 

material [36]. 
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III.13 Young’s modulus 

The Young modulus is a mechanical property that measures the stiffness of the material, defining a 

relationship between stress and strain in a material in the linear elasticity regime of an uniaxial 

deformation. Because concrete does not present an elastic behavior, strictly, this term would not be 

correct, but, this designation is used to characterize the deformability of this material. In Figure III.13-I, 

a typical stress-strain diagram of a concrete specimen is presented and because of its non-linearity, 

talking about a unique Young modulus or elasticity modulus is not accurate. However, for deformation 

calculations in structures for approximated service loads, the tension applied is about 40% of the final 

rupture tension, and the modulus defined is the secant modulus defined by the inclination of the line that 

intersects two points. 

 

Figure III.13-I- Tension-extension typical concrete diagram and representation of the secant modulus 

(adopted from [35]). 

 

In this work the Young’s modulus was calculated according to LNEC E 397 [37] specification, using 

prismatic concrete specimens of 100x100x150mm3. Extensometers were used to measure the distance 

between two points of the prismatic specimen while cyclic compression stresses are applied varying 

between 1.0 MPa and 1/3 of the failure load (assessed previously with cubic specimens in compressive 

strength tests). When the measurements between consecutive cycles stabilize, the Young’s modulus is 

calculated using Eq. III.13.I: 

 
𝐸 =

𝜎

𝜀
=

∆𝑃/𝐴

∆𝐿/𝐿
 (III.13.I) 

being (i) ΔP – the variation of load applied; (ii) A – the area of the prismatic samples; (iii) ΔL – the length 

variation; and (iv) L – the distance between the fixative of the gauge instrument. 
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IV. Results and analysis 

IV.1 Fresh state characterization 

Cement pastes for this test were produced with 20 grams of each cement type. The only fresh state 

characterization performed was a fluidity test pouring the pastes produced in a flow table to measure its 

diameter. The amorphous binder paste with a 0.325 w/c ratio was not able to be poured out of the 

recipient because of its higher viscosity, but its workability consistence was plastic, Figure IV.1-I. With 

the addition of 0.1% in weight of the superplasticizer described in section III.3, the flowing diameter was 

82 mm, Figure IV.1-III. The flowing diameter of the CEM II B/L 32.5N paste with a 0.435 w/c ratio was 

55 mm with no superplasticizer added and 91 mm with the addition of 0.1% of superplasticizer, 

Figures IV.1-II and IV.1-IV. This test was performed in order to understand the amorphous binder 

behavior when this admixture was added and if its fluidity improvement was similar to the OPC cements. 

The conclusions withdrawal was that the new amorphous binder was sensible to the introduction of this 

admixture and its behavior was adequate. However, the optimal amount of this product in the mixtures 

was not defined and therefor the amount introduced in the mortar mixtures produced with the amorphous 

binder was reduced so that the amorphous binder properties were not altered. 

Figure IV.1-I- Amorphous binder paste with w/c 

ratio of 0.325 fluidity test. 

Figure IV.1-II- CEM II B/L 32.5N paste with w/c ratio of 

0.43 fluidity test. 
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Figure IV.1-III- Amorphous binder paste with 

w/c ratio of 0.325 and 0.1wt% of 

superplasticizer fluidity test. 

Figure IV.1-IV CEM II B/L 32.5N paste with w/c ratio of 

0.43 and 0.1wt% of superplasticizer fluidity test. 

 

Mortar mixtures were also characterized in fresh state, allowing the validation of each of the mortar mix 

designs previously done. Next, prismatic specimens were produced and the characterizations tests in 

hardened state followed. Consistency results, air content (pred. – predicted and car. – characterized) 

and density (pred. – predicted and car. – characterized) are presented in Table IV.1-I, for the OPC 

mixtures. The consistency parameter of slump flow is consistent for all OPC mortar mixtures, as wanted. 

Air content and density are inside the predicted parameters in the mortar mixtures formulation. After 

these tests, formulation parameters must be corrected in order to improve the accuracy of mix designs. 

Table IV.1-I- OPC mortar mixtures fresh state characterization. 

Parameters C5 C4 C3 C3A 

Slump flow [cm] 18.5 18.5 18.5 19.0 

Air content – pred. [%] 3.10 3.10 3.10 3.10 

Air content – car. [%] 3.30 3.10 3.10 3.20 

Volumetric mass – pred. [kg/dm3] 2.20 2.21 2.20 2.18 

Volumetric mass – car. [kg/dm3] 2.21 2.23 2.23 2.20 

 

Fresh state mortar mixtures give place to some important conclusions in this initial phase of the 

characterization of the new amorphous binder in mortar mixtures, see Table IV.1-II. Mortar mixtures of 

the amorphous binder demonstrate that these systems have a much higher air content than OPC ones, 

producing excessive porosity in mortar specimens produced, influencing negatively mechanical strength 

results. This parameter tends to increase significantly with the addition of the used admixture. In the 

CA_0.40 mixture, some exudation tendency was observed, probably indicating excessive water 

addition. Amorphous binder mortar mixtures showed a much higher viscosity, parameter that had 



37 
 

already been studied in previous works with amorphous binder pastes [9]. Therefore, regardless the 

lower slump flow compared to the OPC fresh mixtures, consistency and workability are considered 

plastic. The amorphous binder mortar mixtures were homogeneous, stable and workable, so previous 

predicted mix designs were corrected with the characterized parameters, and production continued.  

Table IV.1-II- Amorphous binder mortar mixtures fresh state characterization. 

Parameters CA_0.40 CA_0.45 CAA 

Slump flow [cm] 13.00 12.50 13.00 

Air content – pred. [%] 5.40 3.90 4.60 

Air content – car. [%] 5.70 4.00 4.70 

Volumetric mass – pred. [kg/dm3] 2.22 2.23 2.22 

Volumetric mass – car. [kg/dm3] 2.18 2.25 2.22 

 

The comparison between the amorphous binder and the OPC mixtures starts in the fresh state 

characteristics. The amorphous binder mixtures present different workability and consistency due to its 

different viscosity. Even between the three amorphous binder mixtures this parameter changes, the 

alkali activation and the use of water reducing admixtures allow reducing water and improving 

workability. Another important factor is the porosity of the mixtures. OPC mixtures present in fresh state 

air content around 3.0%, while amorphous binder mixtures present porosities from 4.0 to 5.7% air 

content, leading to different compactness and excess porosity visible in the SEM images, reducing 

mechanical strength values. 

IV.2 Compressive strength 

IV.2.1 Pastes 

OPC pastes were produced according to section III description. The main objective of their production 

is to have a reference comparison for the amorphous binder pastes. Their compressive strengths are 

presented in Figure IV.2-I and follow the expected strength evolution for each type of cement used. 

CEM I 52.5R present the best compressive strength at all ages, having a very fast increase of strength 

at early ages and then a slower growth until 28 days. The other two types of cement have a very similar 

strength evolution, but with a more constant strength increase through time, having the CEM II A/L 42.5R 

better results, as expected. It is very clear at the age of 28 days, which is the reference for the 

characteristic strength for each type of cement, the decreasing order of strength for each type of cement, 

which is in agreement with the fineness, clinker content and types of additions of each cement, explained 

in section III.1.  
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Figure IV.2-I- OPC pastes compressive strength results. 

 

Amorphous binder pastes were produced according to section III description. The main objectives of 

their production are to experiment different types of activators, trying to find an equilibrium between 

activators cost and strength improvement and to compare the results with non-activated amorphous 

paste specimens and OPC paste specimens. Their compressive strength results are presented in Figure 

IV.2-II. The best results are undoubtedly those from the paste activated with Na2SO3. Despite the cost 

analysis, this was chosen to be the activation used in mortar specimens because of its results much 

better than those of the other activations, 3.25 times higher than the non-activated amorphous binder 

specimen at the age of 28 days, reaching and even exceeding the OPC reference clinker. The pH=13 

specimen was the only one that presented values lower than those of the non-activated specimen, but 

once again the error is not being taken into account and there is no obvious reason for this specimen to 

present different results than the non-activated one. Except for this specimen, all the other activations 

have improved the mechanical strength results when compared to the non-activated specimen, 

presenting very interesting results, especially the 10% CEM I 52.5 R, with a compressive strength 1.75 

times higher than that of the non-activated amorphous specimen, and the 3% CaCO4,1.3 times higher 

at the age of 28 days. Because of their lower cost of acquisition and still significant strength 

improvement, further research on this matter must be carried out.  
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Figure IV.2-II- Amorphous binder activated pastes compressive strength results. 

 

Previous works from this project let to the conclusion that the evolution of strength clearly follows the 

trend of the water incorporation process, which is related to the amount of hydrated products formed, 

section III.6. In the present work, the amount of bound water in the activated pastes at the ages of 7 and 

28 days were tested, as described in section III.8. Figure IV.2-III, presents a linear tend between 

compressive strength and the amount of bound water of the different activated pastes produced.  

 

Figure IV.2-III- Relationship between the water incorporated in the structure of the pastes produced and 

the determined compressive strength. The grey line is a visual tendency indicator. 
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IV.2.2 Mortars 

Figure IV.2-IV shows the evolution of the compressive strength results of the four OPC mortar mixtures, 

the continuous lines in the graphic represent each of the cement types hardening curve described in 

section III.9. In the graphic, the “s” coefficient defined for each cement type by the EC2 was maintained 

in all cements except in the C3 mixture, in which “normal hardening” was adopted. In most of the curves, 

the compressive strength at the age of 28 days was changed in order to adapt the curve to best fit the 

results at all ages. 

The three mixtures with the same clinker content and water-clinker ratio present very similar 

compressive strength results at all ages. The C5 mixture shows a much higher strength evolution 

between 7 and 28 days of age although the value of the 56th day comes closer to the other two 

comparative mixtures strength values. The C3A mixture, besides the fact that it has the same cement 

content and the w/c ratio of the C5 mixture, presents 1.8 times lower compressive strength at the age 

of 28 days but, since the C3A mixture cement has a slower hardening evolution, this difference tends to 

decrease at later ages. 

 

Figure IV.2-IV- OPC mortar mixtures compressive strength results. 

 

Figure IV.2-V shows the evolution of the compressive strength results of mortar mixtures at the age of 

3, 7, 28 and 56 days. In the amorphous binder mixtures, the strength evolution is similar to that of the 

C3A mixture, but with different amplitude values, meaning a constant strength evolution at older ages 

more similar to S (“Slow hardening”) strength evolution. In the case of the amorphous binder mixtures, 

there are no information collected in order to estimate compressive strength of concrete at various ages 

in order to present a hardening curve that correlate all the results. The same expression was used 

changing the “s” parameter value to find a curve that fitted the best all the results of the different mixtures. 

The value used was s=0.45 to the CAA mixture, s=0.5 to the CA_0.40 mixture and s=1.0 for the CA_0.45 
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mixture. The “s” parameter is empirical, so further research should be done in this matter in order to find 

and adjust the real “s” parameter for this new cementitious material. In the present work these hardening 

curves have the aim to be visual guiding lines. 

Between the amorphous binder mortar mixtures, the CAA (alkali activated mixture) shows much higher 

compressive strength amplitude of values in comparison with the CA_0.40 and the CA_0.45 ones. The 

CAA mixture present values 3.0 times higher than the CA_0.40 mixture at the age of 28 days. The 

comparison between non-activated amorphous mixtures, confirms the high influence of the water 

cement ratio in mechanical strengths. Just by reducing the water cement ratio from 0.45 to 0.40 with the 

help of a water reducer admixture, the compressive strength at the age of 28 days increased in 65%. 

 

Figure IV.2-V- Compressive strength of the amorphous binder mortar mixtures. 

 

As explained before, flexural and compressive strength tests have been performed using specimens 

with different curing conditions. In fact, instead of being stores at 20 ⁰C in water, they were inside a 

thermo-hygrometric chamber with the same temperature and a relative humidity of 50%, at the ages of 

91 and 120 days and, even though this results cannot be directly compared to the other ages, they 

provide quite relevant information. The results are presented in Figure IV.2-VI. C5, C4 and C3 mortar 

mixtures present stabilized values after the 28 days, characteristic of rapid hardening cements. At later 

ages, the CAA mixture presented the best compressive strength results, because of its slow hardening 

curve that can be linked to its excessive shrinkage behavior, making the specimen more and more 

compact with time. The final result of the CA_0.40 mixture is also very good, since the strength difference 

for the C3A mixture was only 1.41 times lower. 

These different curing conditions have reduced the strength results of the OPC mixtures and improved 

the amorphous binder ones. The CAA mixture presented a compressive strength result at the age of 

120 days 1.067 times higher than the C5 mixture and the CA_0.40 mixture, decreased the difference to 

the C3A mixture from 2.49 at the age of 56 days to 1.41 at the age of 120 days. Further studies should 
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be performed in this matter, trying different curing conditions while reducing the shrinkage behavior of 

the CAA mixture in order for more conclusions to be withdrawal. 

 

 

Figure IV.2-VI- Compressive strength evolution at the ages of 91 and 120 days. 

 

IV.2.1 Concrete 

Table IV.2-I shows the mean compressive strength (fcm) of concrete. The test method used is described 

in section III.9. 

Table IV.2-I- Concrete mixtures compressive strength characterization at the age of 28 days. 

 fcm (MPa) 

C5 54.1 

C4 55.5 

C3 54.1 

 

As expected, the values of the compressive strength of the different concrete mixtures are very similar. 

As described in the mortar section IV.2.2, the higher fineness of the C5 mixture is compensated with the 

gradual increase of cement content in the other mixtures. These results validate the initial comparison 

hypothesis of the present work; the clinker content and a constant w/clk ratio are the most influencing 

parameters in providing strength to the cement mixtures.  
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Mortar and concrete mixtures have different compressive strength evolutions due to aggregates 

differences and to their interaction with the cement paste. Mortar mixtures reach the same compressive 

strength values as the concrete mixtures at the age of 56 days.  

IV.3 Flexural and tensile strength 

IV.3.1 Mortars 

Figure IV.3-I shows the evolution of the flexural strength results of the OPC mortar mixtures at the age 

of 3, 7, 28 and 56 days. In this graphics the hardening curve is also represented as described in section 

III.10. The “s” coefficient used for the hardening curve of each cement type was the same used in the 

compression strength graphics, Figures IV.2-IV and IV.2-V. As well as in the previous graphic, the 

flexure strength result of the 28th day was also changed in order to adjust the curves as better as possible 

to the results obtained at all ages. 

Between C5, C4 and C3 mixtures, a similar behavior in the flexural strength results is verified because 

the clinker content and w/clk ratio is the same, and regardless the fact that the C5 cement has a much 

higher fineness, the gradual increase of cement volume in the C4 and C3 mixtures compensates that 

positive aspect. As expected, these mixtures do not present any flexural strength improvement at later 

ages. The C3A mixture presents only a 1.3 times lower flexural strength result  than the C5 mixture at 

the age of 28 days, but also in this case this difference gets lower at later ages because of the slow 

hardening curve of the C3A mixture. 

 

 

Figure IV.3-II shows the evolution of the flexural strength of mortar mixtures, produced with the 

amorphous binder. The hardening curves in this graphic were drawn using the same expression as in 

the OPC flexural results, with the same “s” parameter used in the compressive strength graphic. The 
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CAA mixture present values 1.87 times higher than the CA_0.40 mixture at the age of 28 days. The 

flexural results of the non-activated amorphous binder mixtures are in agreement with the results seen 

previously in the compressive strength, i.e., low values with a soft hardening curve, meaning 

improvement of the strength at later ages.  

 

Figure IV.3-II- Flexure strength of the amorphous binder mortar mixtures. 

 

It is important to mention that the coefficient of variation (CV) is much higher in the flexural strength 

results than in the compressive ones. For flexural strength results, CV has an average of 8.7 and 9.3% 

at the ages of 7 and 28 days, while compressive strength values have an average of 3.3 and 5.4% at 

the same age. This coefficient indicates the dispersion of data points in a data series around the mean. 

Figure IV.3-III shows the flexural strength evolution at the ages of 91 and 120 days with a different curing 

condition, namely 20 ⁰C in a thermo-hygrometric chamber with a relative humidity of 50%. Both 

amorphous binder mixtures present lower values in flexural strength. The higher air content of the 

mixtures leads to an increase of the compactness coefficient and excessive porosity, having a more 

negative influence on the flexural strength results than in the compressive strength ones. Also, the 

amorphous binder mixtures have less powder content than all the other mixtures leading to less compact 

and rigid mixtures. 
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Figure IV.3-III- Flexural strength evolution at the older ages of 91 and 120 days. 

 

The higher viscosity of the amorphous binder increases the air content in the mixtures, making the air 

removal task much harder and energy consuming, having a negative impact in the mechanical behavior 

of these mortar mixtures. The mechanical strengths of the CA_0.40 amorphous binder mixture are 

relatively low but it is necessary to take into account the low amorphous binder content used, originating 

w/c ratios far away from the optimum values used in this cement pastes and also the lower amount of 

cement used in the mixtures. By increasing the amount of cement material, which is the most important 

constituent regarding mechanical properties, and maintaining the aggregates volume and its respective 

water consumption, mechanical strength would be higher. The analysis of these results is very 

promising, predicting an efficiency increase in the mechanical strength values with the reduction of the 

w/c ratio.  

 

IV.3.2 Concrete 

Table IV.3-I shows the mean flexural strength (fctfm) of the prismatic concrete molds; and the mean 

tension strength (fctm) of the prismatic concrete specimens. The techniques used to achieve the following 

results are described in detail in section III.10. 
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Table IV.3-I- Concrete mixtures flexural and tensile strength characterization at the age of 28 days. 

 fctfm (MPa) fctm (MPa) 

C5 4.75 3.78 

C4 4.70 3.28 

C3 4.84 3.34 

 

As expected, the mechanical strength results, are very similar for all the concrete mixtures, not to 

mention that only one specimen has been tested, so errors have not been taken into account. 

The flexural strength results of the concrete mixtures are half of the values characterized in the 

respective mortar mixtures. This happens because the higher stiffness of the concrete aggregates 

creates higher concentration of stresses leading to failure much faster. The mortar mixtures are more 

homogeneous, thus being able to provide a better distribution of stresses. 

IV.4 Young’s Modulus 

The Young’s modulus of OPC mortar and concrete mixtures C5, C4 and C3 were characterized as 

described in section III.13. The results of the Young’s modulus (Ecm) of the prismatic specimens are 

presented in Table IV.4-I. 

Table IV.4-I- OPC mortar mixtures young modulus at the age of 28 days. 

 Ecm (Gpa) Mortar mixtures Ecm (Gpa) Concreter mixtures 

C5 34.0 42.8 

C4 36.3 43.3 

C3 36.5 44.3 

 

In both cases, the Young’s modulus grows from the C5 to the C3 mixture. This happens because the 

C3 mixture is more compact than the other mixtures because it has more powder content (limestone 

filler). Despite this fact, values are very close to each other, not to mention that only one specimen has 

been tested, so errors are not been taken into account.  

In the mortar mixtures, the results are very similar for all three mortar mixtures, but the C5 result is a 

little bit lower than expected, this result can be classified as an outlier or inside the error amplitude of 

values. The Ecm results of the mortar mixtures has an average value 22% lower than the concrete ones. 

This happens because of the introduction of the limestone gravel 6/14mm in the concrete mixture 

making it more rigid, reducing deformations and increasing the Young modulus. 
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IV.5 Shrinkage 

Shrinkage results are presented in Figure IV.5-I, showing the shrinkage evolution of the different OPC 

mortar mixtures specimens along 91 days. In current concrete cements, there are three types of 

shrinkage according to a traditional classification [38]: (i) Plastic shrinkage – Water evaporation from the 

fluid mass of the fresh concrete, this shrinkage is not significant because it happens before hardening 

and therefore does not create any internal stresses; (ii) Hydration shrinkage – Shrinkage due to the 

chemical binding of water in the cement process of hydration; and (iii) Drying shrinkage - Main 

responsible for the volume variation in ordinary concrete, resulting from the evaporation of the free water 

that was not used for cement particles hydration. Either water can exit from concrete to the environment 

or it is used in cement hydration chemical reactions. Therefore, shrinkage depend on w/c ratio of the 

concrete mixture. If this ratio is low, less water remains free for evaporation, which leads to lower volume 

changes but, if this ratio is overly reduced, for example in high strength concretes, other type of 

shrinkage grows: the autogenous shrinkage. The autogenous shrinkage is a part of the hydration 

shrinkage where a process of self-desiccation occurs inside the cement stone structure were all the 

remaining water is used for the hydration process when humidity cannot reach fast enough from the 

outside due to the density of the structure [38]. The water cement ratios used in the present work are 

high enough for all hydration processes to take place, so shrinkage occurs essentially due to the drying 

component. About 40% of the OPC mortars shrinkage in samples with small dimensions like the ones 

used, occurs in early ages, approximately until day 7. After this, shrinkage continues to grow at a much 

slower rate, being almost finished at the age of 28 days, with more than 80% of its total shrinkage 

already concluded. Concrete strength keeps growing for a long time, so for big structures construction 

proposes the shrinkage evolution continues for years. This strength grow follows until there are no more 

hydration products to form which means, shrinkage keeps occurring as long as increase of strength 

proceeds.  

 

Figure IV.5-I- Shrinkage evolution with age of OPC mortar mixtures. 
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The four OPC mixtures present very similar shrinkage curves, both in evolution and in range of values. 

C3A mixtures present values 1.15 times lower than the C5 one with the same cement content and water 

cement ratio, this happens because this mixture produces less cement hydration products having 30% 

less clinker content. 

 

Shrinkage results of the amorphous binder mortar mixtures specimens are presented in Figure IV.5-II, 

showing the shrinkage evolution along 91 days. The activated amorphous binder mixture presents 

excessive shrinkage behavior, with values 300% times higher than the other mixtures, being this value 

in concordance with literature [39]. This problem and possible solutions are well documented in 

experiments with AAC (Alkali-Activated Concrete) AAF (Alkali-Activated Fly ash) and AASC (Alkali-

Activated Slag Cement), with alkali-activated concrete and activated slag-fly ashes composites with 

shrinkage values reaching the 4864x10-6 in activated slag-fly ashes composites [39,40]. The main 

causes of this phenomenon pointed by other authors are the activator type and content (SiO2/Na2O), 

the physicochemical properties of the raw materials and curing conditions [40]. Because this amorphous 

material is new, experiments and studies on this matter must be performed in order to find a proper 

solution for this problem in this specific material. 

On the other hand, the CA_0.40 amorphous binder mortar mixture presents a 50% lower range of values 

than OPC mixtures with the same clinker content. This may be related with the inferior amount of 

hydration products formed in this material, fact related with the different hydration kinetic and lower 

exothermic peak than the OPC mixtures showed in the isothermal calorimetry in section II.2.2.  

 

Figure IV.5-II- Shrinkage evolution with age of the amorphous binder mortar mixtures. 
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IV.6 SEM images 

As described in section III.12, SEM images were taken from the C3A mortar mixture, after the 

mechanical strength tests at the age of 28 days, Figures IV.6-I, IV.6-II and IV.6-III. Aggregates can be 

distinguished in the topography surface by their smooth and compact surface compared to the irregular, 

grainy and layered surface of the hydrated cement paste. Cement hydration products grow around 

aggregates and involve them, as it can be observed in the images. The irregularity, the pointed edges 

and the stretch marks on the back of the aggregate imply a rupture of part of it, Figure IV.6-II, being 

normal some disconnection between the aggregates and the cement paste. Overall SEM images shows 

very good adherence between aggregates and the cement matrix, with very little porosity.  

Figure IV.6-I- SEM images of C3A mortar 

mixture a). 

Figure IV.6-II- SEM images of C3A mortar 

mixture b). 

Figure IV.6-III- SEM images of C3A mortar 

mixture c). 

Figure IV.6-IV- C-H-S gel and ettringite visible in 

C3A SEM image. 

 

The observation of the cement hydration products was also possible with the high-quality images from 

SEM technology. Figure IV.6-IV shows very closely the C-S-H gel structure that is similar to a mesh 
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called “honeycomb” structure, being also possible to identify the presence of ettringite [25]. Ettringite is 

formed in hydrated Portland cement as a result of the reaction of calcium aluminate (C3A) with calcium 

sulfate di-hydrate (gypsum – CaSO4
.2H2O) forming the needle-like crystals visible in the image. 

SEM images of the amorphous binder mortar mixture CA_0.45 present very good adherence between 

aggregates and the cement matrix. It is difficult to distinguish the aggregates because the hydrated 

products grow around them, Figure IV.6-V, covering most of the surface. It is possible to see some small 

pores of around 0.1 mm of diameter in Figure IV.6-VII. The hydrated cement seems to be very fragile 

and grainy, almost like wet sand, even the pores are not well defined. The C-S-H gel tridimensional 

mesh has a lamellar structure of irregular shapes with soft edges and many holes inside this structure. 

The smooth surface may indicate that not many hydration products have been formed at this stage, 

Figure IV.6-VIII. 

Figure IV.6-V- SEM images of CA_0.45 amorphous 

binder mortar mixture a). 

Figure IV.6-VI- SEM images of CA_0.45 

amorphous binder mortar mixture b). 

 

Figure IV.6-VII- SEM images of CA_0.45 amorphous 

binder mortar mixture c). 
Figure IV.6-VIII- C-H-S gel visible in the 

CA_0.45 amorphous binder SEM image. 
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The CA_0.40 amorphous binder mortar mixture does not present such a good adherence between 

aggregates and the cement matrix and the interface between them seems cracked, Figure IV.6-X. The 

hydrated cement seems much more cohesive and compact but also shows many cracks, which can 

indicate the fragility of the material. The porosity has various dimensions, with pores reaching the 

0.5 mm of diameter, Figure IV.6-XI. The C-S-H gel structure is much more cohesive and presents more 

hydration products formed, but still with a lot of smooth surfaces, Figure IV.6-XII. 

 

Figure IV.6-IX- SEM images of CA_0.40 

amorphous binder mortar mixture a). 

Figure IV.6-X- SEM images of CA_0.40 amorphous 

binder mortar mixture b). 

Figure IV.6-XI- SEM images of CA_0.40 

amorphous binder mortar mixture c). 

Figure IV.6-XII- C-H-S gel visible in the CA_0.40 

amorphous binder SEM image. 

 

The CAA activated amorphous binder mortar mixture presents a reasonably good adherence between 

aggregates and the cement matrix, the hydrated cement grows around the aggregates but the interface 

between them seems cracked, Figure IV.6-XV. The hydrated cement seems very cohesive and 

compact, in some areas some non-hydrated parts are visible, they can be recognized by their very 

smooth surface, Figure IV.6-XIII. The pores visible in this mixture are much bigger than in the other 

mixtures, reaching the 1.0 mm of diameter, Figure IV.6-XIV. 
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Figure IV.6-XIII- SEM images of CAA activated 

amorphous binder mortar mixture a). 

 

Figure IV.6-XIV- SEM images of CAA activated 

amorphous binder mortar mixture b). 

Figure IV.6-XV- SEM images of CAA activated 

amorphous binder mortar mixture c). 

Figure IV.6-XVI- SEM images of CAA activated 

amorphous binder mortar mixture d). 

 

The SEM images were taken from fragmented pieces from the prismatic mortar mixtures specimens 

that were tested for flexural and compressive strength. The descriptions given previously are only related 

to the images presented. Studies of fractured surfaces have serious limitations because they are not 

representative of the bulk material, but of its weaker regions [21]. The same study should be done in 

specimens of 91 days of hydration to provide a proper comparison.  

The SEM images of the amorphous binder present higher porosity than Ordinary Portland cement 

mixtures with pores dimensions varying from 0.1 to 1.0 mm. Relatively high porosities of alkali activated 

materials are also reported in other previous studies, with this phenomenon being probably related to 

the relatively high physically bound water content of this type of materials [40]. Also Cunha had already 

found high porosity in non-activated amorphous binder pastes, which was associated with lack of 

compaction and difficulties of the fresh state mixture to release air because of its higher viscosity [9]. 

This difficulty creates water pours that after the water evaporation remain empty creating local point of 
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weakness leading to an early rupture. The adhesion between aggregates and the cement paste is very 

good, similar to the OPC adhesion, with the hydrated cement paste growing around the aggregates. 

The cement paste of the CA_0.45 mixture appears to be less compact and more fragile, but with the 

reduction of the w/c ratio in the CA_0.40 mixture, the paste developed the appearance of the OPC 

mixture. Finally, the C-S-H gel visible in the mixtures is very similar to the OPC one with a “honeycomb” 

structure formed by a layered mesh. In the case of the CA_0.45mixture, this mesh presents a less 

cohesive and more porous structure, but the CA_0.45 one, appears to be very compact and similar to 

the OPC one. 
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V. Closure 

V.1 Conclusions 

The present MSc dissertation aims at providing a proof of concept for an eco-efficient concrete produced 

with a new amorphous hydraulic binder with C/S ratio of 1.1. Since currently this new amorphous binder 

can only be produced in laboratory, the amount of product obtained in each batch is very small. 

Therefore, for the proof of concept only mortar mixtures could be produced. Then these were 

characterized and compared with similar mortar mixtures produced with Portland cement. Nevertheless, 

the following conclusions could be drawn: 

 The addition of a superplasticizer in the amorphous binder mortar mixtures has revealed to be 

very positive. Reducing the w/c ratio and increasing workability is the key to achieve better 

mechanical strength values. The non-activated amorphous binder mixtures were sensitive to 

this crucial parameter, increasing in 65% the compressive strength value at the age of 28 days 

with the reduction of 12.5% of the w/c ratio. However, this addition also revealed an increase of 

42.5% in the mixture air content that must be corrected in order to achieve better results. 

 The amorphous binder activation with Na2SiO3, in a 3%wt of equivalent Na2O content, has 

revealed to be as effective in increasing the amorphous binder mechanical resistances in mortar 

mixtures as in pastes but with a very different behavior. The hardening curve of the CAA mixture 

revealed to have a slow evolution, very similar to the C3A mixture one, while in pastes the 

activator effect in the strength improvement was immediate. It achieved values 52.8% inferior 

in flexural strength and 6.7% higher in compressive strength at the age of 120 days comparing 

to the high-resistance cement mixture C5. As negative points, this mixture presented very high 

air content values, 49% higher than the ones presented from OPC mixtures and shrinkage 

values 300% higher at the age of 28 days. It has been reported that both the incorporation of 

fly ashes and lowering the silicate content from activator are efficient methods to reduce the 

shrinkage in slag mixtures, further research must be done in this matter in order to reduce 

shrinkage [40]. 

 The SEM images of the amorphous binder mortar mixtures have revealed good aggregates-

cement matrix adhesion and excessive porosity with the pours diameter dimension varying from 

0.1 to 1.0 mm in the analyzed specimens. 

 The new amorphous binder has demonstrated compressive strength results adequate for the 

production of concrete. This new concrete would also present some advantages over the OPC 

concrete: (i) very low heat of hydration release, reducing problems during production of large 

concrete structures; (ii) no Portlandite is formed upon hydration which may indicate further 

improved performance in terms of durability, eliminating the problem of Portlandite carbonation 

due to atmospheric CO2 that may result in structural damage due to local expansion in the sites 

were carbonation occurs, causing corrosion on the reinforcement. [8]. 
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V.2 Future work developments 

The study of the novel amorphous binder as an alternative to Portland cement led to the conclusions 

previously referred but also to new questions that would be interesting to study in the future, namely: 

 The production of a larger amount of the amorphous binder would enable the production of more 

mortar mixtures samples with the aim to (i) reduce the w/c ratio with the introduction of more 

efficient admixtures (existing ones or specially produced for this effect) or increasing the 

amorphous binder content in the mixtures; (ii) reduce the air content applying a higher 

compaction energy or introducing special admixtures for the effect. 

 In the case of the alkali activated mixture with a NaOH/Na2SiO3 aqueous solution more studies 

in mortar mixtures should take place in order to control the shrinkage evolution like optimizing 

the percentage of activator used and its silica content, the incorporation of fly-ashes, changing 

the curing conditions and the addition of shrinkage-reducing admixtures might be 

efficient [39,40]. A special suggestion would be the production of a lightweight aggregate 

concrete with a proportion of LECA aggregates in the mixture. The introduction of this 

aggregates has proven to reduce shrinkage, porosity and increase long term mechanical 

resistance because of the absorption of water by the aggregates and further hydration of the 

cement past over time [41]. 

 The production of more mixtures will allow the definition of the right mix design parameters for 

the amorphous binder, the calibration of the Feret coefficient that relates empirically the 

compressive strength of concrete with its compactness dependent on its dosage and also the 

definition of the right “s” coefficient for the mixture hardening curve. 

 Finally, tests should be performed in order to study the amorphous binder durability and 

concrete-steel adherence. 
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