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SUMMARY 

Sprayed concrete is widely used as structural support for the stabilization of tunnel walls 
and underground constructions. The performance of sprayed cementitious matrices containing 
accelerators is strongly related to their mechanical properties at early and late ages. In practice, 
this is the main parameter that governs their mix design and applicability.  

Mechanical strength development results from the combination of several factors 
associated with mix composition, application method and microstructure of the matrix. The 
compatibility between cement and accelerator is one of the most important parameters that 
control kinetics of hydration and the rate of mechanical strength gain. The spraying process 
also needs to be taken into account, since it leads to faster reaction rates and directly affects the 
porosity of the matrix.  

Although the sprayed concrete technology advanced considerably over the past years, 
questions continue to arise regarding its performance, efficient use and optimized mix design. 
One of the main subjects that requires further research is the characterization of the early age 
hydration behavior of accelerated cementitious matrices. The influence of accelerator reactions 
on the mechanical properties of the matrix at short and long term and the influence of spraying 
on kinetics of hydration also need to be evaluated. 

In this context, a study covering these demands is proposed in this doctoral thesis. The 
first subject contemplates the characterization of the kinetics and mechanisms of hydration and 
the microstructure development of accelerated cement pastes. The early age hydration behavior 
of different mix composition was analyzed and compared. Results obtained allowed the 
elucidation of the main chemical processes occurring during accelerator reaction and further 
cement hydration and their influence on the microstructure of the matrix.  

The second subject comprises the parametrization of the early age hydration behavior 
of cement pastes containing accelerators. The main chemical properties of cements and 
accelerators were evaluated, explaining their influence on accelerator reactivity and on cement 
hydration. By doing so, the mix design of accelerated cementitious matrices may be optimized 
and unpredictable hydration reactions and their consequences may be avoided. 
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The third subject deals with the characterization of the setting and hardening processes 
of accelerated cementitious matrices by ultrasound measurements. This subject was proposed 
because the current standard methods to characterize early strength evolution are discontinuous 
and have a limited application range. By using the ultrasound technique, a more complete 
characterization of the evolution of mechanical properties of the matrix was assessed. 

The fourth subject aims at evaluating how spraying affects accelerator reactivity and 
further cement hydration. A small-scale spraying equipment was used to simulate real life 
applications of sprayed concrete. A significant influence of the mixing process on reaction rates 
and on microstructure of the matrix was observed.  

The last subject of this thesis focuses on the evaluation of how accelerated hydration 
reactions influence the mechanical strength development of the matrix. The main chemical 
processes influencing the mechanical properties at early and late ages were determined. Results 
provided the characterization of the mechanical performance of sprayed materials based on 
their chemical composition, in order to improve their mix design and quality control. 
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RESUMEN 

El hormigón proyectado es ampliamente utilizado como soporte estructural para la 
estabilización de túneles y construcciones subterráneas. El desempeño de mezclas cementicias 
que contienen acelerantes está fuertemente relacionado con sus propiedades mecánicas a cortas 
y largas edades. En la práctica, este es el principal parámetro que gobierna su diseño y 
aplicabilidad. 

El desarrollo de resistencia mecánica resulta de la combinación de diversos factores 
asociados al diseño de la mezcla, método de aplicación y microestructura de la matriz. La 
compatibilidad entre cemento y acelerante es uno de los parámetros más importantes que 
controla la cinética de hidratación y la velocidad de ganancia de resistencia mecánica. El 
proceso de proyección también debe de ser considerado, puesto que la velocidad de mezcla 
influye en la cinética de reacción y afecta la porosidad de la matriz. 

A pesar de que la tecnología del hormigón proyectado haya avanzado 
considerablemente durante los años pasados, cuestiones relacionadas a su desempeño, uso 
eficiente y diseño optimizado siguen surgiendo. Uno de los temas que requiere investigación es 
la caracterización de la hidratación a cortas edades de mezclas cementicias aceleradas. La 
influencia de las reacciones causadas por el acelerante en las propiedades mecánicas de la 
matriz a corto y largo plazo y la influencia de la proyección en la cinética de hidratación también 
necesitan ser evaluados.  

En este contexto, un estudio que engloba estas demandas es propuesto en esta tesis 
doctoral. El primer tema planteado es la caracterización de la cinética, de los mecanismos de 
hidratación y de la microestructura de pastas de cemento aceleradas. La hidratación a cortas 
edades de diferentes mezclas cementicias fue analizada y comparada. Los resultados obtenidos 
permitieron la elucidación de los procesos químicos que ocurren durante la reacción del 
acelerante y en la posterior hidratación del cemento, analizando su influencia en la 
microestructura de la matriz. 

El segundo tema comprende la parametrización de la hidratación a cortas edades de 
pastas de cemento con acelerantes. Las principales propiedades químicas de los cementos y 
acelerantes fueron evaluadas, justificando su influencia en la reactividad del acelerante y en la 
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hidratación del cemento. Por lo tanto, el diseño de mezclas aceleradas puede ser optimizado y 
reacciones de hidratación imprevistas y sus consecuencias pueden ser evitadas.  

El tercer tema trata de la caracterización de los procesos de fraguado y endurecimiento 
de mezclas cementicias aceleradas por medidas de ultrasonido. Este tema fue propuesto porque 
los métodos actuales para caracterizar la evolución de resistencia a corta edad son discontinuos 
y tienen un rango limitado para su realización. Utilizando la técnica de ultrasonidos, se puede 
obtener una caracterización más completa del desarrollo de propiedades mecánicas de la matriz.  

El cuarto tema tiene como objetivo evaluar como el proceso de proyección afecta la 
reactividad del acelerante y la posterior hidratación del cemento. Un equipo de proyección de 
pequeña escala fue utilizado para simular aplicaciones de hormigón proyectado en escala real. 
Una influencia significativa del método de mezcla en las velocidades de reacción y en la 
microestructura de la matriz fue observada.  

El último tema de esta tesis enfoca la evaluación de como reacciones de hidratación 
aceleradas influyen en el desarrollo de resistencia mecánica de la matriz. Los procesos químicos 
principales que afectan las propiedades mecánicas a cortas y largas edades fueron determinados. 
Los resultados obtenidos proporcionan la caracterización del desempeño mecánico de 
materiales proyectados basado en su composición química, con el objetivo de optimizar su 
diseño y control. 
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NOMENCLATURE 

The nomenclature of mixes used in this thesis follows the pattern ‘production 
process’_’matrix type’_’cement type’_’accelerator type and dosage’. Each item used in the 
nomenclature is described in table N.1. Examples of the nomenclature used are presented in 
table N.2. 

Table N.1 - Description of items used in the nomenclature of mixes. 

Item Type Nomenclature / Abbreviation 

Production 
process 

Hand-mixing HM 

Mechanical mixing MM 

Spraying SP 

Matrix 

Suspension S 

Paste P 

Mortar M 

Cement 

CEM I (commercial) I 

CEM II/A-L (commercial) II 

Formulateda Clinker type and content_setting 
regulator type and content_addition 

Accelerator 

Reference (no accelerator) REF 

Alkali-free AKF Al2O3/SO42- molar ratio 

Alkaline ALK 

a Used exclusively in chapter 4. 

Table N.2 - Nomenclature of mixes used in this thesis. 

Example Nomenclature 

Mechanically mixed suspension produced with cement type I and 
accelerator AKF 0.61 at 7.0 % bcw MM_S_I_AKF 0.61 7%. 

Hand-mixed paste produced with cement type I and no accelerator HM_P_I_REF 
Mechanically mixed paste produced with cement type II/A-L and 

accelerator AKF 0.42 at 11 % bcw MM_P_II_AKF 0.42 11% 

Sprayed mortar produced with cement type II/A-L and accelerator ALK at 
3.0 % bcw SP_M_II_ALK 3% 
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1. Introduction 

1.1. Prologue 

This doctoral thesis was accomplished at the Department of Civil and Environmental 
Engineering (BarcelonaTech) from the Polytechnic University of Catalonia in Barcelona, 
Spain. The work was directed by Professor Sergio Henrique Pialarissi Cavalaro, member of this 
university, and codirected by Professor Antonio Domingues de Figueiredo, member of the 
Polytechnic School of University of São Paulo from São Paulo, Brazil. This thesis comprehends 
a part of a research project with the collaboration from Industrias Químicas del Ebro from 
Zaragoza, Spain.  

The experimental program was majorly conducted at the Laboratory of Technology of 
Structures Luis Agulló from the Polytechnic University of Catalonia (UPC). X-ray diffraction 
and scanning electron microscopy were performed at the Scientific and Technological Center 
from the University of Barcelona (CCIT-UB). Software development and data analysis for 
ultrasound measurements were executed at the Institute of Physical and Information 
Technologies Leonardo Torres Quevedo from the Spanish National Research Council (CSIC). 

The research focuses on the hydration behavior, microstructure development and 
mechanical strength evolution of accelerated cementitious matrices, directing its application to 
sprayed concrete technology. Firstly, the study focuses on cement pastes to evaluate the 
chemical processes and microstructural changes occurring during hydration. Then, the 
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investigation is extended to mortars, in order to analyze the influence of accelerated hydration 
and phase formation on their mechanical properties at early and late ages.  

The subject proposed intersects both academic and practical interests. From an academic 
point of view, the characterization of chemical and microstructural phenomena occurring 
during hydration is quite complex, because they are interdependent processes. Therefore, 
studying hydration of cementitious systems containing accelerators offers significant scientific 
challenges, requiring a substantial effort in developing experimental techniques and test 
methods for its evaluation. 

In practice, understanding kinetics and mechanisms of accelerated cement reactions and 
correlating them with the evolution of mechanical properties is necessary to select cements and 
accelerators with proper compatibility to enhance concrete performance. Such approach would 
optimize mix design of sprayed matrices without numerous and extensive field spray trials, 
which are a common practice nowadays. Besides, this evaluation would be an important 
reference to accelerator manufacturers for the development of formulations with enhanced 
performance with cements from different sources. As a result, an improvement in sprayed 
concrete technology could be achieved, making it more efficient, durable and sustainable. 

1.2. Background and context 

Sprayed concrete is a construction technique used worldwide in underground 
constructions due to technical and economic advantages over conventional concrete [1]. 
Approximately 22.8 million cubic meters of sprayed concrete are expected to be used in the 
year 2020 and Europe will consume around 37 % of that amount due to tunneling and mining 
projects [2]. The value of the sprayed concrete market is projected to reach USD 7.6 billion by 
2020, which means an annual growth of 8.0 % between 2015 and 2020 [2]. The high demand 
of sprayed concrete is promising and, therefore, research and development on this subject are a 
current need.   

The performance of sprayed cementitious matrices containing accelerators is strongly 
related to their mechanical properties at short and long term. Mechanical strength development 
is the result of the combination of several factors related to mix composition, application 
method and microstructure of the matrix. In practice, this is the main parameter that governs 
their mix design and applicability. 
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The main classes of accelerators employed in sprayed concrete are either alkali-free or 
alkaline. Alkali-free accelerators are mostly composed by an aluminum sulfate solution 
stabilized by an organic acid [3], while the main component in alkaline formulations is sodium 
aluminate [4]. Accelerators increase the rate of early strength development due to the formation 
of calcium sulfoaluminate hydrates, which cause a rapid increase in stiffness of the matrix [5,6]. 
Due to this process, the use of accelerators enables the build-up of concrete layers with proper 
thickness [7,8]. 

The compatibility between cement and admixtures plays a major role in hydration 
kinetics and mechanical strength evolution [9]. Regarding accelerators, formulations based on 
sodium aluminate rapidly deplete sulfate ions from the liquid phase and lead to accelerated 
undersulfated C3A reactions, which inhibit further alite hydration [4,10,11]. As a consequence, 
compressive strength from 7 days on in alkaline accelerated sprayed concrete may be up to 20 
% lower in comparison with concrete produced with alkali-free accelerators [1]. 

Regarding the application method, high shearing conditions achieved during spraying 
accelerate C3A reactions and cement matrices may hydrate as undersulfated, even in systems 
with proper sulfate balance [12,13]. The elevated temperature reached during application 
increases the hydration rate, resulting in an inhomogeneous precipitation of hydrated phases 
and coarser porosity [13,14]. The increase in temperature affects the morphology and nature of 
hydrates, forming denser C-S-H, smaller ettringite crystals [13,15] and larger amounts of 
monosulfoaluminate [16]. 

Despite the remarkable advances in the field of sprayed concrete over the past years, 
questions continue to arise regarding its applicability and performance. Indeed, several subjects 
need to be addressed to provide an efficient use of sprayed concrete, with an optimized mix 
design. Some of these subjects, which are contemplated in this doctoral thesis, are described 
subsequently: 

 It is still necessary to understand the basic chemical principles that govern accelerator 
reactivity and further cement hydration and their influence on the microstructure of the 
matrix. Furthermore, a study combining the main variables affecting hydration kinetics of 
accelerated matrices is essential to parametrize the chemical interaction between cements 
and accelerators. Consequently, the performance of sprayed concrete could be optimized 
and an unpredictable hydration behavior and its consequences could be avoided. 
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 The current standard methods to characterize early strength evolution (Vicat, needle and pin 
penetration tests) are discontinuous and have a limited application range [1]. In addition, 
studies regarding sprayed concrete are restricted due to the difficulty in following 
accelerated hydration reactions. Since the determination of initial stiffness and early age 
strength in sprayed concrete is crucial for its proper application and for safety reasons, 
efforts towards the definition of test methods to provide a continuous monitoring of the 
setting and hardening processes in accelerated matrices are necessary. By doing so, a more 
complete characterization of the evolution of mechanical properties of the matrix may be 
assessed. 

 The vast majority of studies that evaluate the compatibility between cements and 
accelerators deals with accelerated cement pastes produced by hand or mechanical mixing 
[4,10,17–20]. Since these mixing processes differ considerably from the method for placing 
sprayed concrete, accelerated matrices should also be produced by spraying. Consequently, 
the matrix would be more similar to that obtained in real life applications and the 
comparison between microstructural properties and macro-scale performance would be 
more reasonable. 

 Research conducted in the field focuses either on the chemical or on the mechanical 
properties, without addressing the relation between them. Although some chemical 
processes are known empirically to influence the mechanical strength of the matrix, it is not 
clear how, why and to what extent they are significant. The influence of accelerated 
hydration reactions on the mechanical strength evolution still needs to be evaluated to 
characterize the performance of sprayed materials and to improve its design and quality 
control. 

 For the characterization of mechanical properties, tests are usually performed in sprayed 
concrete. This requires the use of large amounts of materials and expensive equipment, 
which are not common in laboratories from universities. Therefore, a small-scale version of 
sprayed concrete testing that resembles real-life applications needs to be developed. By 
doing so, the evaluation of sprayed matrices may be performed more easily, with a more 
sustainable and less labor-intensive procedure. 
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1.3. Objectives 

Five general objectives corresponding to the main subjects addressed in this doctoral 
thesis are defined as follows: 

 Characterize kinetics and mechanisms of hydration and the microstructure of accelerated 
cement pastes. 

 Parametrize the early age hydration behavior of accelerated cement pastes in terms of the 
chemical composition of cement and accelerators. 

 Characterize the early age properties (setting and hardening processes) of accelerated 
cementitious matrices by ultrasound propagation velocity. 

 Analyze how spraying influences hydration and microstructure of accelerated cement 
pastes. 

 Evaluate how the chemical processes occurring during hydration influence the mechanical 
strength development of accelerated cementitious matrices at early and late ages. 

In order to fulfill these main goals, the specific objectives presented in table 1.1 are 
proposed.  
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Table 1.1 - Specific objectives of the research. 

General objectives Specific objectives 

Characterization 
 of accelerated 
cement pastes 

- Elucidate the main chemical processes occurring during hydration 

- Characterize the kinetics and mechanisms of hydration  

- Evaluate different types of cements and accelerators, comparing their behavior 

- Analyze the microstructure development of accelerated cement pastes 

- Elaborate a conceptual hydration model of cement pastes containing accelerators 

Parametrization 
 of hydration 

behavior 

- Parametrize the kinetics and mechanisms of hydration of cement pastes based on the 
chemical composition of cements and accelerators 

- Identify the main properties and characteristics that govern accelerator reactivity and 
further cement hydration 

- Specify combinations of materials for optimal compatibility between cement and 
accelerator  

Characterization 
 of early age 
properties by 

ultrasound 
measurements 

- Characterize the setting and hardening processes in accelerated cement pastes and 
mortars by ultrasound propagation velocity 

- Identify the main properties and parameters that govern the propagation of ultrasound 
waves 

- Correlate chemical properties and phase composition with ultrasound propagation 
velocity 

Influence of 
spraying on 
hydration 

- Analyze how spraying influences accelerator reactivity and further cement hydration 

- Evaluate the microstructure and morphology of precipitated hydrates in pastes 
produced by spraying 

- Compare spraying with hand-mixing, highlighting the main properties affected by the 
mixing process 

Characterization of 
mechanical 
properties 

- Analyze how accelerated hydration reactions influence the evolution of mechanical 
strength at early and late ages 

- Correlate chemical properties and phase composition with mechanical strength 
development 

- Specify combinations of materials to provide proper mechanical properties 

- Develop and adapt a small-scale testing for the characterization of sprayed matrices 

1.4. Experimental program 

Figure 1.1 represents a general overview of the experimental program conducted, 
showing the main subjects analyzed in each step. The description of each chapter from the 
experimental campaign is presented subsequently. 
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Figure 1.1 - Overview of the experimental program for the characterization of accelerated cementitious matrices. 

Chapter 3 deals with the characterization of kinetics and mechanisms of hydration and 
the microstructure of accelerated cement pastes. Mixes were composed by 2 types of cement 
and 4 types of accelerator. Results presented the chemical processes occurring during hydration 
and the behavior of pastes with different mix composition was compared. Based on the results 
obtained, a conceptual hydration model was developed.  

In chapter 4, the early age hydration behavior of accelerated cement pastes is 
parametrized in terms of the chemical composition of cements and accelerators. The evaluation 
comprised a total of 56 different accelerated pastes, produced by the combination of 8 types of 
cement, 3 alkali-free accelerators employed at 2 dosages and 1 alkaline accelerator used at 1 
dosage. Results explained the principles governing accelerator reactivity and further cement 
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hydration. Combinations of compatible materials were recommended to enhance the hydration 
behavior of the matrix.  

Chapter 5 covers the characterization of setting and hardening of accelerated cement 
pastes and mortars by ultrasound propagation velocity. Pastes and mortars were prepared using 
materials and dosages employed in chapter 3. Results obtained indicated the main processes 
that influence microstructure development and ultrasound propagation velocity, explaining 
their origin.   

Chapter 6 presents the influence of spraying on hydration kinetics and on the 
microstructure of cement pastes containing accelerators. The composition of cement pastes was 
the same as in chapter 3. This evaluation explains important differences in hydration behavior 
caused by the mixing process, highlighting the main properties affected. 

In Chapter 7, the influence of the hydration behavior on the mechanical strength 
development at early and late ages was analyzed. Sprayed mortars were produced using the 
same materials and dosages as in chapter 3. Results showed how the accelerated hydration and 
the evolution of phase composition affect the development of mechanical properties of the 
matrices.  

To complete the document, the state of the art, conclusions and future perspectives and 
the bibliography are presented in chapters 2, 8 and 9, respectively. In addition to these chapters, 
the thesis contains 4 appendices (Appendix A, Appendix B, Appendix C and Publication). 
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2. State of the art 

2.1. Introduction 

In recent years, sprayed concrete has been widely employed in underground 
constructions. Continuous research and advances in materials and equipment have broadened 
the range for its application. The development of different test methods for its characterization 
and quality control has also contributed to the growth of the technology.  

Considering the significant potential of this construction technique, some further work 
is still needed to reliably comprehend its chemical and mechanical properties. A science-based 
approach in hydration chemistry of cementitious matrices containing accelerators is the key to 
better comprehend the macro mechanical behavior of sprayed concrete. By doing so, 
improvements in mix design could be assessed and the performance of sprayed concrete could 
be optimized.  

Taking this into account, this chapter presents a brief review on the topics related to this 
doctoral thesis. Firstly, section 2.2 deals with the composition and reactivity of Portland cement. 
Then, section 2.3 presents the principles of hydration processes of cement and its individual 
phases, focusing on kinetics, thermodynamics and microstructure development. Finally, section 
2.4 corresponds to sprayed concrete and the chemistry of accelerators and accelerated 
hydration.   
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2.2. Chemistry of Portland cement 

2.2.1. Definition 

Portland cement is a finely ground inorganic material that reacts with water, forming a 
paste that sets, hardens and develops mechanical strength [21]. It is known as a hydraulic binder 
because the products formed by the chemical reactions have water-resisting properties and are 
capable of binding several particles, such as aggregates [22]. It is the main material used in 
construction engineering to produce structural concrete. 

2.2.2. Composition 

The main constituents of Portland cement are described in table 2.1. It is a 
polycrystalline compound composed by a clinker and a calcium sulfate source. Since raw 
materials are in incipient fusion during the clinkering process, phases formed are not pure and 
contain certain amounts of substituent elements in their structure, altering their composition. 
Alite and belite are the denomination of tricalcium and dicalcium silicates with substituent 
oxides, respectively [21,22]. 
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Table 2.1 - Main phases present in ordinary Portland cements [21,22]. 

Phase Oxide 
composition Notationa Substituent 

oxides Solubility Mass 
percentage (%) 

Alite 3CaO·SiO2 -C3S A, F, M High 50 - 70 

Belite 2CaO·SiO2 -C2S A, F, M, 푆̅, K Low 15 - 30 
Tricalcium 
aluminate 3CaO·Al2O3 C3A K, N, F, S High (increase with 

Na+ and K+ contents) 5 - 10 

Calcium  
alumino-ferrite 

Ca2(AlxFe1-x)2 

O5 
C4AF  

(x = 0.5) M, S, T Increase with Al/Fe 
ratio 5 - 15 

Periclase MgO M - Low 0 - 2 

Lime CaO C - Low, due to 
supercalcination 0 - 1 

Arcanite K2O·SO3 K푆̅ - High 0 - 1 

Thenardite Na2O·SO3 N푆̅ - High 0 - 1 

Syngenite K2O·CaO·2SO3 KC푆̅2 - High 0 - 1 

Langbeinite K2O·2CaO·3SO3 KC2푆̅3 - High 0 - 1 

Aphtitalite 3K2O·Na2O·4SO3 K3N푆̅4 - High 0 - 1 

Gypsum CaO·SO3·2H2O C푆̅H2 - High 2 - 5 

Hemihydrate CaO·SO3·0.5H2O C푆̅H0.5 - High 2 - 5 

Anhydrite CaO·SO3 C푆̅ - High 1 - 2 

a Simplified notation adopted in cement chemistry: S: SiO2; C: CaO; A: Al2O3; F: Fe2O3; M: MgO; N: Na2O; K: 

K2O; 푆̅: SO3; T: TiO2; H: H2O. 

The most common sulfate source (expressed as SO3) in ordinary Portland cements is 
gypsum (CaSO4.2H2O), which is added to the clinker during grinding. Due to the elevated 
temperature in this operation, gypsum may dehydrate, forming hemihydrate (CaSO4.0.5H2O) 
and anhydrite (CaSO4) [21]. Hemihydrate is the most soluble sulfate form, whereas anhydrite 
is the least soluble. Calcium sulfate acts as a set regulator, retarding the quick-setting tendency 
attributed to the highly reactive C3A phase [23].  

The contents of free calcium oxide and magnesium oxide are limited to 5 and 2 % by 
mass because these compounds may participate in deleterious expansive reactions at late ages, 
originating pathologies due to cracking. [21,24]. Alkali content, expressed as sodium oxide 
equivalent, is limited to 0.60 - 1.0 %, in order to avoid possible reactions with reactive 
aggregates [25]. 
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The use of Portland cement type I has been decreasing over the past years due to its 
replacement by composite cements. Additions, such as limestone filler, pozzolans (fly ash, 
silica fume and rice husk ash) and ground blast-furnace slag are some examples of inorganic 
compounds that present a great potential as supplementary cementitious materials [26–29]. 
These compounds started to be used in concrete in an attempt to provide a destination for 
residues or by-products generated by several industrial activities [26]. However, they improve 
several concrete properties (durability, strength, permeability and tendency to crack, for 
example [27,28]) and help decrease the overall energy consumption and CO2 emissions by 
cement manufacturing. Therefore, cements containing these additions are fairly common 
nowadays [30,31]. 

2.2.3. Reactivity of clinker phases 

Reactivity is one of the most important chemical properties of cement and is directly 
related to the solubility of cement compounds. As mentioned in section 2.2.2, the major 
constituents of Portland cement contain impurities, due to the incorporation of aluminum, iron, 
magnesium, sodium, potassium and sulfur into their structure. Depending on the quantity of an 
impurity in the solid solution with a clinker compound, its crystal structure, solubility and 
reactivity may be significantly altered. Structural holes and imperfections caused by the 
incorporation of large amounts of foreign ions increase the reactivity of cement compounds 
with water [19,23]. However, some ions may lead to the precipitation of insoluble compounds 
on the surface of cement grains, reducing their solubility [32].  

In industrial cements, alite may be present mainly in three crystalline forms: triclinic, 
monoclinic and trigonal. These forms are a slight distortion of an ideal C3S pseudostructure 
built from SiO4 tetrahedra, calcium and oxygen ions. The coordination of oxygen ions around 
calcium is irregular, being concentrated on one side of each calcium ion. This spatial 
arrangement leaves large structural voids, which account for the high reactivity of alite [33]. 

Similarly, belite also presents an irregular structure in industrial cements, being mainly 
detected in β-C2S crystalline form. However, interstitial holes formed in its crystal structure are 
much smaller, making belite significantly less reactive than alite. The γ-C2S has a regularly 
packed and coordinated structure, and, therefore, is nonreactive [33]. Another reason why C2S 
is less reactive than C3S may be attributed to the presence of O2- ions in C3S structure, which 
are strong Bronsted bases [34].  
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Calcium aluminates are mainly found in cubic and orthorhombic forms, being mostly 
influenced by alkali contents. Cubic C3A contains around 1.0 % Na2O and 0.70 % K2O 
substituting calcium oxide, whereas in orthorhombic C3A, Na2O and K2O are present in 0.60 
% and 4.0 %, respectively [21]. Due to the higher alkali content, orthorhombic C3A has a very 
complex crystal structure, characterized by large structural voids, making it more soluble and 
reactive than cubic C3A. Therefore, orthorhombic C3A content must be limited in cements for 
special applications, such as in sulfate-resistant cements [35]. 

Calcium alumino-ferrite phases belong to the Ca2(AlxFe1-x)2O5 solid solution series, 
where 0 < x < 0.7. The equimolecular composition, C4AF, is the most common compound 
detected in cements. Due to similarities in cell parameters, an intergrowth in ferrite and 
aluminate phases may occur. The higher the Fe2O3/Al2O3 ratio, the less soluble this compound 
will be. Therefore, C4AF is less reactive than C3A [21]. 

Both MgO and CaO form cubic structures, where each magnesium or calcium ion is 
surrounded by six oxygen ions in a regular octahedron. Due to the small ionic radius of Mg2+, 
oxygen ions are in close contact and the magnesium ions are well packed in the interstices of 
MgO structure. However, in CaO structure, oxygen ions are forced apart and calcium ions are 
not well packed, due to the larger Ca2+ ionic radius. For this reason, crystalline CaO is more 
reactive than MgO. CaO itself presents a low solubility and reactivity when compared to other 
clinker phases due to its supercalcination caused by the high temperature in the clinkering kiln 
[23]. 

Alkali sulfates are the most soluble compounds present in cement. However, they do 
not present significant hydration reactions. As mentioned before, alkalis play an important role 
on C3A structure, and, therefore, on its reactivity [23].  

Since reactions with water occur typically at the cement-water interface, understanding 
surface reactivity is of crucial importance. The fluid-solid interaction alters both the surface 
layers of the solid and the boundary layer of the fluid surrounding it. Then, it is critical to 
recognize that, at this interface, neither the crystal nor the fluid is equivalent to its bulk 
counterpart [36].  

Surface reactivity of a cement phase depends ultimately on its chemical composition, 
atomic structure and morphology. These properties present several inhomogeneities and can be 
modified by sorption, desorption or exchange reactions that happen, rarely uniformly, across 
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the surface. The vast majority of cement reactions starts on reactive sites, micro-cracks or 
surface defects, such as vacancies or dislocations, present on the mineral crystal [19].  

2.3. Cement hydration 

Hydration is absolutely central to cementitious materials. It is the process by which a 
fluid suspension is transformed into a rigid solid, at room temperature, without the need for heat 
or other external processing agents. It happens with minimal bulk volume change and leads to 
the development of mechanical strength. The chemistry of concrete is essentially the chemistry 
underlying in the reaction between Portland cement and water. For those reasons, understanding 
the mechanisms that govern hydration may provide the means to develop cheaper, more 
efficient and more sustainable cementitious materials and processes [37,38]. 

As Portland cement is a complex polyphasic material, many studies have been 
performed on pure phases, with the aim of elucidating their hydration chemistry before 
continuing studies on real cements. Since alite is the major component in cement and dominates 
the early strength evolution, pure C3S and alite itself have been extensively used in research 
[12,39,40]. Tricalcium aluminate has also been employed in studies regarding its interaction 
with calcium sulfates [41–43]. Belite and calcium alumino-ferrite are not common subjects for 
investigation on early age hydration due to their lower reactivity.  

Since hydration is an exothermic process, one of the most common methods to follow 
its early progress is isothermal calorimetry of cement pastes [34,38]. Using this technique, the 
heat transfer generated during physical and chemical processes is monitored and a heat flow 
curve by time is obtained. The kinetics and mechanisms of hydration may be analyzed and the 
influence of different additions and admixtures may be  evaluated [12,44,45]. Due to this 
reason, the following sections (2.3.1 to 2.3.3) will be based on calorimetry results. 
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2.3.1. Hydration of silicate phases 

2.3.1.1. Hydration of C3S 

Figure 2.1 presents the heat flow monitored by isothermal calorimetry and the evolution 
of calcium concentration in the liquid phase during the early hydration of alite. Typically, this 
process may be divided in five stages, which are described as follows [34,37,38]. 

 

Figure 2.1 - Heat flow curve monitored by isothermal calorimetry coupled with liquid phase analysis of a pure 
C3S paste, with water/cement ratio lower than 1.0 (adapted from [34]). 

Stage I - pre-induction period 

The pre-induction period is characterized by a large exothermic signal, due to the heat 
generated by wetting of particles, C3S dissolution and initial hydration. The dissolution of 
tricalcium silicate is controlled by the formation of etch pits on the surface of particles [19,46]. 
This process releases Ca2+, H2SiO42- and OH- into solution, according to chemical equation 2.1 
[47]. It also reacts with water, leading to the precipitation of C-S-H and portlandite, according 
to chemical equation 2.2 [34]. C-S-H is a calcium silicate hydrated phase of variable 
composition, whose CaO/SiO2 ratio in this stage is approximately 2.5 [22].  
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C3S + 3H2O ⇌ 3Ca2+ + H2SiO42- + 4OH- 
 

Ch. equation 2.1 

 

C3S + (3 - x + n)H → CxSHn + (3 - x)CH 
 

Ch. equation 2.2 

Stage II - induction period 

The induction period is characterized by very low reaction rates. The solubility of C3S 
decreases to a minor extent, but it continues to dissolve and release Ca2+ into the liquid phase, 
until the solution is supersaturated. The dissolution process is controlled by the step retreat of 
the surface pits generated in the former stage [46]. Nucleation of C-S-H initiates, but C3S 
hydration is still negligible [37,47]. 

Stage III - acceleration period 

The acceleration period is characterized by a large heat release due to the increase in the 
rate of alite hydration. During this stage, small particles (< 5 µm) hydrate preferentially. 
Calcium concentration in the liquid phase decreases, favoring alite dissolution and the 
consequent precipitation of C-S-H and portlandite. Nucleation and growth of C-S-H are the 
rate-controlling steps during this stage and hydration rate is proportional to the number of active 
growth sites for C-S-H. The main physical phenomena occurring during the acceleration period 
are the stiffening and setting of the paste, reduction in porosity and development of initial 
mechanical strength [22,38,47].  

Stage IV - deceleration period 

Hydration proceeds at lower rates because only large unhydrated particles (> 5 µm) are 
left to react, voids have been filled by C-S-H, the quantity of water available has decreased and 
its contact with anhydrous phases is difficult. The rate determining step during this stage is the 
densification process of the initially loosely packed C-S-H particles [48]. Formerly, diffusion 
across a dense layer of C-S-H formed around anhydrous grains was the mechanism accepted to 
control reaction rates during the deceleration period [49].  
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Stage V - hydration at late ages 

A gradual densification of the microstructure occurs and the heat flow becomes low. 
Calcium concentration remains at calcium hydroxide saturation [37]. After the hydration 
process has been completed, an ageing of the hydrated C-S-H may occur. It is characterized by 
the polycondensation of the SiO4 tetrahedra, increasing the chain length in the C-S-H structure 
[33]. For pure saturated C3S pastes, the CaO/SiO2 ratio of C-S-H varies between 1.7 and 1.8 
[21]. 

2.3.1.2. Hydration of β-C2S 

Dicalcium silicate is less extensively studied than C3S because its hydration contributes 
mostly to long term properties of cementitious matrices. Belite hydration becomes significant 
only after 10 days, approximately [37]. However, there has been a continued interest in belite 
cements, due to lower heat of hydration and improved durability. The β polymorph is the most 
extensively studied because it is the most commonly found in Portland cements [50,51]. 

Hydration of dicalcium silicate is similar to tricalcium silicate and is represented in 
chemical equation 2.3. The composition of C-S-H is similar to that formed by C3S, although 
the development of microstructure proceeds considerably slower. The evaluation of this process 
by conduction calorimetry is more difficult due to its lower enthalpy and slower kinetics of 
hydration [34]. 

C2S + 4.3H → C1.7SH4 + 0.3CH 
 

Ch. equation 2.3 

2.3.2. Hydration of aluminate phases 

Tricalcium aluminate is the most reactive phase in Portland cement and influences early 
hydration and rheology significantly. It reacts immediately and completely with water, but the 
products formed do not give rise to mechanical strength and volume stability. However, calcium 
sulfate additions alter the mechanisms of C3A hydration considerably and allow its use as a 
hydraulic compound [21]. Therefore, C3A hydration in the presence of calcium sulfate is of 
major interest for practical purposes. Details about C3A hydration with and without calcium 
sulfate additions are presented subsequently. 
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2.3.2.1. Hydration of C3A in the absence of calcium sulfate 

C3A hydration in the absence of gypsum may lead to flash-set. Irregular flakes of poorly 
crystalline AFm phases are initially formed and, then, converted into a permeable network of 
metastable hexagonal hydrates composed by C4AH19 and C2AH8. Below relative humidity of 
88 %, C4AH19 loses part of its interlayer water and forms C4AH13 [34]. Hydrogarnet, a 
thermodynamically stable phase composed by C3AH6, is formed as hydration proceeds [21]. 
These processes are represented by chemical equations 2.4 and 2.5, respectively. 

2C3A + 27H → C4AH19 (or C4AH13) + C2AH8 
 

Ch. equation 2.4 

 

C4AH19 + C2AH8 → 2C3AH6 
 

Ch. equation 2.5 

2.3.2.2. Hydration of C3A in the presence of calcium sulfate 

When calcium sulfate is present in the system, C3A hydration occurs in two steps. The 
first one consumes calcium sulfate and forms ettringite (AFt) as the main hydration product. 
The second step starts when the sulfate source has been depleted and corresponds to the reaction 
of C3A with ettringite, forming AFm phases. Depending on the initial calcium sulfate content, 
monosulfoaluminate and hydroxyl-AFm are the main phases formed. These processes are 
represented by chemical equations 2.6 and 2.7, respectively [41,42,52]. 

C3A + 3CSH2 + 26H → C6AS3H32 
 

Ch. equation 2.6 

 

2C3A + C6AS3H32+ 4H → 3C4ASH12 
 

Ch. equation 2.7 

C3A hydration with gypsum can be followed by isothermal calorimetry, as represented 
in figure 2.2. Typically, this process can be divided in four stages, which are described as 
follows [41,42,52]. 



State of the art 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Renan Pícolo Salvador 19 
 

 

Figure 2.2 - Heat flow curve of a C3A paste with gypsum, monitored by isothermal calorimetry [41,42,52]. 

Stage I - pre-induction period 

Gypsum dissolves and releases Ca2+ and SO42- ions into the liquid phase. C3A dissolves 
and reacts rapidly with calcium and sulfate ions present in solution. Ettringite is the main 
hydrate formed, but monosulfoaluminate and hydroxy-AFm may also precipitate. Due to the 
adsorption of sulfate ions on reactive dissolution sites of C3A particles, their surface becomes 
rich in calcium sulfoaluminate hydrates. Since these hydrates are thermodynamically more 
stable and less soluble than anhydrous calcium aluminate [16], the rate of C3A dissolution and 
further hydration reduces significantly [41,47]. 

Stage II - induction period 

The induction period is characterized by low rates of C3A dissolution and hydration. 
Ettringite is constantly formed, consuming calcium and sulfate ions from de liquid phase [42]. 
According to tests performed in diluted suspensions [41], the concentration of SO42- is constant 
up to the middle of the induction period, decreasing linearly after that, until complete 
disappearance. Calcium concentration follows the same tendency, but increases or levels up 
just before the onset of stage III. The length of the induction period is directly proportional to 
gypsum content and depends on C3A particle size. 
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Stage III - C3A dissolution 

Sulfate concentration in the liquid phase is very low, leading to sulfate desorption from 
C3A surface to reestablish the thermodynamic equilibrium. The sharp exothermic signal is 
attributed to C3A dissolution and further reaction with SO42- ions to form ettringite [41].  

Stage IV - formation of AFm phases 

Sulfate ions deplete and C3A reacts with ettringite to form monosulfoaluminate 
(chemical equation 2.7). In the heat flow curve, this process is identified as a broad shoulder in 
the deceleration period [22,41,47]. Depending on C3A reactivity and on sulfate content, this 
shoulder may be overlapped with the peak from C3A dissolution, which makes stages III and 
IV not clearly distinguishable.  

2.3.2.3. Influence of calcium sulfate content and structure on C3A hydration 

The influence of calcium sulfate content on C3A hydration was evaluated in diluted 
suspensions by [42]. Increasing sulfate contents lead to longer induction periods because it takes 
more time to reach sulfate depletion. In addition, the rate and extent of C3A dissolution are 
reduced when larger amounts of calcium sulfate are employed. 

C3A hydration with different calcium sulfate sources (gypsum and hemihydrate) was 
also analyzed in the same research paper [42]. Since hemihydrate is more soluble than gypsum 
(CaSO4·2H2O: 0.255 g/100 g H2O at 20 oC; CaSO4·0.5H2O: 0.32 g/100 g H2O at 20 oC [53]), 
the liquid phase becomes saturated in Ca2+ and SO42- ions faster when hemihydrate is used. 
Therefore, the rate of ettringite formation increases. In addition to that, hemihydrate avoids the 
precipitation of AFm phases, which usually happens on the initial contact of C3A and water. 

2.3.2.4. Hydration of C4AF 

The course of C4AF hydration is very similar to that of C3A. In the absence of calcium 
sulfate, metastable iron-substituted AFm phases C4(A,F)H19 and C2(A,F)H8 form initially and 
then convert into C3(A,F)H6. The latter compound is unstable at high temperatures and 
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decomposes to C3AH6 and Fe(OH)3. The crystalline phases have a higher A/F ratio than the 
unhydrated material and, hence, an iron-rich hydroxide must form in order to maintain 
stoichiometry. These processes are represented by chemical equation 2.8 [34]. 

3C4AF + 60H → 2C4(A,F)H19 + 2C2(A,F)H8 + 4(F,A)H3 → 

→ 2C3(A,F)H6 + 2(F,A)H3 + 24H 
 Ch. equation 2.8 

C4AF hydrates with gypsum following the same sequence as C3A. An iron substituted 
AFt phase forms and then converts into AFm when gypsum depletes. Amorphous aluminum-
substituted Fe(OH)3 also forms. Since hydration is similar, C3A and C4AF compete for gypsum 
during hydration, although most of it is consumed by C3A due to its higher reactivity [34]. 

2.3.3. Hydration of Portland cement 

On the contact of cement with water, hydration starts and several phenomena occur 
during the whole process. It is a sequence of overlapping chemical reactions among clinker 
components, calcium sulfate and water, with correspondent kinetics and enthalpies, which lead 
to setting and hardening. The main steps that govern hydration are the dissolution of clinker 
phases, nucleation of hydrated phases, diffusion of species to active sites and growth of crystals.  

Figure 2.3 shows a general heat flow curve monitored by isothermal calorimetry of a 
CEM I paste. The main hydration stages observed are described subsequently [22,34,47].  

 

Figure 2.3 - Heat flow curve of a CEM I paste with w/c ratio of 0.45 [22,34,47].  
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Stage I - pre-induction period 

Rapid dissolution of alkali sulfates, gypsum, alite and aluminate phases, which increases 
the pH of the liquid phase to 12 and releases heat. Initial formation of ettringite occurs. The 
rapid formation of aluminate hydrates influences rheology and subsequent microstructure. 

Stage II - induction period 

Period of low activity, with consequent low heat evolution. C-S-H nucleates, the liquid 
phase becomes supersaturated with Ca2+ and the concentrations of SO42-, H2SiO42- and 
[Al(OH)4]- decrease. Continued formation of AFm and AFt phases influences workability, but 
it is the formation of C-S-H that usually leads to setting. 

Stage III - acceleration period 

Alite hydration accelerates, forming CH and C-S-H, with consequent large heat release. 
The paste changes from plastic to rigid consistency (initial and final set occur), early strength 
develops and porosity reduces. The concentration of Ca2+ decreases to saturation level and the 
concentration of SO42- constantly reduces. 

Stage IV - deceleration period 

The rate of alite hydration decreases and the heat released during this stage is low. 
Sulfate ions desorb from C-S-H and renewed C3A hydration occurs, with consequent secondary 
formation of ettringite. Then, C3A reacts with ettringite, forming monosulfoaluminate.  

Stage V - hydration at late ages 

Hydration completes if enough water and space are available. Polycondensation of SiO4 
tetrahedra occurs, increasing C-S-H chain length. Mechanical strength increases continuously 
at very low rates due to decreasing porosity. Particle-to-particle and paste-to-aggregate bond 
formation occurs and the matrix shrinks due to drying. 
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Hydration products identified in hardened pastes are presented in table 2.2 [21,22]. 
Typically, an ordinary Portland cement is approximately 30 to 50 % hydrated at 1 day. The 
degree of hydration increases up to 80 % until 28 days and the matrix reaches around 75 % of 
the design strength. After this period, most of the unhydrated material left is the slow reacting 
belite phase [37]. 

Table 2.2 - Hydrated phases in hardened cement pastes [21,22]. 

Hydrated phase Oxide 
composition Notation Remarks 

Calcium silicate 
hydrate xCaO·SiO2·yH2O C-S-H 

Contains Al3+and SO42- as substituents ions. 
CaO/SiO2 ratio varies according to cement 

composition and hydration conditions. 

Portlandite CaO·H2O CH Small contents formed by lime hydration. 

Hydrogarnet 
3CaO·Al2O3· 

6H2O 
C3AH6 

Thermodynamically stable product from C3A 
hydration. Fe3+ replaces Al3+ when formed 

by C4AF. 

Tetracalcium 
aluminate tetrahydrate 

4CaO·Al2O3· 
19H2O 

C4AH19 Metastable products from C3A hydration, 
which transform into C3AH6. Fe3+ replaces 

Al3+ when formed by C4AF. Dicalcium aluminate 
octahydrate 

2CaO·Al2O3· 
8H2O 

C2AH8 

Ettringite 
6CaO·Al2O3· 
3SO3·32H2O 

C6AS3H32 
Product from the reaction between C3A and 

gypsum at early ages. Fe3+ replaces Al3+ 
when formed by C4AF. 

Calcium 
monosulfoaluminate 

4CaO·Al2O3· 
SO3·12H2O 

C4ASH12 
Formed from the reaction between C3A and 

ettringite when sulfate depletes. Fe3+ replaces 
Al3+ when formed by C4AF. 

Calcium 
hemicarboaluminate 

4CaO·Al2O3· 
0.5CO2·12H2O 

C4AC0.5H12 
Formed when the content of limestone filler 

in cement is below 4 %.  

Calcium 
monocarboaluminate 

4CaO·Al2O3· 
CO2·11H2O 

C4ACH11 
Formed when the content of limestone filler 

in cement is above 4 %. 

Brucitea MgO·H2O MH Formed by MgO hydration at early ages. 
Then, it transforms into hydrotalcite. 

Hydrotalcitea 
2MgO·0.5Al2O3· 

0.5CO3·4H2O 
M2A0.5C0.5H4 

Al3+ and Fe3+ replace Mg2+. H2O molecules 
occupy interlamellar spaces. 

a Brucite and hydrotalcite are mentioned although the hydration mechanism of periclase has not been dealt with 

in the former sections due to its low solubility [33]. 
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2.3.3.1. Influence of calcium sulfate on cement hydration 

In Portland cements, calcium sulfate should be dosed correctly in order to achieve an 
optimal hydration behavior. High gypsum contents lead to the excessive formation of ettringite 
after paste sets, which can cause disruption of the paste microstructure, cracking and may lead 
to durability issues at later ages. Low gypsum contents accelerate C3A reactions and the 
consequent formation of AFm phases, which may occur before the onset of alite hydration. This 
process fills up the pores of the matrix quickly and suppresses alite hydration, retarding strength 
development [34,54].  

The hydration behavior of three cement pastes containing different amounts of gypsum 
is illustrated in figure 2.4 (adapted from [54]). In properly and enough sulfated systems, the 
renewed C3A hydration occurs after the acceleration period of alite hydration. This is observed 
by a shoulder after the maximum heat flow of alite hydration is reached. However, C3A 
hydration is accelerated in undersulfated systems. The first exothermic signal in the heat flow 
curve corresponds to undersulfated C3A reactions and the second one is the alite hydration peak. 
It is possible to notice that the rate and extent of alite hydration are significantly reduced, 
leading to lower degrees of hydration until 24 h.  

 

Figure 2.4 - Heat flow curves of properly, enough and undersulfated systems (adapted from [54]).  
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[21], generating different polymorphs with modified crystallinity, solubility and  intrinsic 
reactivity [55–57]. Calcium silicate phases doped with small amounts of aluminum usually have 
lower solubility than pure compounds, even in solutions with high pH [58,59].  

Alite containing aluminum presents a different hydration behavior from pure tricalcium 
silicate. In the presence of gypsum, aluminum reacts with sulfate ions, leading to the formation 
of calcium sulfoaluminate hydrates. This reaction does not affect silicate hydration negatively, 
which proceeds normally [54,60]. However, when the liquid phase does not contain sulfate 
ions, aluminum incorporated in alite structure tend to form hydroxy-AFm phases, which 
precipitate on the surface of alite particles. This process blocks the reactive sites present on alite 
surface, reducing its solubility and reactivity.  

Furthermore, as soon as alite is in contact with water, aluminum ions pass into solution 
in the form of [Al(OH)4]-. When their concentration in solution is above 0.005 mmol/L, 
aluminate ions adsorb on reactive sites of C-S-H nuclei and may even substitute silicon in the 
C-S-H crystal lattice, forming a calcium alumino-silicate hydrate [32,61–63]. In this case, 
aluminum poisons the first C-S-H nuclei and prevents them from growing. In addition to that, 
C-A-S-H does not act as a nucleation site for C-S-H growth [32,61].  

The results of these processes are a delay on the onset of the acceleration period and a 
reduction in the rate of mechanical strength development at early ages. These processes are 
important when accelerators are used in sprayed concrete, because they are based either on 
sodium aluminate or on aluminum sulfate solutions. The chemistry of accelerators will be 
discussed in section 2.4.1. 

2.3.3.3. Influence of limestone filler on cement hydration 

Limestone filler influences cement hydration physically and chemically. The physical 
effect is cement dilution, which increases the space for the precipitation of hydrates. In addition, 
due to its elevated fineness, it favors nucleation and growth of C-S-H crystals and their 
densification as hydration progresses. Therefore, higher degrees of hydration are obtained in 
comparison with cements that do not contain this addition [64].  

Chemically, limestone filler participates in cement hydration reactions from their 
beginning, competing with gypsum to retard C3A hydration [65,66]. It avoids accelerated 
undersulfated C3A reactions, leading to proper alite hydration and to higher degrees of 
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hydration in cements containing low gypsum amounts. In addition, it reacts with 
monosulfoaluminate, yielding ettringite and calcium hemicarboaluminate (chemical equation 
2.9), which then converts into calcium monocarboaluminate. By this reaction, ettringite is 
indirectly stabilized, consequently increasing the volume of hydrates and decreasing the 
porosity of the paste [45].  

3C4ASH12 + Ca2+ + CO32- + 2OH- + 19H2O → C6AS3H32 + 2C4AC0.5H12 
 

Ch. equation 2.9 

2.3.4. Principles of thermodynamic and kinetics of hydration 

Hydration is fundamentally a dissolution-precipitation process [40,67]. For hydration to 
proceed, the solubility of hydration products must be lower than the solubility of anhydrous 
phases. Table 2.3 presents the dissolution reactions and the solubility coefficients of some 
hydrated phases present in hardened pastes [16,53,68]. Solubility values of anhydrous phases 
were not available. Calcium concentration (the common ion in all the phases) in thermodynamic 
equilibrium ([Ca2+]eq) was determined in order to facilitate the comparison of the solubility of 
each compound.  

Table 2.3 - Thermodynamic data of hydrated phases in hardened pastes at 25 oC and 1 bar [16,53,68]. 

Phase Dissolution reaction pKS0 [Ca2+]eq 
(mmol/L)a 

C-S-H (jennite) C1.67SH2.1 ⇌ 1.67Ca2+ + HSiO3- + 2.33OH- + 0.5H2O 13.17 2.2 

C-S-H (tobermorite) C0.83SH1.3 ⇌ 0.83Ca2+ + HSiO3- + 0.67OH- + 0.43H2O 8.0 0.62 

CH CH ⇌ Ca2+ + 2OH- 5.26 11.1 

C3AH6 C3AH6 ⇌ 3Ca2+ + 2[Al(OH)4]- + 4OH- 20.84 4.6 

C4AH13 C4AH13 ⇌ 4Ca2+ + 2[Al(OH)4]- + 6OH- + 6H2O 25.40 7.0 

C2AH8 C2AH8 ⇌ 2Ca2+ + 2[Al(OH)4]- + 2OH- + 3H2O 13.56 5.5 

C6AS3H32 C6AS3H32 ⇌ 6Ca2+ + 2[Al(OH)4]- + 4OH- + 3SO42- + 26H2O 44.9 1.5 

C4ASH12 C4ASH12 ⇌ 4Ca2+ + 2[Al(OH)4]- + 4OH- + SO42- + 6H2O 29.26 2.8 

C4AC0.5H12 C4AC0.5H12 ⇌ 4Ca2+ + 2[Al(OH)4]- + 5OH- + 0.5CO32- + 5.5H2O 29.13 3.3 

C4ACH11 C4ACH11 ⇌ 4Ca2+ + 2[Al(OH)4]- + 4OH- + CO32- + 5H2O 31.47 1.8 

a Calculated from pKS0, considering the phase dissolution in pure water at 25 oC, until saturation. 
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Considering the system CaO-SiO2-H2O, alite always hydrates when the concentration 
of calcium hydroxide is between 0 and 36 mmol/L (maximum supersaturation of portlandite), 
because C-S-H is less soluble than C3S in these conditions. However, belite is less soluble than 
C-S-H when the concentration of calcium hydroxide is above 30 mmol/L, indicating that C2S 
should not dissolve to precipitate C-S-H. Since C3S and C2S coexist in Portland cements, belite 
cannot dissolve as long as alite hydrates, because the ionic concentration in the liquid phase 
during alite hydration is higher than the solubility of belite [37,69]. 

Regarding the system CaO-Al2O3-H2O, several hydrates are less soluble than anhydrous 
phases. The least soluble and most thermodynamically stable hydrate is C3AH6, but its 
formation is not kinetically favored when compared to C4AH13 and C2AH8. Therefore, C4AH13 
and C2AH8 precipitate initially and then convert into hydrogarnet (section 2.3.2.1) [21,70].  

A different behavior is observed in the system CaO-Al2O3-CaSO4-H2O. Ettringite 
formation is kinetically and thermodynamically favored and this hydrate precipitates at the 
beginning of the hydration process. When dissolved sulfates are completely consumed and C3A 
reactions are still ongoing, ettringite dissolves to restore sulfate concentration in the liquid phase 
and monosulfoaluminate is formed. Although this phase is more soluble than ettringite, 
monosulfoaluminate is the resulting phase from C3A and C4AF hydrations due to the limited 
sulfate content present in cements [68]. 

In cements containing limestone filler (system CaO-Al2O3-CaSO4-CaCO3-H2O), 
hemicarboaluminate is the initial AFm phase formed [68]. If calcium carbonate content is above 
4 %, hemicarboaluminate converts into the less soluble and thermodynamically stable 
monocarboaluminate (table 2.3). Carbonate ions displace sulfate ions (chemical equation 2.9), 
which are then consumed for ettringite formation [71]. Therefore, in CEM II/A-L pastes, 
monocarboaluminate and ettringite are the main hydrates formed by C3A hydration [45]. 

Regarding a simplified evaluation of kinetics of hydration, a hydrating cement paste is 
composed by two solid phases (anhydrous and hydrated) and one liquid phase. The anhydrous 
phase dissolves at a dissolution rate Rdiss and the hydrated phase precipitates at a precipitation 
rate Rprec. Since hydration occurs due to interfacial reactions, dissolution and precipitation rates 
depend on the interface area between the solid and the solution. In addition, these processes are 
time dependent because the surface area of anhydrous phases decreases and the surface of the 
precipitating material increases as hydration progresses. When thermodynamic equilibrium is 
reached, the dissolution rate is approximately equal to the precipitation rate (Rprec ~ Rdiss) [37].  
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Figure 2.5 presents the hydration progress of an ordinary Portland cement paste 
determined by X-ray diffraction and Rietveld refinement (adapted from [72]). Alite and C3A 
are the most reactive phases, reaching degrees of hydration between 40 and 60 % and 20 and 
80 % at 1 day, respectively. On the contrary, around 20 % of belite react until 10 days of 
hydration, which makes it the least reactive phase in Portland cements.  

 

Figure 2.5 - Evolution of anhydrous (a) and hydrated (b) phases of an ordinary Portland cement paste during 
hydration, determined by X-ray diffraction and Rietveld refinement (adapted from [72]). 

2.3.5. Microstructure development and its relation to the properties of the matrix 

Figure 2.6 presents a schematic microstructural development of a polymineralic cement 
grain [73]. The processes occurring during hydration are explained subsequently [21,34,38,73]. 

 

Figure 2.6 - Development of microstructure during hydration of a Portland cement from 0 to 3 h (a and b), 3 to 
24 h (c and d) and from 24 h on (e and f) [73]. 
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The early period of hydration (0 - 3 h) 

Early hydration is dominated by C3A and C3S reactions (figures 2.6.a and 2.6.b). Within 
a few minutes, an aluminate-rich amorphous layer forms on the surface of the grain and short 
AFt rods nucleate at edge of gel and in solution. 

The middle period of hydration (3 - 24 h) 

After induction period finishes, C-S-H precipitates on a network of AFt needles and 
grows outwards into the water-filled space (figures 2.6.c and 2.6.d). At the end of the 
acceleration period, C-S-H densifies close to the surface of the particle and secondary formation 
of ettringite occurs, forming large prismatic needles (length of 10 µm and thickness of 1 µm). 
Hexagonal plates of portlandite, with mean diameter between 10 and 100 µm, precipitate. 
During this period, around 30 to 50 % of the cement reacts. 

The late period of hydration (from 24 h on) 

Thin hexagonal plates of AFm (length of 1 µm and width of 0.1 µm) are formed by the 
reaction of C3A with AFt phases occurring inside the shell (figures 2.6.e and 2.6.f). Continuous 
growth of C-S-H reduces the space between anhydrous grain and hydrated shell. C-S-H formed 
outside of the shell becomes more fibrous. The approximate composition of a hardened paste, 
in volume percentage, is C-S-H (50 %), portlandite (12 %), AFm phases (13 %), capillary pores 
(20 %) and unhydrated cement (5 %).  

The microstructural properties of a cementitious matrix influence its engineering 
properties, such as workability, setting times and strength. The stiffening of the paste is the first 
process that occurs and is associated with slump loss in concrete. The gradual loss of free water 
from the system as a result of the formation of hydration products, surface adsorption by poorly 
crystalline products and evaporation leads to stiffening [23].  

The setting process of a cement paste comprehends the coagulation of cement grains 
and the stiffening of the coagulated structure. The first process occurs during the first minutes 
after mixing and the structure formed is mechanically reversible. The second step arises 
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simultaneously with the acceleration period of hydration and the cohesion of the paste is 
proportional to the amount of hydrates precipitated. Hydrates formed interact with each other, 
forming a structure of a network of agglomerated solid particles, which is mechanically 
irreversible [74]. In general terms, normal set is controlled by alite hydration, although 
recrystallization of ettringite may also influence setting [34]. 

The main source of strength in the solid products is the existence of van der Waals forces 
of attraction in the hydrated cement paste. The cohesion of the paste and strength of concrete 
depend on the degree of adhesive action and on the extent and nature of the surfaces involved. 
Hydration products tend to adhere strongly to each other and to other solids, such as anhydrous 
clinker grains and aggregate particles [23]. 

Although porosity is an important factor that controls strength, the morphology, density, 
volume and binding capacities of hydration products also participate on the strength evolution 
process. Cement pastes with large, well-developed crystals with distinct grain boundaries 
present higher strength than pastes containing ill-crystallized hydrates. This occurs due to the 
stronger interaction among hydrated products and the denser microstructure obtained when 
proper mix designs and curing methods are used [21].  

2.4. Sprayed concrete 

Sprayed concrete has grown into an important and widely used construction technique, 
with technical and economic interests. Due to continued research and development in materials, 
equipment and construction procedures, several improvements in the efficiency and in the range 
of application of this construction process have been achieved. When properly installed, it is a 
structural and durable material, with excellent bonding properties to different types of substrates 
[75,76]. 

One of the central advantages of sprayed concrete is that two stages of concrete laying 
(pouring and compacting) are merged. It is particularly convenient when the use of formwork 
is not feasible or when normal casting procedures cannot be employed. Therefore, the main 
applications of sprayed concrete are rock support, stabilization of underground constructions, 
such as tunnel linings, and the repair and reinforcement of varied elements [1].  
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The basic constituent materials of sprayed concrete (cement, aggregates, water and 
superplasticizer) are similar to those used in conventional concrete. The main difference is the 
use of accelerators, which are added at the nozzle when the mix is pneumatically sprayed. The 
mix design should be such that the fresh mix presents adequate workability and flowability for 
pumping and the in-place concrete develops acceptable mechanical and physical properties, 
considering the effects associated with the placement process (air-entrapment, porosity, 
rebound and velocity of spraying) [77–80].  

Due to safety issues, the main properties of interest in sprayed concrete are the 
consistency and the rate of setting, hardening and early age strength development. The matrix 
must have an adequate consistency to enable the build-up of layers with proper thickness for 
rapid progression of construction operations [7,8]. Rapid set and high early strength are crucial 
to prevent dangerous and costly fallouts of large masses of fresh material from walls and 
overhead areas. These properties are achieved by the incorporation of accelerators, which are 
described in the following subsection (2.4.1).  

2.4.1. Accelerators 

Accelerators comprise a range of chemicals that influence the rate of cement hydration, 
thereby shortening setting times and increasing the rate of early strength development [33]. 
Several types of compounds have been used as accelerators in sprayed concrete. Table 2.4 
presents their basic chemical composition, mode of action and usual dosages [1,7,81]. 

Table 2.4 - Accelerators used in sprayed concrete [1,7,81]. 

Chemical composition Mode of action Dosage (% bcw) 

Alkaline carbonate Acceleration of alite hydration 2.5 - 6.0 

Alkaline silicate Precipitation of calcium silicate > 10.0 

Alkaline aluminate Formation of calcium sulfoaluminate hydrates 2.0 - 4.0 

Aluminum sulfate (alkali-free) Formation of calcium sulfoaluminate hydrates 3.0 - 10.0 

Nowadays, accelerators commonly found in practice are aqueous solutions based either 
on alkali aluminate or alkali-free aluminum sulfate. Sodium aluminate is widely used in several 
countries because, when compared to aluminum sulfate, lower dosages are required, it presents 
a broader range of application and is cheaper. However, this type of admixture has major 
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drawbacks, such as safety issues in handling and spraying operations and reductions in ultimate 
strength of around 20 % [1,18]. Due to these limitations, alkaline aluminate accelerators have 
been frequently replaced by alkali-free formulations, which are mandatorily specified in some 
guidelines because their alkali content is lower than 1.0 % (expressed as Na2O equivalent 
content) [82]. 

Both types of accelerators are sources of dissolved aluminum to the cement matrix. 
Alkaline accelerators provide [Al(OH)4]- ions, while alkali-free accelerators provide Al3+ ions, 
which convert into [Al(OH)4]- due to elevated pH in the matrix. The most probable reactions 
that occur in a cementitious matrix when [Al(OH)4]- ions are added are represented in table 2.5 
[4,21,83]. The standard Gibbs free energy of formation of each hydrated phase was obtained 
from [16].  

Table 2.5 - Possible reactions of [Al(OH)4]- ions in cementitious matrices at room temperature and the standard 
Gibbs free energy of formation of each hydrated phase [4,16,21,83]. 

Ch. equation Reaction ΔfG0 (kJ/mol) 

2.10 Al3+ + 3OH- ⇌ Al(OH)3 + OH- ⇌ [Al(OH)4]- - 

2.11 2[Al(OH)4]- + 6Ca2+ + 4OH- + 3SO42- + 26H2O ⇌ C6AS3H32 - 15207.0 

2.12 2[Al(OH)4]- + 4Ca2+ + 4OH- + SO42- + 6H2O ⇌ C4ASH12 - 7739.6 

2.13 2[Al(OH)4]- + 4Ca2+ + 6OH- + 6H2O ⇌ C4AH13 - 7326.6 

2.14 2[Al(OH)4]- + 2Ca2+ + 2OH- + 3H2O ⇌ C2AH8 - 4812.8 

2.15 2[Al(OH)4]- + 4Ca2+ + 5OH- + 0.5CO32- + 5.5H2O ⇌ C4AC0.5H12 - 7339.5 

2.16 
1.8[Al(OH)4]- + 4Ca2+ + 5OH- + 1.1SO42- + Na+ + 9.9H2O ⇌ 

C4A0.9S1.1N0.5H16 - 

As observed in table 2.5, reactions of [Al(OH)4]- ions depend mainly on the availability 
of Ca2+ and SO42- ions in the liquid phase. When enough sulfate is available, ettringite (chemical 
equation 2.11) is the main hydrate formed by accelerator reaction since it is the most 
thermodynamically stable and least soluble phase (table 2.3). However, if sulfate concentration 
is low, monosulfoaluminate or C-A-H phases may also precipitate (chemical equations 2.12, 
2.13 and 2.14). In the presence of any carbonate in the system, hemicarboaluminate might also 
be formed (chemical equation 2.15). When Na+ concentration in the liquid phase is above 0.40 
mol/L, the formation of U-phases (sodium calcium alumino-silicate hydrate, represented by 
chemical equation 2.16) has already been reported [83]. 
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The precipitation of these hydrates by accelerator reaction increase the solid/liquid ratio 
of the matrix, leading to a rapid increase in stiffness. Formation and growth of ettringite 
nanocrystals are the main processes that reduce setting times and increase the rate of early 
strength development [84]. Accelerated cement pastes may present setting times 150 to 250 
times faster than pastes without accelerator, depending on accelerator type and dosage [1,5]. 

The consumption of Ca2+ and SO42- ions from the liquid phase favors alite and gypsum 
dissolution to balance the ionic concentration in the chemical equilibria, initially disturbed by 
accelerators. This accelerates alite hydration and, therefore, advances the hardening and 
strength development processes. When the resulting accelerated matrix has a proper sulfate 
balance (C3A/SO3 ratio between 0.67 and 0.90), degrees of hydration at 24 h may be up to 20 
% higher than in systems that do not contain accelerators [1,11]. 

The chemical composition of accelerators plays an important role in hydration kinetics 
and mechanical strength evolution. Accelerators based on sodium aluminate solutions rapidly 
deplete sulfate ions from the liquid phase. Consequently, undersulfated C3A reactions occur, 
suppressing alite hydration [4,10,11]. Compressive strengths in alkaline accelerated sprayed 
concrete at 12 h and 7 days are respectively 70 and 20 % lower when compared to concrete 
produced with accelerators based on aluminum sulfate [1]. Ultimate strengths are optimized 
when the Al2O3/SO42- ratio of alkali-free accelerators ranges between 0.38 and 0.60 [1].  

Alite dissolution is also affected by the acid usually used as a stabilizing agent in alkali-
free accelerators [3]. Phosphoric acid strongly decreases the rate and extension of alite 
hydration [3,19]. When compared to formulations containing formic acid, final setting is 
retarded and compressive strength at 12 h is reduced by 50 % [1]. Ultimate strength gain and 
modulus of elasticity are also negatively affected and reductions around 20 % at 28 days have 
been reported [18].  

Cement composition is also a key factor that influences accelerator reactivity. CEM 
II/A-L has a better compatibility with accelerators based on aluminum sulfate than CEM I, due 
to the addition of limestone filler [5,11,18]. The solubility of calcium sulfate used as a setting 
regulator in cement influences accelerator reactivity and setting times are reduced when 
hemihydrate is only the sulfate source [11,85,86]. 

The performance of sprayed cementitious matrices containing accelerators depends 
strongly on the application method. High shearing conditions achieved during spraying 
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increases the rate of accelerator reaction [13] and causes a rapid stiffening of the matrix, which 
leads to air entraining and to an improper consolidation. In addition, C3A reactions are advanced 
and the cement may hydrate as undersulfated, even in systems with proper sulfate balance [12]. 
Finally, the elevated temperature reached during application increases hydration rate, resulting 
in an inhomogeneous precipitation of hydrated phases and coarser porosity [14]. As a result, 
reductions of around 20 % in compressive strength and modulus of elasticity at 28 days have 
been reported in sprayed concrete when compared to conventional concrete [1,18].  

In general, processes that accelerate early hydration and strength gain tend to decrease 
strength at late ages. The microstructure of the mature matrix is significantly influenced by the 
use of accelerators and by the mixing process [13,87]. Therefore, tests should be performed in 
accelerated sprayed pastes. By using this procedure, which is similar to real life applications, 
the characterization of properties of the matrix may provide more reasonable results for the 
evaluation of the behavior of sprayed concrete. 

2.4.2. Chemical and mechanical characterization of accelerated matrices 

Several standards are available for the definition, execution and mechanical 
characterization of sprayed concrete [88–93]. However, no standardized tests have been defined 
for the chemical characterization of accelerated cementitious matrices. From a detailed review 
of the literature regarding the subjects of this research, the tests presented in table 2.6 may be 
employed to evaluate the chemical and mechanical properties of cementitious matrices 
produced with accelerators. These are the main tests that will be performed in the experimental 
program of this thesis. 
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Table 2.6 - Tests for the characterization of accelerated cementitious matrices. 

Objective Test Age Reference 

Chemical 
characterization 

In situ X-ray diffraction (XRD) 0 - 48 h [19] 

Isothermal calorimetry 0 - 48 h [19,94] 

Evolution of temperature 0 - 48 h [1,95] 

Powder XRD - [96] 

Thermogravimetry (TGA) - [97] 

Scanning electron microscopy (SEM) - [98] 

Mechanical 
characterization 

Determination of setting times Until final setting [99] 

Needle penetration test Until 2 h [91,100] 

Pin penetration test From 4 h on [91] 
Determination of ultrasonic wave 

propagation velocity 0 - 24 h [101,102] 

Compression From 1 day on [103] 

Water accessible porosity From 7 days on [104] 

The evaluation of chemical and mechanical properties at early ages in cementitious 
matrices containing accelerators is rather complex due to the difficulty in following accelerated 
hydration reactions. Efforts must be concentrated in this subject because the characterization of 
hydration processes may provide valuable information about the mechanical behavior of the 
matrix at early and late ages. Moreover, the determination of initial stiffness and early age 
strength in these mixes is crucial for their proper application and for safety reasons. This 
evaluation may help improve the sprayed concrete technology, regarding its mix design and 
applicability.  
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3. Hydration and microstructure of 

accelerated cement pastes1 

3.1. Introduction 

As discussed in section 2.4, accelerators alter the kinetics of hydration of cementitious 
materials, reducing setting times and increasing the rate of early strength development. These 
chemicals lead to the precipitation of calcium sulfoaluminate hydrates, which increase the 
solid/liquid ratio of the matrix. This property enables the build-up of concrete layers with proper 
thickness, providing an adequate support to the unstable ground in underground constructions.  

Although some researches have been done on the chemistry of accelerated hydration 
reactions [4,20,84], it is still necessary to elucidate the main mechanisms involved when alkali-
free and alkaline accelerators are used. The characterization of the hydration behavior and the 
microstructure development of cementitious matrices containing these types of accelerators is 
crucial for sprayed concrete technology. This evaluation may provide valuable information for 
the comprehension of the macrostructural behavior of sprayed concrete.  

                                                           
1 Part of the results obtained in this chapter has been published in the paper: 
R.P. Salvador, S.H.P. Cavalaro, I. Segura, A.D. Figueiredo, J. Pérez, Early age hydration of cement pastes with 
alkaline and alkali-free accelerators for sprayed concrete, Construction and Building Materials, 111 (2016) 386-
398. doi:10.1016/j.conbuildmat.2016.02.101. 



Chapter 3 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

38 Accelerated cementitious matrices: hydration, microstructure and mechanical strength 
 

The objectives of the experimental campaign conducted in this chapter are:  

 Characterize the kinetics and mechanisms of hydration of cement pastes produced with 
alkali-free and alkaline accelerators. 

 Elucidate the main chemical processes occurring in accelerated cement pastes. 

 Analyze how these chemicals influence the microstructure development of cement pastes. 

 Establish a conceptual model regarding the hydration behavior of cement pastes containing 
different types of accelerator. 

In this part of the experimental program, tests were performed with cement suspensions 
and pastes produced by hand-mixing. Pastes were composed by the combination of 2 types of 
cement and 4 types of accelerator, either alkali-free or alkaline. Liquid phase analysis, 
conductimetry, determination of pH, in situ and powder XRD, isothermal calorimetry, TGA 
and SEM imaging were performed to characterize kinetics and mechanisms of hydration. 
According to the results, variations in reaction kinetics caused by different accelerator 
formulations are explained and the main mechanisms governing accelerator reactivity and 
further cement hydration are highlighted. 

3.2. Experimental methodology 

3.2.1. Materials 

3.2.1.1. Cements 

Two types of Portland cement (CEM I 52.5R and CEM II/A-L 42.5R) were used in this 
study. These cements were selected among the commonly used in sprayed concrete 
applications. CEM II/A-L is widely used in countries from northern Europe, while CEM I is 
common in Spain and countries from Asia and America. Table 3.1 and 3.2 show their 
mineralogical composition determined by XRD and Rietveld refinement (structure models 
presented in Appendix A) and their chemical composition determined by X-ray fluorescence 
(XRF) spectrometry, respectively. Besides, table 3.3 summarizes their chemical and physical 
properties and figure 3.1 their particle size distribution. 
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Table 3.1 - Mineralogical composition of cements determined by XRD and Rietveld refinement. 

Compound CEM I (%) CEM II/A-L (%) Compound CEM I (%) CEM II/A-L (%) 

C3S 58.3 51.7 CaCO3 1.9 11.3 

C2S 11.2 6.7 CaSO4.2H2O 2.1 0.7 

C3Ac 4.1 2.9 CaSO4.0.5H2O 4.4 5.3 

C3Ao 0.6 0.7 K2SO4 - 0.5 

C4AF 13.4 14.8 K2Ca(SO4)2.H2O 1.1 - 

CaO 1.1 1.2 MgO - 0.6 

Ca(OH)2 1.7 0.7 MgCO3 - 3.1 

Table 3.2 - Chemical composition of cements determined by XRF spectrometry. 

Compound CEM I (%) CEM II/A-L (%) Compound CEM I (%) CEM II/A-L (%) 

LOI 2.88 6.42 SO3 3.53  3.21 

CaO 62.62 62.48 MgO 1.95 1.69 

SiO2 19.89 17.61 K2O 0.99 (0.98)a 0.83 (0.62)a 

Al2O3 4.74 4.04 Na2O 0.13 (0.011)a 0.13 (0.035)a 

Fe2O3 3.26 3.53 Minor 
components 0.11 0.09 

a K2O and Na2O readily soluble, determined by ion chromatography from a solution extracted from a cement 

suspension with w/c equal to 9, 5 min after mixing cement and water [45].  

Table 3.3 - Chemical and physical properties of cements. 

Property CEM I CEM II/A-L 

Total heat of hydrationa (J/g) 433.0 381.0 

C3A/SO3 molar ratio 0.39 0.33 

Insoluble residue (%) 2.74 2.90 

Specific surface BET (m2/g) 2.96 1.88 

d10 (µm) 2.04 2.39 

d50 (µm) 11.4 15.7 

d90 (µm) 34.8 48.0 

a The total heat of hydration was estimated from the mineralogical composition of 

the cement, determined by XRD, as the relative sum of the heats of hydration of the 

individual phases (C3S: 510 J/g; C2S: 260 J/g; C3A: 1100 J/g; C4AF: 410 J/g [21]). 
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Figure 3.1 - Particle size distribution of cements. 

3.2.1.2. Water and superplasticizer 

For the preparation of cement suspensions and pastes, deionized water (Milli-Q, 18 
ohm.s) and a superplasticizer based on a polycarboxylate solution (34 % of solid content) were 
employed.  

3.2.1.3. Accelerators 

Table 3.4 presents the composition and characteristics of the accelerators employed. 
Three alkali-free accelerators composed by aluminum hydroxysulfate solutions were selected 
to cover the types commonly found in practice. They consist in aluminum sulfate solutions with 
additions of different amounts of aluminum hydroxide. Formic acid is used to keep the pH 
around 3.0 to avoid aluminum hydrolysis and the consequent precipitation of aluminum 
hydroxide. Their nomenclature corresponds to ‘AKF Al2O3/SO42- molar ratio’.  
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Table 3.4 - Composition and characteristics of accelerators. 

Characteristic AKF 0.38 AKF 0.42 AKF 0.61 ALK 

Solid content (%) 40.0 34.5 47.6 43.0 

Al2O3 content (%)a 11.2 10.1 13.5 24.0 

SO42- content (%) 27.6 22.5 21.0 - 

Na2O content (%) -  - 19.0 

pH at 20 oC 2.6 2.4 3.0 12.0b 

Al2O3/SO42- molar ratio 0.38 0.42 0.61 - 

Stabilizing agent Colloidal silica Formic acid Formic acid - 

a Al2O3 corresponds to Al3+ and [Al(OH)4]- in alkali-free and alkaline accelerators, respectively. 
b Solution at 1.0 %. 

An alkaline accelerator composed by an aqueous solution of aluminum and sodium 
hydroxides was used. NaOH is used to dissolve Al(OH)3, producing stable and soluble 
[Al(OH)4]- ions. This accelerator does not contain sulfate ions and is identified by ‘ALK’.   

3.2.2. Composition and preparation of cement suspensions and pastes 

3.2.2.1. Cement suspensions 

Reference cement suspensions (without accelerator) were composed by cement and a 
water/cement (w/c) ratio equal to 9. Due to the high w/c ratio, superplasticizer was not used for 
this test to avoid retarding effects on cement hydration. Accelerated suspensions contained 
either accelerators AKF 0.61 at 7.0 % or ALK at 3.0 % by cement weight (% bcw). AKF-61 at 
7.0 % bcw provides an increase of 19.77 mmol/L, 16.32 mmol/L and 17.41 mmol/L in the 
concentrations of Al3+, SO42- and H+ ions, respectively. When ALK is used at 3.0 % bcw, the 
amounts of 15.11 mmol/L of [Al(OH)4]-, 19.68 mmol/L of Na+ and 4.57 mmol/L of OH- are 
provided to the suspension.  

Suspensions were prepared by adding water to cement, followed by 5 min of mixing 
using a magnetic stirrer. In accelerated suspensions, accelerator was added 5 min after cement 
and water had been mixed. A total of 1000 g of suspension was prepared, so that all the samples 
for ion chromatography could be extracted from the same batch. During the whole test, 
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suspensions were maintained under constant stirring, under controlled conditions, at 20 oC and 
50 % relative humidity.  

3.2.2.2. Cement pastes 

Reference cement pastes (without accelerator) were composed by cement, a w/c ratio 
equal to 0.45 and superplasticizer at 1.0 % bcw. In accelerated pastes, accelerators dosages 
varied according to the type used. AKF 0.38 was used at 7.0 %, AKF 0.42 at 11.0 %, AKF 0.61 
at 5.0 and 7.0 % and ALK at 3.0 % bcw. Accelerators dosages were determined according to 
the procedure described by [1] to assure equivalent mechanical performance in pastes and fall 
within the dosages usually applied in tunnels executed with sprayed material. Water contents 
of superplasticizer and accelerators were deducted from the total amount of mixing water in 
order to keep the final w/c ratio equal to 0.45.  

The composition of each paste in terms of ions and compounds present is described in 
table 3.5. An information of interest is the Al2O3/SO42-(dissolved) ratio of the paste right after 
accelerator addition.  In all the pastes produced with alkali-free accelerators, this ratio is below 
0.33 (the molar ratio from ettringite). However, the pastes containing the alkaline accelerator 
present ratios above 0.33, which means that the amount of dissolved sulfate available to react 
with all the aluminate ions from accelerator is not enough to form ettringite. Therefore, 
ettringite is the only hydrate formed when alkali-free accelerators are employed, whereas 
monosulfoaluminate and hydroxy-AFm may also be produced in pastes admixed with the 
alkaline formulation.  
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Table 3.5 - Composition of ions and compounds in accelerated cement pastes. 

n (mmol/g cement) I_0.38 7% / 
II_0.38 7% 

I_0.42 11% / 
II_0.42 11% 

I_0.61 5% / 
II_0.61 5% 

I_0.61 7% / 
II_0.61 7% 

I_ALK 3% / 
II_ALK 3% 

Total SO42- in cementa 0.441 / 0.401 0.441 / 0.401 0.441 / 0.401 0.441 / 0.401 0.441 / 0.401 

SO42- dissolved in paste 
before accelerator additionb 0.163 / 0.181 0.163 / 0.181 0.163 / 0.181 0.163 / 0.181 0.163 / 0.181 

Al2O3 in accelerator 0.077 0.109 0.066 0.093 0.071 

SO42- in accelerator 0.201 0.258 0.109 0.153 - 

H+ in accelerator - 0.046 0.117 0.163 - 

Na+ in accelerator - - - - 0.184 

SO42- necessary for ettringite 
formation 0.231 0.327 0.199 0.278 0.212 

Al2O3/SO42-(dissolved) ratio of 
paste right after accelerator 

addition 
0.21 / 0.20 0.26 / 0.25 0.23 / 0.24 0.29 / 0.28 0.44 / 0.39 

SO42- remaining after 
accelerator reactionc 0.411 0.371 0.351 0.316 0.229 

Final C3A/SO3 molar ratio 0.42 / 0.36 0.47 / 0.40 0.50 / 0.42 0.55 / 0.48 0.76 / 0.70 

a Determined by ion chromatography with a solution obtained from the dissolution of 1.00 g of cement in 10.0 

mL of concentrated nitric acid, according to [105].  
b Determined by ion chromatography with a solution extracted from a cement paste containing a w/c ratio equal 

to 0.45, 1 h after mixing cement and water.  
c Considering ettringite as the hydrate formed by accelerator reaction. 

Moreover, as accelerator formulations contain different Al2O3/SO42- ratios, the initial 
sulfate balance from cement changes. The final C3A/SO3 molar ratio of the paste was calculated 
considering the sulfate amount remaining after accelerator reaction and the initial C3A content 
of cements (C3Acement), according to equation 3.1 (all units in mol). Sulfate remaining after 
accelerator addition corresponds to the sum of sulfate contents from cement (SO42-cement) and 
accelerator (SO42-accelerator) minus the sulfate content consumed by aluminum ions from 
accelerator to form ettringite (SO42-consumed by accelerator). The final C3A/SO3 ratio is an important 
parameter to verify if cement pastes will behave as either properly or undersulfated, since high 
C3A/SO3 ratios may be detrimental for alite hydration [60], causing retardations in setting and 
strength evolution [34,106].  

 



Chapter 3 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

44 Accelerated cementitious matrices: hydration, microstructure and mechanical strength 
 

Final C3A/SO3 ratio = C3Acement  Equation 3.1 
  SO42-cement + SO42-accelerator - SO42-consumed by accelerator   

Pastes were prepared under controlled conditions, at 20 oC and 50 % relative humidity. 
Reference pastes were obtained by pre-mixing water and superplasticizer and homogenizing 
the resulting solution with cement by means of a vortex external mixer during 60 s. In 
accelerated pastes, accelerators were added 1 h after cement and water had been homogenized. 
The resulting paste was vigorously hand-mixed for 15 s with a spatula (for future reference, all 
the pastes used in this chapter will be referred to as ‘hand-mixed pastes’). Samples were 
destined to the tests right after accelerator homogenization. During the period between the 
mixing of cement and water and accelerator addition, the paste was kept inside a calorimeter at 
20 oC in order to avoid the influence of variations in temperature.  

The procedure for accelerator mixing intends to reproduce the condition usually found 
in practice, since accelerator addition occurs almost 1 h after the mixing of the other 
components. Moreover, this also allows a clearer evaluation of the heat flow attributed to 
accelerator reaction in calorimetry tests. Otherwise, the heat flow from accelerator reaction 
would overlap with the initial heat released generated by the mixing of cement and water.  

3.2.3. Test methods 

Tests conducted with cement pastes and suspensions are shown in table 3.6. Their 
descriptions are presented subsequently. Liquid phase analysis, conductimetry, determination 
of pH, TGA and SEM were performed with mixes I_REF, I_AKF 0.61 7% and I_ALK 3%. 
Isothermal calorimetry was performed with a total of 12 different pastes (reference and 
accelerated pastes containing AKF 0.38 7%, AKF 0.42 11%, AKF 0.61 5%, AKF 0.61 7% and 
ALK 3% with CEM I and CEM II/A-L). In situ XRD was conducted with the same pastes as 
isothermal calorimetry, with the exception of II_REF.  
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Table 3.6 - Tests conducted with cement pastes and suspensions. 

Test Sample Age / period of time 

Liquid phase analysis Solution extracted from cement 
suspension 

Before accelerator addition and 15 min, 1, 3, 6 
and 9 h after accelerator addition 

Conductimetry Suspension Before accelerator addition, 15 min and every 
hour after accelerator addition (until 9 h) 

Determination of pH Suspension Before accelerator addition, 15 min and every 
hour after accelerator addition (until 9 h) 

In situ XRD Fresh paste 0 - 48 h 

Powder XRD Ground hardened paste 7, 28 and 98 days 

Isothermal calorimetry Fresh paste 0 - 48 h 

TGA Freeze-dried and ground paste 15 min, 3, 12 and 48 h after accelerator addition 

SEM Freeze-dried paste 15 min, 3 and 12 h after accelerator addition 

3.2.3.1. Liquid phase analysis 

Liquid phase analysis was conducted to quantify the concentrations of Ca2+, SO42- and 
[Al(OH)4]- ions in diluted cement suspensions (w/c equal to 9). The objective is to determine 
the influence of each accelerator on the ionic equilibria in the liquid phase, which may be 
associated with key changes in kinetics and mechanisms of hydration. This procedure is an 
adaptation of the method used in [41].  

Tests were performed in solutions extracted from the cement suspension before 
accelerator addition (5 min after mixing cement and water) and 15 min, 1, 3, 6 and 9 h after 
accelerator addition. The concentrations of calcium and sulfate ions were determined by ion 
chromatography using a Dionex ICS-3000 chromatographer, while aluminum was quantified 
by atomic absorption spectrometry in an AnalytiK Jena ContrAA 700 spectrometer.  

3.2.3.2. Conductimetry and pH 

Conductivity and pH were employed to monitor the progress of the ionic concentration 
in cement suspensions. They were measured before accelerator addition and 15 min and every 
hour after accelerator addition (until 9 h of hydration). Conductivity was measured in a Crison 
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GLP 31 conductimeter and pH was determined in Crison Basic 20 pH-meter. These tests were 
performed to complement the liquid phase analysis.  

3.2.3.3. In situ and powder XRD 

In situ XRD was performed to obtain a time resolved determination of the phase 
composition of accelerated cement pastes during hydration. A PANalytical X’Pert PRO MPD 
θ/θ powder diffractometer in reflection Bragg-Brentano geometry, with Ni filtered CuKα1 
radiation (λ = 1.5418 Å) and a PIXcel detector (active length of 3.347 º), operating at 45 kV 
and 40 mA, was used. Sample holders were cylindrical, with a diameter of 32 mm and a depth 
of 3 mm, containing approximately 3.7 g of paste. In order to avoid water evaporation and the 
contact of the paste with atmospheric CO2, sample holders were covered with Kapton® film 
(thickness of 7.5 µm). During this test, the temperature of the sample was kept at 26 oC and 
sample holders were spun at 2 revolutions per second. 

X-ray patterns were obtained from 5 o2θ to 55 o2θ, using a step width of 0.026 o2θ and 
20.9 s per step, with a fixed divergence slit of 0.5 o. Under these data acquisition conditions, it 
is possible to record a diagram in approximately 200 s. For each sample, the first diagram was 
obtained 5 min after accelerator addition and, then, every 15 min, for 48 h. X-ray patterns were 
analyzed quantitatively by Rietveld refinement using the software X’Pert High Score Plus and 
the structure models and the strategy for analysis presented in Appendix A. Amorphous content 
was determined by the internal standard method (described in detail in [107]) to provide an 
indirect assessment of the C-S-H amount present in the paste. Alumina powder (SRM 676a, 
from NIST) was employed as an internal standard reference material. 

At the ages of 7, 28 and 98 days, the samples used for in situ XRD were crushed and 
ground to a maximum size of 63 µm. After that, a powder diagram was recorded using the same 
test configuration as in situ XRD and was analyzed by Rietveld refinement with the structure 
models presented in table A.1. Pastes were not lyophilized because the stability and crystallinity 
of ettringite and monosulfoaluminate could be compromised, leading to errors in their 
quantification [108].  

Based on the calculated volumes of cement before hydration (Vcement, t = 0), water (Vw), 
accelerators solid content (Va), unhydrated cement at time t (Vcement, t) and hydrates at time t 
(Vhydrates, t), the porosity at time t (Pt) can be calculated according to equation 3.2 [16,109]. In 
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these calculations, shrinkage and the porosity created by air voids or cracks are not considered. 
The change in volume is expressed entirely in terms of porosity. 

Pt = Vcement, t = 0 + Vw + Va - Vcement, t - Vhydrates, t  Equation 3.2 
  Vcement, t = 0 + Vw + Va   

3.2.3.4. Isothermal calorimetry 

Isothermal calorimetry was performed to determine how accelerators influence kinetics 
of cement hydration. Tests were executed at 20 oC during 48 h in a commercial I-cal 4000 
isothermal calorimeter, using 15.0 g of cement paste. Heat flow curves were also obtained at 
26 oC with cement pastes employed in in situ XRD. 

3.2.3.5. TGA 

Thermal analysis was performed in hydrated pastes to quantify the contents of 
portlandite and chemically bound water. Tests were executed from 30 to 1000 oC at a heating 
rate of 10 oC/min with N2 flow of 50 mL/min employing a SDT Q-600 thermobalance. Cement 
pastes were analyzed at 15 min, 3, 12 and 48 h after accelerator addition. These ages correspond 
to points I, II, III and IV in figure 3.2 and represent the times after accelerator reaction, at the 
onset of the main hydration process, after the acceleration period and after the deceleration 
period, respectively.  

 

Figure 3.2 - Heat flow curve of an accelerated paste. Points I, II, III and IV represent the ages when hydration 
was stopped to prepare samples for TGA analyses. 
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Hydration was stopped by freezing the paste in liquid nitrogen for 15 min and drying in 
vacuum during 24 h. Then, they were crushed and ground to a maximum diameter of 63 µm 
using a manual agate mortar. In each analysis, approximately 25 mg of paste were tested in 90 
µL alumina crucibles. 

Portlandite was quantified by its dehydration, calculating the mass loss in the 
temperature range from 350 to 500 oC. Chemically bound water was calculated from 40 to 1000 
oC, correcting the value obtained by the mass loss corresponding to the decarbonation of 
anhydrous cement, according to [110]. This temperature range was adopted because only the 
non-evaporable water remains in freeze-dried pastes [108]. 

3.2.3.6. SEM 

Scanning electron microscopy was used to evaluate how accelerators influence the 
microstructure of cement pastes. Tests were executed in a JEOL JSM 7100F microscope at the 
voltage of 20 kV. Cement pastes were analyzed at 15 min, 3 and 12 h after accelerator addition 
and hydration was stopped by freeze-drying, similarly to TGA analyses. Samples were coated 
with carbon. Morphology of the precipitated hydrates was evaluated by secondary electron 
imaging of fracture surfaces and their chemical composition was assessed by energy dispersive 
X-ray analysis. 

3.3. Results and discussion 

3.3.1. Liquid phase analysis 

The evolution of the concentration of Ca2+ and SO42- ions during hydration in 
suspensions I_REF, I_AKF 0.61 7% and I_ALK 3% are represented in figures 3.3.a and 3.3.b, 
respectively. Initial calcium concentration (from 0 to 15 min of hydration) in the reference paste 
is the highest. During the period between 1 and 6 h, calcium concentration increases steadily, 
mainly due to gypsum and alite continuous dissolutions. From 6 h on, calcium is consumed due 
to the precipitation of hydrated phases. 
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Figure 3.3 - Concentration of calcium (a) and sulfate (b) ions of solutions extracted from cement suspensions 
I_REF, I_AKF 0.61 7% and I_ALK 3%. 

In accelerated suspensions, accelerators consume calcium ions from the liquid phase, 
resulting in lower Ca2+ concentrations than in the reference suspension at 15 min. From 15 min 
to 3 h, Ca2+ concentration increases steadily. Such effect is more pronounced in the suspension 
I_AKF 0.61 7% because this admixture contains 24 % more aluminum than ALK 3%. As a 
consequence, Ca2+ consumption is higher, favoring alite and gypsum dissolutions in order to 
balance the chemical equilibria in the liquid phase. The acid contained in AKF 0.61 also favors 
alite dissolution [19]. From 3 h on, calcium starts to be consumed due to the precipitation of 
calcium-containing hydrated phases. 

Sulfate concentration in the suspension I_REF decreases throughout the whole 
experiment and is always higher than in accelerated suspensions. In the suspension I_ AKF 0.61 
7%, sulfate concentration is lower than in I_REF at 15 min, indicating that a fast reaction occurs 
right after accelerator addition with the consequent consumption of sulfate ions. Sulfates 
contained in the alkali-free accelerator help balance gypsum dissolution and sulfates deplete 
between 6 and 9 h.  

A similar trend is observed in suspension I_ALK 3%, although a higher rate of sulfate 
consumption is observed during the first minutes. As the accelerator ALK does not contain any 
sulfates, gypsum is the only sulfate source to control accelerator reaction for the formation of 
AFt and AFm phases. Sulfate depletion is the fastest and occurs between 3 and 6 h. 

Aluminate ([Al(OH)4]-) concentrations in all the solutions were in the range between 
(0.020 ± 0.005) mmol/L, which corresponds to 0.10 and 0.13 % of the amount added by AKF 
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0.61 7% and ALK 3%, respectively. Such low concentrations indicate that all aluminate ions 
are rapidly consumed as soon as accelerators are added, consuming Ca2+ and SO42- from the 
liquid phase, according to chemical equations 2.11 and 2.12, from table 2.5. In this context, 
aluminate ions act as the limiting reactant in the process. 

3.3.2. Conductivity and pH 

Conductivity and pH measurements during hydration in suspensions I_REF, I_AKF 
0.61 7% and I_ALK 3% are represented in figure 3.4. Initial conductivity (at 5 min) is the result 
of a rapid formation of Ca2+, Na+, K+, SO42- and OH- ions by the dissolution of alite, gypsum 
and soluble alkali sulfates. In the reference suspension, conductivity and pH increase constantly 
until 6 h as a result of the continuous dissolutions of gypsum and alite. At 6 h, conductivity 
starts to drop due to the precipitation of calcium-containing hydrated phases. 

 

Figure 3.4 - Conductivity (a) and pH (b) of cement suspensions I_REF, I_AKF 0.61 7% and I_ALK 3%. 
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In the suspension I_AKF 0.61 7%, a sudden drop in conductivity occurs after accelerator 
addition due to the precipitation of insoluble compounds and the consequent decrease in the 
ionic content in solution. The initial decrease in conductivity is followed by a drop in pH caused 
by the acid contained in this accelerator. Hydroxide concentration also decreases to the 
conversion from Al3+ to [Al(OH)4]-, according to chemical equation 2.10, from table 2.5. From 
15 min to 4 h, conductivity and pH increase continually due to the dissolution of cement 
compounds. Conductivity starts to drop after that as a result of the precipitation of hydrated 
phases. 

The suspension I_ALK 3% presents a similar behavior. However, the drop in 
conductivity is less pronounced than in the suspension I_AKF 0.61 7% because the alkaline 
accelerator contains NaOH. This strong electrolyte increases the ionic concentration in the 
liquid phase and maintains an elevated pH during the whole test. The highest conductivity value 
is observed at 3 h. After that, conductivity starts to decrease again and may be associated 
calcium and sulfate consumptions in figure 3.3. 

3.3.3. In situ and powder XRD 

Firstly, results from in situ XRD and isothermal calorimetry of pastes I_REF, I_AKF 
0.61 7% and I_ALK 3% from 0 to 48 h at 26 oC are evaluated simultaneously. By doing so, the 
main chemical processes occurring during hydration may be associated with the heat flow 
signals in the calorimetric curves. After that, the evolution of phase composition of all 
accelerated pastes tested is characterized from the beginning of hydration until 98 days to 
evaluate the influence of different accelerator formulations on cement hydration. 

3.3.3.1. In situ XRD associated with isothermal calorimetry 

The quantitative evolution of phase composition of pastes I_REF, I_AKF 0.61 7% and 
I_ALK 3% and their associated heat flow curves obtained at 26 oC are presented altogether in 
figure 3.5. In order to simplify the interpretation of the graphs, only the reacting phases (alite, 
C3A, gypsum, portlandite, ettringite and AFm) are presented. Slow reacting phases (belite and 
ferrite) were not plotted. C-S-H has a low degree of crystallinity and can only be quantified 
indirectly by the content of amorphous phases. 
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Figure 3.5 - Evolution of alite, portlandite and amorphous contents (a, b, c), C3A, gypsum, ettringite and AFm 
phases (d, e, f) and heat flow curves (g, h, i) obtained with hand-mixed pastes I_REF (left), I_AKF 0.61 7% 

(medium) and I_ALK 3% (right) at 26 oC. 

Paste I_REF has an elevated content of free water in the period between water addition 
and 6 h of hydration. Therefore, this period was not considered in the analysis, given the 
uncertainties in the refinements. In addition, C3A and amorphous contents could not be 
determined properly in this paste because the background adjustment was affected by a water 
layer generated between the surface of the paste and the Kapton® film. Due to these reasons, 
the refinements obtained with paste I_REF are semi-quantitative. 

The main changes occurring in phase composition during hydration of pastes I_REF, 
I_AKF 0.61 7% and I_ALK 3% are summarized in table 3.7. 
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Table 3.7 - Main changes occurring in phase composition during hydration of hand-mixed pastes I_REF, I_AKF 
0.61 7% and I_ALK 3%. 

Period 
(h) I_REF I_AKF 0.61 7% I_ALK 3% 

0 - 1 
Initial dissolution of alkali 
sulfates, gypsum and alite. 

Initial dissolution of alkali sulfates, 
gypsum and alite. 

Initial dissolution of alkali sulfates, 
gypsum and alite. 

1 - 1.5 

Induction period. Low 
activity during this stage 
due to the retarding effect 

of the superplasticizer. 

Massive precipitation of ettringite 
due to accelerator reaction. This 
process corresponds to the sharp 
peak in the heat flow curve at 1 h 

(named accelerator peak hereinafter). 
Alite is partially dissolved by the 

acid contained in accelerator. 

Massive precipitation of ettringite 
due to accelerator reaction (sharp 
exothermic signal in the heat flow 

curve at 1 h - accelerator peak). 
Monosulfoaluminate is also formed. 

Gypsum is detected in small 
amounts (< 1 %). 

1.5 - 3 Induction period. Short induction period. 

Short induction period. Gypsum 
depletes. Formation of AFm phases 
continues (related to a bump in the 
heat flow curve between 1.5 - 3 h). 

3 - 12 

Induction period. Gypsum 
dissolves at a constant rate. 
Alite starts to be consumed 

at 10 h, with consequent 
formation of CH.  

Gypsum depletes at around 4 h. C3A 
hydration with sulfates forms 

ettringite continuously until 5 h. 
From 5 to 7 h, the rate of ettringite 
formation decreases because C3A 
hydration is controlled by sulfates 

desorbed from C-S-H. This process 
coincides with a change in slope in 
the main peak at 5 h. Alite hydrates 
at a faster rate (38 % consumed until 

12 h), forming CH and C-S-H.  

Ettringite reaches its maximum 
content at 5 h and, then, starts to be 
consumed by C3A, forming AFm 
phases. Alite hydrates at a faster 

rate, forming CH and C-S-H. At 12 
h, 34 % of alite were consumed. As 

a consequence, C-S-H formation 
proceeds at a lower extent than in 
I_AKF 0.61 7%. CH precipitation 
is favored due to NaOH contained 

in accelerator. 

12 - 30 

Alite hydrates between 12 - 
18 h. CH and ettringite 
precipitate during the 
acceleration period. 

Gypsum depletes at 20 h 
and secondary ettringite 
formation occurs by C3A 
hydration with sulfates 
desorbed from C-S-H 

(related to a shoulder in the 
main peak at 20 h). 

Alite continues to hydrate and CH is 
constantly formed, but at slower 
rates. At 24 h, 49 % of alite were 

consumed. C3A hydration consumes 
ettringite, forming 

monosulfoaluminate. This process 
corresponds to a change in slope in 

the heat flow curve at 12 h. 

The rates of alite consumption and 
CH formation decrease and are 

lower than in paste I_AKF 0.61 7%. 
At 24 h, 41 % of alite were 

consumed. Ettringite content starts 
to drop, with consequent formation 

of monosulfoaluminate (mainly 
from 20 h on, as observed by a 
bump in the heat flow curve). 

30 - 48 

Alite hydration rate is low 
and CH content is 

maintained approximately 
constant. Ettringite starts to 
be consumed by C3A after 
30 h, forming AFm phases. 

Alite continues to hydrate, forming 
CH constantly. Ettringite continues 
to be consumed for the formation of 

monosulfoaluminate.  

Alite hydrates constantly at low 
rates, forming CH and C-S-H. 

Ettringite is consumed and AFm 
phases continue to be formed. 
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Regarding the accelerated pastes, the rapid increase in ettringite content from 1 to 5 h 
does not occur only due to C3A hydration during this period (C3A consumption is low and is 
not in agreement with the high ettringite contents formed). A possible explanation to this fact 
is that ettringite is formed too rapidly due to the incorporation of dissolved Al3+ ions in the 
paste. This suggests that some amorphous alumina containing phase may form first and 
ettringite progressively crystallizes from this phase prior to the renewed C3A hydration. This 
process increases the intensity of X-ray diffracted beams, leading to the quantification of larger 
amounts of this phase. A similar behavior was reported by [111], which describes a gel-like 
structure in ettringite precipitated at very early ages.  

Based on the results obtained in this section and on previous researches regarding 
accelerated hydration [4,5,10,20], the chemical processes occurring during hydration were 
associated with the heat flow curves. Figure 3.6 identifies 5 general hydration stages, whose 
main chemical processes are described subsequently (different chemical processes may occur 
depending on the composition of cements and accelerators). Their description will be used to 
interpret further analyses by isothermal calorimetry. 

 

Figure 3.6 - Designation of 5 stages during hydration of an accelerated cement paste (Y-axis does not correspond 
to a real scale). 

Stage I - pre-induction period 

Dissolution of alkali sulfates, gypsum, alite and aluminate phases and initial ettringite 
formation, with consequent large heat release. 
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Stage II - accelerator reaction 

[Al(OH)4]- ions from accelerator consume Ca2+ and SO42- ions from the liquid phase to 
form ettringite (chemical equation 2.11), which precipitates massively, releases heat and 
stiffens the paste. This process is named accelerator peak in the text. Depending on accelerator 
reactivity, initial and final setting may occur. Alite may be partially dissolved if accelerator is 
acidic. 

Stage III - induction period 

Period of low reaction rates with low heat evolution. Alite and gypsum dissolve to 
balance the concentration of Ca2+ in the chemical equilibria, previously disturbed by 
accelerators. Gypsum may deplete, depending on the amount of sulfate consumed by 
accelerator, and undersulfated C3A reactions may occur. If they happen, a large heat release is 
observed during the induction period. 

Stage IV - acceleration period 

The rate of alite hydration increases, with consequent formation of CH and C-S-H. C3A 
hydration continues (forming either ettringite, if sulfates are present, or monosulfoaluminate, 
in the absence of dissolved sulfates). 

Stage V - deceleration period 

The rate of alite hydration decreases and C3A hydration consumes ettringite, forming 
monosulfoaluminate. 

3.3.3.2. Evolution of phase composition of accelerated pastes 

Figure 3.7 presents the evolution of phase composition in accelerated cement pastes 
measured by in situ and powder XRD. Only the reacting phases (alite, portlandite and ettringite) 
are shown in order to simplify the interpretation of the graphs. Figure 3.8 shows the evolution 
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of amorphous phases and porosity. Results obtained with CEM I pastes are grouped on the left 
and with CEM II/A-L pastes are grouped on the right.  

 

Figure 3.7 - Evolution of the contents of alite (a and b), portlandite (c and d) and ettringite (e and f) in CEM I 
and CEM II/A-L hand-mixed pastes from accelerator addition until 98 days. 
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Figure 3.8 - Evolution of amorphous phases (a and b) and porosity (c and d) in CEM I and CEM II/A-L hand-
mixed pastes from accelerator addition until 98 days.  

All pastes present a significant precipitation of ettringite due to accelerator reaction 
(initial value in the graphs from figures 3.7.e and 3.7.f). Ettringite formation increases the 
solid/liquid ratio of the matrix [84], leads to reduction in porosities (figures 3.8.a and 3.8.b) and 
interconnects the solid phase. The amount of ettringite formed follows the ascending order of 
the Al3+ content in accelerators (AKF 0.61 5% < AKF 0.61 7% < AKF 0.38 7% < AKF 0.42 
11%). Therefore, shorter setting times and faster rates of early strength development may be 
obtained with accelerators containing larger Al3+ amounts. 

Ettringite is formed continuously until 7 h of hydration, approximately, due to C3A 
hydration in presence of sulfates. The crystallization of ettringite during this period also 
contribute to increase its amount quantified by XRD. Ettringite contents in I_AKF 0.38 7% 
were larger than expected, as this accelerator contains an average Al3+ concentration, between 
AKF 0.61 5% and AKF 0.61 7%. This occurs due to the high sulfate concentration in AKF 
0.38, which displaces the chemical equilibria into the formation of ettringite. 
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Alite is slowly consumed until approximately 3 h in all pastes to balance the 
concentration of Ca2+ in the liquid phase, initially disturbed by accelerators. From 3 h on, the 
rate of alite hydration increases, with consequent formation of portlandite and amorphous 
phases. The rate of alite consumption in the main hydration process in CEM I pastes is inversely 
proportional to the final C3A/SO3 ratio of the paste shown in table 3.5 (AKF 0.38 7% > AKF 
0.42 11% > AKF 0.61 7% > AKF 0.61 5%). Reductions in porosity follow the same order as 
alite consumption, because the precipitation of portlandite and C-S-H fill up the pores of the 
matrix.  

Pastes containing AKF 0.38 7% and AKF 0.42 11% are properly sulfated, because the 
amount of sulfate remaining after accelerator reaction postpones C3A hydration, which occurs 
after the acceleration period of silicate hydration. Therefore, aluminate hydrates formed have 
little influence on alite hydration, which occurs at faster rates. On the contrary, as accelerator 
AKF 0.61 provides the lowest sulfate content to the matrices, the paste becomes undersulfated. 
Hence, C3A hydration is accelerated and the matrix is filled with aluminate hydrated products 
before the onset of the main hydration peak. Consequently, the rate and extent of alite hydration 
is reduced [41,42]. 

Although paste II_AKF 0.42 11% is properly sulfated, the rate and extent of alite 
hydration and portlandite precipitation are lower than in other matrices. This occurs because 
CEM II/A-L contains around 23 % less C3A than CEM I and limestone filler also controls C3A 
hydration [65,66], resulting in a lower consumption of ettringite to form monosulfoaluminate. 
Therefore, the large amount of ettringite produced (above 30 % by mass) is maintained 
approximately constant until 12 h of hydration, filling up the space available and inhibiting 
silicate hydration. 

The initial amount of ettringite precipitated in pastes containing the alkaline accelerator 
is higher than in pastes produced with AKF 0.61 5% and lower than in the other pastes. This is 
directly related to aluminum concentration in accelerator ALK (table 3.4). Besides, the rate of 
ettringite formation until 6 h in pastes I_ALK 3% and II_ALK 3% is the lowest because gypsum 
present in cement is the only sulfate source for the reaction to occur. Therefore, accelerator 
reactivity is limited by gypsum dissolution and AFm phases are formed at the moment 
accelerator ALK is added [10]. The maximum ettringite content is reached at 5 and 9 h in pastes 
I_ALK 3% and II_ALK 3%, respectively. As paste II_ALK 3% has a lower final C3A/SO3 ratio 
than the equivalent CEM I paste and contains limestone filler, C3A hydration is postponed and 
ettringite consumption is retarded. 
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Initial alite dissolution in alkaline accelerated pastes is favored because this accelerator 
contains NaOH, which leads to a faster portlandite precipitation [112]. However, the high final 
C3A/SO3 ratio of these matrices promotes an undersulfated accelerated C3A hydration that takes 
place before or during the silicate acceleration period, with the consequent formation of AFm 
phases. This process delays alite hydration from 10 h on due to the space filling caused by the 
early formation of aluminate hydrates and to the precipitation of these phases on the surface of 
alite, reducing its solubility. At 98 days, pastes I_ALK 3% and II_ALK 3% contain the highest 
alite content, indicating the decrease in the extension of silicate hydration.  

The observations derived from in situ and powder XRD suggest a competition between 
silicate and aluminate hydrations. C3A hydration is significantly affected by the addition of 
accelerators, especially by the ones containing high Al3+ concentrations. The large amount of 
aluminate hydrates formed by accelerator reaction and accelerated undersulfated C3A reactions 
inhibit alite hydration, lowering its extent and intensity. 

3.3.4. Isothermal calorimetry 

Heat flow curves of all cement pastes analyzed are shown in figure 3.9. Results obtained 
with CEM I pastes are presented on the left, whereas results from CEM II/A-L pastes are on 
the right. Figures 3.9.a and 3.9.b represent the curve from 0 to 24 h, while figures 3.9.c and 
3.9.d show a zoom of the heat flow curve from 1.0 to 1.5 h. The second period covers the heat 
flow peak generated by accelerator reaction (accelerator peak).  
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Figure 3.9 - Heat flow curves obtained with CEM I and CEM II/A-L hand-mixed pastes from 0 to 24 h (a and b) 
and from 1.0 to 1.5 h (c and d). 

To analyze the influence of different mix composition on hydration, the parameters 
described in table 3.8 were used to analyze heat of hydration curves. Results obtained by their 
calculation are summarized in table 3.9 and the conclusions derived from this analysis are 
presented subsequently.  
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Table 3.8 - Parameters employed to analyze the hydration behavior of different mixes. 

Process Parameter Method for calculation 

Accelerator 
reactivity 

Accelerator reaction rate Slope of the ascending part of the accelerator peak 

Energy released in accelerator reaction Area under the accelerator peak from 1 to 1.5 h 

Maximum heat flow in accelerator peak Directly taken from heat flow curve 

Cement 
hydration  

Length of induction period Period between 1.5 h (end of the accelerator peak) 
and the onset of the main hydration peak 

Cement hydration rate Slope of the ascending part of the acceleration period 

Energy released during the main 
hydration peak 

Area under the curve between the end of the 
induction period and the time when the heat flow 

reaches 1.0 mW/g cement in the deceleration period 

Maximum heat flow from main 
hydration peak Directly taken from heat flow curve 

Energy released until 24 h Total energy released until 24 h minus the energy 
released by accelerator reaction 

Table 3.9 - Analysis of the heat flow curves obtained with hand-mixed pastes.  

Paste 

Slope - 
accel. 
peak 

(mW/g.h) 

Energy 
released - 

accel. 
peaka (J/g) 

Maximum 
heat flow - 
accel. peak 

(mW/g) 

Induction 
period 

(h) 

Slope 
acceleration 
- main peak 
(mW/g.h) 

Energy 
released - 
main peak 

(J/g) 

Maximum 
heat flow - 
main peak 

(mW/g) 

Energy 
released 
until 24 
h (J/g) 

I_REF - - - 15.8 0.42 164.8 3.08 74.8 
I_AKF 
0.38 7% 2421 29.76 75.8 1.98 0.63 187.6 4.42 202.9 

I_AKF 
0.42 11% 3495 42.72 110.0 2.01 0.77 184.6 5.31 210.8 

I_AKF 
0.61 5% 1044 19.61 48.9 1.85 0.44 159.6 3.62 182.4 

I_AKF 
0.61 7% 2231 32.79 82.0 1.81 0.58 147.8 3.60 178.1 

I_ALK 
3% 1187 14.25 45.0 2.17 1.34 133.3 4.34 174.8 

II_REF - - - 23.0 0.17 138.1 1.63 14.1 
II_AKF 
0.38 7% 1542 28.70 68.9 2.44 0.75 183.3 4.33 200.6 

II_AKF 
0.42 11% 6677 53.29 155.6 2.84 0.58 186.2 3.97 197.6 

II_AKF 
0.61 5% 2129 23.03 66.2 2.21 0.42 154.5 2.98 177.1 

II_AKF 
0.61 7% 1554 30.38 71.0 2.17 0.40 140.0 2.88 173.9 

II_ALK 
3% 2207 14.50 54.9 2.41 1.20 135.3 3.31 161.2 

a The energy corresponding to the accelerator peak was corrected using the variation of heat generated by the 

removal of the sample from the calorimeter for accelerator addition. 
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The heat flow in the accelerator peak is a consequence of ettringite formation. The main 
hydration peak is a result of alite and C3A hydrations, with consequent formation of portlandite, 
C-S-H, ettringite and AFm phases. As CEM I contains 58.3 % of alite and 4.7 % of C3A, while 
these compounds are present in 51.7 % and 3.6 % in CEM II/A-L (table 3.1), shorter induction 
periods and higher intensities in the main hydration peak are observed in CEM I pastes. These 
parameters are also influenced by cement fineness (CEM I is finer than CEM II/A-L, table 3.3).  

Hydration behavior with both cement types depends on accelerator type and dosage. 
The rate of reaction, the energy released and the maximum heat flow calculated from the 
accelerator peak in alkali-free accelerated pastes are directly proportional to the Al3+ content in 
accelerators (AKF 0.42 11% > AKF 0.61 7% > AKF 0.38 7% > AKF 0.61 5%). The higher the 
Al3+ content incorporated in the matrix, the larger the amount of sulfoaluminate hydrates 
formed and, therefore, the higher is the exothermal signal generated by accelerator reaction. 
Pastes I_AKF 0.42 11% and II_AKF 0.42 11% present the highest values of these variables, 
whereas the lowest values are found in pastes I_AKF 0.61 5% and II_AKF 0.61 5%. 

All accelerated pastes present shorter induction periods than the respective reference 
pastes and this reduction is a function of accelerator dosage, as expected. The consumption of 
calcium and sulfate ions from the liquid phase caused by the accelerators favors alite and 
gypsum dissolution in order to balance the ionic concentration in the chemical equilibria. Then, 
silicate ion concentration also increases, leading to an enhancement in nucleation and growth 
of hydrates and accelerating the onset of the main hydration peak. It is important to note that 
pastes I_REF and II_REF have a retarding effect of the superplasticizer, which increases 
induction periods and broadens the main hydration peak. 

Reaction rate in the main hydration peak follows the inverse order of the final C3A/SO3 
ratio of the paste (table 3.5). Since accelerators AKF 0.38 and AKF 0.42 contain Al2O3/SO42- 
molar ratios similar to that of ettringite, the larger amounts of sulfate left decrease the rate of 
gypsum dissolution and retard further C3A hydration. Pastes I_AKF 0.38 7% and I_AKF 0.42 
11% present the highest rate and maximum heat flow in the main hydration peak (table 3.9) and 
the highest degrees of hydration at 24 h, as illustrated in figure 3.10. The energy associated with 
the main hydration peak in these pastes is higher than in the reference pastes, indicating that 
cement hydration is not negatively affected by accelerator reaction. 
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Figure 3.10 - Energy release curves obtained with CEM I (a) and CEM II/A-L (b) hand-mixed pastes from 
accelerator addition to 24 h. 

Pastes containing AKF 0.38 7% and AKF 0.42 11% behave as properly sulfated and the 
main hydration peak in these systems is separated in two exothermal events. The onset of the 
main hydration process occurs with the beginning of alite hydration. Then, a shoulder 
representing C3A hydration with sulfates desorbed from C-S-H surface [113] is observed. The 
changes in slope occur approximately at 6.2, 7.4, 7.5 and 8.1 h in pastes I_AKF 0.42 11%, 
I_AKF 0.38 7%, II_AKF 0.42 11% and II_AKF 0.38 7%, respectively. The retardation caused 
in the secondary ettringite formation is inversely proportional to the final C3A/SO3 ratio of each 
paste.  

On the contrary, pastes produced with AKF 0.61 5% and AKF 0.61 7% present higher 
final C3A/SO3 ratios than pastes containing AKF 0.38 7% and AKF 0.42 11%. Consequently, 
C3A hydration is accelerated and the early formed AFm phases fill up the space in the matrix 
quickly, suppressing alite hydration. This is observed by the lower values of slope, energy 
released and maximum heat flow in the main hydration peak obtained in pastes produced with 
AKF 0.61 5% and AKF 0.61 7% with both types of cement. This process is more aggravated 
by the use of higher dosages of this accelerator, since more dissolved aluminum is added to the 
matrix. 

With respect to the alkaline accelerator, the rate of ettringite formation is the lowest, due 
to the limited sulfate content in these pastes. Considering that the alkaline accelerator consumes 
approximately 50 % of the sulfate available in the paste and part of the sulfates left are adsorbed 
onto C-S-H surface, further C3A hydration proceeds as in undersulfated systems (high C3A/SO3 
ratio in table 3.5). In the heat flow curves, a separation of the main hydration peak in two 
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thermal events occurs. It can be observed by a bump around 2.5 h in paste I_ALK 3% in figure 
3.9.a and by a sharp peak occurring around 3.6 h in paste II_ALK 3% in figure 3.9.b, due to the 
formation of AFm phases. Monosulfoaluminate is preferentially formed when limestone is not 
present [41,54], while hemicarboaluminate and monocarboaluminate are formed when cements 
contain additions of limestone filler [45]. 

Furthermore, degrees of hydration at 24 h in alkaline accelerated pastes are the lowest 
among all the samples analyzed (figure 3.10). This occurs due to the high final C3A/SO3 ratio 
of these pastes and consequent decrease in the extension of silicate hydration from 10 h on, as 
described in section 3.3.3. These processes may result in lower mechanical strengths at later 
ages. 

3.3.5. TGA 

Results corresponding to the quantification of portlandite and chemically bound water 
by TGA in pastes I_REF, I_AKF 0.61 7% and I_ALK 3% are shown in table 3.10.  

Table 3.10 - Portlandite and chemically bound water quantified by thermogravimetry in hand-mixed pastes 
I_REF, I_AKF 0.61 7% and I_ALK 3%. 

Compound Age I_REF I_AKF 0.61 7% I_ALK 3% 

Portlandite 
(%) 

15 min 1.79 2.41 1.93 

3 h 1.89 3.00 3.14 

12 h 2.64 10.79 14.00 

48 h 17.70 17.37 18.00 

Chemically 
bound water 

(%) 

15 min 2.17 3.82 3.39 

3 h 2.08 4.69 4.43 

12 h 2.54 10.18 10.83 

48 h 14.76 17.79 14.73 

A clear influence of accelerators on hydration is observed. Both accelerated pastes 
contain more portlandite and chemically bound water than the reference paste until 12 h of 
hydration. As the superplasticizer retards hydration in paste I_REF, that difference at the 
earliest ages is expected. However, as hydration proceeds, portlandite and chemically bound 
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water contents in the reference paste tend to overcome the amount contained in accelerated 
pastes. Since the formation of aluminate hydrates in paste I_REF is not accelerated, enough 
space remains for alite hydration to proceed normally and a higher degree of hydration may be 
achieved. 

Analyzing the influence of accelerator type, portlandite contents in paste I_ALK 3% are 
higher than in I_AKF 0.61 7%. As ALK contains NaOH, it increases the concentration of OH- 
ions in the liquid phase, which leads to portlandite precipitation [112]. An exception is the 
portlandite amount at 15 min, which is larger in I_AKF 0.61 7%. Since AKF 0.61 contains 
formic acid, it favors initial alite dissolution with consequent portlandite formation [19]. 

Chemically bound water contents in accelerated pastes depend on the hydration period. 
At 15 min and 3 h, paste I_AKF 0.61 7% contains more chemically bound water than I_ALK 
3% because ettringite amounts are larger when alkali-free accelerators are employed (figure 
3.7). As paste I_ALK 3% presents a faster hydration until 12 h (figure 3.9), it contains more 
chemically bound water than I_AKF 0.61 7%. At 48 h, the opposite behavior is observed, since 
the degree of hydration in paste I_AKF 0.61 7% is higher than in I_ALK 3% (figure 3.10). 
These data corroborate the results obtained in in situ XRD and isothermal calorimetry. 

3.3.6. SEM and EDS microanalysis 

SEM images obtained with hand-mixed pastes I_REF, I_AKF 0.61 7% and I_ALK 3% 
are presented in figures 3.11, 3.12 and 3.13, respectively. All the figures contain two images of 
each paste freeze-dried at 15 min, 3 and 12 h of hydration. Regions analyzed by EDS are 
indicated by a number in the corresponding image. Results obtained in the EDS spectra are 
represented as the relative intensities of each element, placed above each image. The peaks 
considered to measure the intensity of Ca, Si, Al, S and Na are correspondent to the energies of 
3.73, 1.78, 1.52, 2.33 and 1.1 keV, respectively. 
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Figure 3.11 - SEM images of paste HM_I_REF at 15 min (a and b), 3 h (c and d) and 12 h (e and f). 
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Figure 3.12 - SEM images of paste HM_I_AKF 0.61 7% at 15 min (a and b), 3 h (c and d) and 12 h (e and f).  
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Figure 3.13 - SEM images of paste HM_I_ALK 3% at 15 min (a and b), 3 h (c and d) and 12 h (e and f). 
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In paste I_REF at 15 min, cement grains are completely apart and no connection among 
them is observed (figures 3.11.a and 3.11.b). A few deposits of hydrated phases on the surface 
of a cement particle may be seen. At 3 h, the borders of a cement grain start to present pitches 
caused by the dissolution of alite and a higher density of hydration products is observed (figures 
3.11.c and 3.11.d). Microstructure has not developed considerably until 12 h, but a larger area 
of cement particles are covered by hydration products (figures 3.11.e and 3.11.f). 

Paste I_AKF 0.61 7% at 15 min presents a significant microstructure development 
(figure 3.12.a). Extensive alite dissolution and surface pitching are observed, as indicated by 
the regular and step nature of the matrix, which may be compared to results presented in [46]. 
The tridimensional pore structure and connections formed are similar to the ones observed by 
[114]. In this paste, alite dissolution is favored by the acid contained in AKF 0.61, enriching 
the solution close to the grains with calcium and silicate ions. Therefore, hydrates preferentially 
precipitate in those regions, due to their elevated calcium concentration. As indicated by the 
EDS results, the region analyzed is composed mainly by C-S-H (Si/Ca equal to 0.227 and Al/Ca 
equal to 0.085). Sulfoaluminate hydrates (Al/S ratio equal to 0.48) are also present.  

Figure 3.12.b represents a magnification of the region indicated by ‘b’ in figures 3.12.a. 
The precipitation of a large amount of ettringite crystals measuring approximately 2 µm in 
length on the region with extensive alite dissolution is observed. This hydrate nucleates and 
precipitates as hexagonal needle-like crystals with flat terminations in an ordered structure. The 
Al/S ratio found in that zone is equal to 0.667, which is the exact value found in pure ettringite. 
These crystals bond cement grains together and are responsible for the reduction of setting times 
and the increase in early age strength of the matrix (as observed in [84]).  

At 3 h of hydration, microstructure is denser and a larger area is covered by hydration 
products (figure 3.12.c). The space surrounding cement grains is filled by ettringite crystals. 
Figure 3.12.d and the corresponding EDS results indicate that C-S-H (Si/Ca equal to 0.365) and 
ettringite (Al/S equal to 0.67) are the main hydrates formed. AFm phases were not found in this 
paste at 3 h, which is in agreement with the fact that gypsum depletion does not occur until 3 h 
in this paste. Then, further C3A hydration occurs in the presence of enough sulfate to form 
ettringite.  

At 12 h, paste I_AKF 0.61 7% presents a large amount of ettringite crystals (figures 
3.12.e and 3.12.f). This hydrate is distributed throughout the whole matrix, although crystals 
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are not uniformly dispersed. Some ettringite needles tend to nucleate and grow at specific 
regions in the matrix. AFm phases could not be observed in this paste at 12 h either. 

Paste I_ALK 3% at 15 min contains a large amount of hydrated phases precipitated on 
the surface of a cement particle (figure 3.13.a). According to the EDS results, hydrates present 
Al/Ca, Si/Ca and Al/S ratios equal to 0.62, 0.168 and 6.7, respectively, indicating they might 
be composed by hydroxy and sulfated AFm phases, with low content of C-S-H. They are 
formed by the fast reaction of [Al(OH)4]- ions from the accelerator with Ca2+ ions from the 
liquid phase, as well as by C3A hydration in a medium with limited sulfate content. This 
corroborates the results obtained by liquid phase analysis and in situ XRD, which show a fast 
sulfate depletion when the alkaline accelerator is employed (figures 3.3 and 3.5).  

Figure 3.13.b shows a hydrated phase in the form of a plate, presenting an Al/S ratio 
equal to 2.2 and an elevated sodium content. This aluminate hydrate may be an AFm phase 
denominated U-phase, which was also reported by [83,115,116] in cement systems containing 
sodium concentrations above 0.40 mol/L. Accelerator ALK provides a propitious sodium 
content for U-phase formation (0.41 mol/L, table 3.5).  

At 3 h of hydration, microstructure is fairly heterogeneous (figure 3.13.c). Aluminate 
hydrates (Al/S ratio equal to 1.5) in the form of needles and plates are deposited on the surface 
of a cement particle. Silicon is also present and may be in the form of C-S-H or substituting 
Al3+ in the lattice of aluminate hydrates, as also observed by [81,117]. As presented in figure 
3.13.d, AFm and AFt phases coexist on the surface of a cement grain, confirming the hypothesis 
derived from the in situ XRD analysis. In this context, since AFm phases are more 
thermodynamically stable and less soluble than alite [16] and they fill up the space available in 
the paste quickly, C3S dissolution may be inhibited due to the hydrated aluminate layer formed 
over its surface and to the lack of space. This explains why pastes with alkaline accelerator 
present a lower degree of hydration at 24 h when compared to the other pastes. 

At 12 h, the microstructure of the paste is not as homogeneous as the paste produced 
with AKF 0.61 7%, as observed in figures 3.13.e and 3.13.f. Ettringite is not dispersed 
uniformly throughout the whole matrix. Some regions are characterized by fairly smooth 
surfaces, where AFm phases may be deposited. The precipitation of these phases on the surface 
of a cement particle limits it hydration. 
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The characterization of microstructure by SEM imaging is in line with the results 
obtained by in situ XRD and isothermal calorimetry. Hence, these observations confirm the 
kinetics and mechanisms of hydration proposed for pastes with both accelerator types and help 
understand the differences between accelerated and reference pastes. 

3.4. Conceptual model of mechanisms of hydration 

Figures 3.14.a, 3.14.b and 3.14.c present a conceptual model for the hydration of an 
ordinary Portland cement without accelerator, with an alkali-free and an alkaline accelerator, 
respectively. They represent the evolution of phase composition, the microstructure and the 
main processes occurring during hydration of these pastes. It was developed based on the 
literature [21,41,42,46,73,114], updated with the results obtained in this chapter.  
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Figure 3.14 - Conceptual model for the hydration of an ordinary Portland cement in a reference paste (a), in a 
paste with an alkali-free accelerator (b) and in a paste with an alkaline accelerator (c), considering a polyphase 

cement grain with gypsum. Subtitles: G: gypsum; P: portlandite; E: ettringite; M: monosulfoaluminate; A: 
hydroxy-AFm. 
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In pastes containing alkali-free accelerators, ettringite is the main hydrate formed by 
accelerator reaction. The formation of a calcium rich interface is favored due to the acid 
contained in their formulation. As this accelerator also contains sulfate ions, undersulfated C3A 
reactions are avoided and cement particles are not covered by AFm phases before the 
acceleration period. Therefore, alite hydration is not suppressed and proceeds normally. 
However, the early formation of hydrated aluminate phases by accelerator reaction fill up the 
space in the matrix quickly and reduce the degree of hydration at later ages. 

Aluminate accelerators lead to the formation of ettringite and AFm phases at the 
moment of their addition. They rapidly consume Ca2+ ions and deplete sulfate from the liquid 
phase. This favors C3S dissolution, thus increasing calcium concentration on the interface alite-
water. Given the absence of sulfates in solution, C3A hydration leads to the formation of AFm 
phases. These phases precipitate preferentially where calcium concentration is higher, which is 
found at the alite-water interface. As AFm phases are thermodynamically more stable and less 
soluble than C3S, inner alite is less susceptible to dissolving and hydrating because its reactive 
sites are blocked. Consequently, the degree of hydration reached in alkaline accelerated pastes 
should be smaller than in pastes without accelerators and in pastes produced with alkali-free 
accelerators. 

The chemical and physical aspects of cement hydration in the presence of accelerators 
present major influences on the evolution of mechanical strength in accelerated matrices. Since 
mechanical strength is directly proportional to the degree of hydration of cement, the 
precipitation of AFm phases on alite surface and the space filling caused by the early formation 
of sulfoaluminate hydrated phases decrease the rate of strength gain at late ages. As observed 
by [1,18], mortars and concrete containing alkali-free accelerators present higher ultimate 
strengths than matrices produced with alkaline accelerators. The fast sulfate depletion caused 
by sodium aluminate leads to undersulfated C3A reactions [54], which are absolutely 
detrimental for strength development. 

3.5. Concluding remarks 

Chapter 3 presented the characterization of the early age hydration behavior of cement 
pastes containing alkali-free and alkaline accelerators. The following conclusions may be 
drawn from the experimental results: 



Chapter 3 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

74 Accelerated cementitious matrices: hydration, microstructure and mechanical strength 
 

 Accelerator reactions lead to a fast formation of sulfoaluminate hydrates, mainly ettringite. 
The higher the Al3+ content incorporated in the paste by accelerators, the larger the amount 
of sulfoaluminate hydrates precipitated. 

 Induction periods are significantly shortened in accelerated pastes. The consumption of 
calcium and sulfate ions from the liquid phase caused by accelerators favors alite and 
gypsum dissolution in order to balance their concentration in the liquid phase. Then, the 
concentration of silicate ions also increases, leading to an enhancement in nucleation and 
growth of hydrates and accelerating the onset of the main hydration peak. 

 The amount of sulfate remaining after accelerator reaction is important to control further 
C3A hydration. In properly sulfated systems (low final C3A/SO3 ratios), sulfate depletion 
occurs shortly after the acceleration period of alite hydration. Therefore, uncontrolled C3A 
reactions do not occur and the rate of alite hydration increases, leading to higher degrees of 
hydration at 24 h. However, in undersulfated systems (high final C3A/SO3 ratios), C3A 
hydration is accelerated, with consequent formation of AFm phases. These hydrates 
precipitate on the surface of a cement particle, decreasing its solubility. As a result, the rate 
and extension of alite hydration are reduced. 

 The large amounts of aluminate hydrates formed by accelerator reaction fill up the matrix 
before the onset of the main hydration process and reduce the extent of alite hydration from 
12 h on. This process is intensified when high dosages of accelerators are employed, since 
a larger amount of Al3+ is added to the matrix. 

 The microstructure of alkali-free accelerated pastes, regarding aluminate hydrates, is 
composed mainly by ettringite. This hydrate nucleates and precipitates as hexagonal needle-
like crystals with flat terminations in an ordered structure. On the contrary, pastes produced 
with alkaline accelerators also contain AFm phases, which are plate-like crystals. Since this 
accelerator contains NaOH, U-phase formation was also observed.  
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4. Parameters controlling early age 

hydration of accelerated cement pastes2 

4.1. Introduction 

As discussed in section 2.4.1, several factors influence the chemical processes occurring 
in accelerated matrices, such as the mix design and the application method. The interaction 
between cement and accelerator plays a major role in hydration kinetics and mechanical 
strength evolution. The use of incompatible materials affects cement hydration negatively and 
the accelerated cement matrix obtained may not present the expected mechanical properties. 

In previous studies regarding this subject [3–5,10,18,19,85,86], the influence of the 
chemical composition of cements and accelerators on hydration was analyzed based on 
particular variations in the mix composition of cement pastes. These studies did not consider 
changes in more than one variable at once, which commonly happens in practice. In addition, 
discussion of results was majorly qualitative and the compatibility between cements and 
accelerators could not be parametrized. Therefore, a study combining the main variables 

                                                           
2 Results obtained in this chapter have been published in the paper: 
R.P. Salvador, S.H.P. Cavalaro, M.A. Cincotto, A.D. Figueiredo, Parameters controlling early age hydration of 
cement pastes containing accelerators for sprayed concrete. Cement and Concrete Research, 89 (2016) 230-248. 
doi: 10.1016/j.cemconres.2016.09.002. 
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affecting hydration kinetics of accelerated matrices is still necessary to parametrize their early 
age hydration behavior. 

The objectives of the experimental campaign conducted in this chapter are:  

 Parametrize the early age hydration behavior of accelerated cement pastes based on the 
chemical composition of cements and accelerators. 

 Identify the main properties and characteristics that govern accelerator reactivity and further 
cement hydration. 

 Specify combinations of cements and accelerators with proper compatibility to obtain an 
optimal performance.  

In this chapter, tests were performed with cement pastes produced by hand-mixing. 
Cement pastes were produced by the combination of 8 cements, 3 alkali-free accelerators used 
at 5.0 and 7.0 % bcw and 1 alkaline accelerator added at 3.0 % bcw, resulting in 56 different 
mixes. Cements and accelerators were designed specifically for this part of the experimental 
program and do not correspond to commercial formulations.  

In situ XRD, isothermal calorimetry and SEM analysis were performed to characterize 
the kinetics and mechanisms of hydration of accelerated pastes. Since sprayed concrete requires 
an adequate mechanical strength development until 24 h of hydration to guarantee its proper 
applicability, the progress of the construction work and for safety issues, the analysis conducted 
in this chapter is restricted to ages until 24 h. The evolution of hydration and mechanical 
strength at later ages is the subject dealt with in chapters 3 and 7.  

Results obtained provide a better comprehension of how the hydration process of 
cement pastes is influenced by the chemical composition of their starting materials. Moreover, 
results may have a significant repercussion on how to select compatible cements and 
accelerators to provide a proper mechanical strength development. This chapter may be a 
reference to accelerator manufacturers for the development of formulations with enhanced 
performance with cements from different sources.  
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4.2. Experimental methodology 

4.2.1. Materials 

Water and superplasticizer employed in this section are the same as the ones used in 
chapter 3 (described in section 3.2.1). Cements and accelerators were formulated specifically 
for this experimental program and are described as follows. 

4.2.1.1. Cements 

Two types of clinker, two types of setting regulator, limestone filler and silica sand were 
used to prepare cements. Table 4.1 shows the nomenclature of the materials employed. Their 
descriptions and characterization are presented subsequently.  

Table 4.1 - Materials used to prepare cements. 

Material Type and description Abbreviation 

Clinker 
Ordinary OPC 

Sulfate-resisting SRC 

Setting 
regulator 

Gypsum G 

Calcium sulfate hemihydrate H 

Addition 
Limestone filler F 

Silica sand - 

A total of 8 different types of cement were produced by manually homogenizing clinker, 
setting regulator and additions in an agate mortar for 5 min. Table 4.2 presents the composition 
of cements. Their nomenclature follows the pattern ‘clinker type and content’_‘setting 
regulator type and content’_‘addition’. 
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Table 4.2 - Composition of cements, in mass percentages. 

Nomenclature Clinker type 
and content 

Setting regulator 
type and content 

Silica sand 
content 

Limestone 
filler content 

C3A/SO3 
molar ratio 

OPC 98_G 2 OPC, 98.0 % G, 2.0 % - - 0.866 

OPC 96_G 4 OPC, 96.0 % G, 4.0 % - - 0.586 

OPC 94_G 6 OPC, 94.0 % G, 6.0 % - - 0.443 

OPC 96_H 3.38 OPC, 96.0 % H, 3.38 % 0.62 % - 0.586 

OPC 96_G 4_F OPC, 83.52 % G, 3.48 % - 13.0 % 0.586 

OPC 94_G 6_F OPC, 81.78 % G, 5.22 % - 13.0 % 0.443 

OPC 96_H 3.38_F OPC, 83.52 % H, 2.94 % 0.54 % 13.0 % 0.586 

SRC 96_G 4 SRC, 96.0 % G, 4.0 % - - 0.182 

Clinkers 

Ordinary and sulfate-resisting clinkers (OPC and SRC) were selected due to their 
different C3A content, which plays a significant role on the overall hydration kinetics and on 
the evolution of alite hydration [19,54]. Table 4.3 shows their mineralogical composition 
determined by XRD and Rietveld refinement (structure models presented in Appendix A) and 
their chemical composition determined by XRF spectrometry. Besides, table 4.4 summarizes 
their physical properties and figure 4.1 shows that clinkers present an analogous particle size 
distribution, which is important to control hydration kinetics and the rate of strength gain [118].  
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Table 4.3 - Mineralogical and chemical composition of clinkers. 

Mineralogical composition Chemical composition 

Compound OPC (%) SRC (%) Compound OPC (%) SRC (%) 

C3S 71.0 67.3 LOI 0.20 0.13 

C2S 7.4 11.9 CaO 65.6 65.8 

C3Ac 2.4 0.9 SiO2 21.1 21.6 

C3Ao 3.2 0.7 Al2O3 5.1 4.2 

C4AF 12.8 15.9 Fe2O3 3.4 4.9 

CaO 0.2 0.5 SO3 1.2 1.0 

Ca(OH)2 0.3 0.3 MgO 1.8 1.3 

CaCO3 1.1 1.0 K2O 0.94 0.57 

MgO 0.5 0.4 Na2O 0.13 0.10 

K2SO4 0.3 0.1 TiO2 0.22 0.20 

Na2SO4 0.8 1.0 Minor phases 0.31 0.20 

Table 4.4 - Physical properties of clinkers. 

Property OPC SRC 

Specific surface BET (m2/g) 1.52 1.10 

d10 (µm) 1.81 2.37 

d50 (µm) 11.2 13.1 

d90 (µm) 29.9 33.4 

 

 

Figure 4.1 - Particle size distribution of clinkers. 
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Setting regulators 

Gypsum (99.5 %, Sigma Aldrich) and calcium sulfate hemihydrate (99.5 %, Sigma 
Aldrich) were selected as setting regulators. These types of calcium sulfate are commonly found 
in cements. Gypsum is added to clinkers before grinding and may dehydrate partially, forming 
hemihydrate, due to the elevated temperature reached during this process [21]. As these 
compounds present different solubility, as discussed in section 2.3.2.3, it is important to analyze 
how they affect the rate of accelerator reaction.  

OPC cements were prepared with gypsum contents of 2.0, 4.0 and 6.0 % to obtain total 
SO3 contents of 2.1, 3.0 and 4.0 %, respectively. Although the standard UNE EN 197-1:2011 
[24] prescribes a minimum clinker content of 95.0 % in a cement type I, cement OPC 94_G 6 
(94.0 % of clinker and 6.0 % of gypsum) was produced for exploratory tests. Only one cement 
was produced with the SRC clinker, using 4.0 % of gypsum to maintain the same sulfate amount 
as in cement OPC 96_G 4. 

Hemihydrate was added at 3.38 % to produce OPC cements with the same molar amount 
of sulfate as 4.0 % of gypsum. This difference is related to the lower water content in 
hemihydrate. Therefore, 0.62 % of silica sand (calculated over the total mass of cement) was 
added with hemihydrate to maintain the same proportion of clinker and calcium sulfate. 

Additions 

Limestone filler (98 % CaCO3, d50 = 8.3 µm) was used at the content of 13.0 % in 
substitution of cement to reproduce CEM II/A-L used in former studies [5,18]. Silica sand (98.5 
% SiO2, d50 = 25.5 µm) was added to counterbalance the lower water content in calcium sulfate 
hemihydrate, as mentioned in the former subsection. 

4.2.1.2. Accelerators 

The composition and characteristics of the accelerators employed are summarized in 
table 4.5. It is important to mention that these formulations do not contain any additives as 
stabilizing agents. 
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Table 4.5 - Composition and characteristics of accelerators. 

Characteristic AKF 0.33 AKF 0.60 AKF 0.74 ALK 

Solid content (%) 40.16 45.99 49.11 43.00 

Al2O3 content (%) 7.44 13.47 16.59 24.00 

SO42- content (%) 21.04 21.04 21.04 - 

Formic acid content (%) 11.48 11.48 11.48 - 

Na2O content (%) - - - 19.00 

pH at 20 oC 2.8 3.0 2.9 12.0a 

Al2O3/SO42- molar ratio 0.33 0.60 0.74 - 

a Solution at 1.0 %. 

The formulations of alkali-free accelerators are similar to the accelerators used in 
chapter 3 (table 3.4). These formulations contain the same sulfate and formic acid contents and 
the aluminum concentration was the only factor varying in their composition. Therefore, 
different Al2O3/SO42- molar ratios were obtained, varying from 0.33 (the same ratio as in 
ettringite) to 0.74. Their nomenclature is determined by ‘AKF Al2O3/SO42- molar ratio’. The 
alkaline accelerator is based on a sodium aluminate solution, does not contain sulfate ions and 
is identified by ‘ALK’. 

4.2.2. Composition and preparation of cement pastes 

Reference pastes (without accelerator) are composed by cement, a water/cement (w/c) 
ratio equal to 0.45 and superplasticizer at 1.0 % bcw. In accelerated pastes, alkali-free 
accelerators were added at the dosages of 5.0 and 7.0 % bcw, while the alkaline accelerator was 
used at the dosage of 3.0 % bcw. All pastes were prepared by hand-mixing, according to the 
procedures described in section 3.2.2, and were destined to the tests right after accelerator 
homogenization. Accelerated pastes are named ‘cement type’_‘accelerator name and dosage’. 
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4.2.3. Test methods 

Tests conducted with cement pastes are shown in table 4.6. In situ XRD, isothermal 
calorimetry and SEM were performed with cements pastes following the procedures described 
in sections 3.2.3.3, 3.2.3.4 and 3.2.3.6, respectively.  

Table 4.6 - Tests conducted with cement pastes. 

Test Sample Age / period of time 

In situ XRD Fresh paste 0 - 48 h 

Isothermal calorimetry Fresh paste 0 - 24 h 

SEM Freeze-dried paste 15 min, 3 and 12 h after accelerator addition 

In situ XRD was conducted with pastes OPC 96_G 4_AKF 0.60 7%, OPC 96_G 4_AKF 
0.74 7% and SRC 96_G 4_AKF 0.74 7%. These pastes were selected to evaluate how Al3+ 
concentration in accelerators and C3A content in cements containing 4.0 % of gypsum (resulting 
in different final C3A/SO3 ratios) influence the mechanisms and kinetics of hydration. 
Isothermal calorimetry was performed with a total of 56 accelerated pastes, produced by the 
combination of 8 types of cement (table 4.2), 3 alkali-free accelerators employed at 5.0 and 7.0 
% bcw and 1 alkaline accelerator used at 3.0 % bcw (table 4.5). SEM was performed with pastes 
OPC 96_G 4_F_AKF 0.60 7% and OPC 96_G 4_F_ALK 3% with the aim to analyze how the 
presence of limestone filler influences the microstructure after accelerator reaction. 

4.3. Results and discussion 

4.3.1. Evolution of phase composition during hydration and its relation to the heat flow 

curves 

The quantitative evolution of phase composition and the associated heat flow curves 
obtained at 26 oC are presented altogether in figure 4.2. In order to simplify the interpretation 
of the graphs, only the reacting phases (alite, C3A, gypsum, portlandite, ettringite, AFm and 
amorphous) are presented. Slow reacting phases (belite and ferrite) were not plotted. 
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Figure 4.2 - Evolution of the contents of alite, portlandite and amorphous (a, b, c), C3A, gypsum, ettringite and 
AFm phases (d, e, f) and heat flow curves (g, h, i) obtained with pastes OPC 96_G 4_AKF 0.60 7% (left), OPC 

96_G 4_AKF 0.74 7% (medium) and SRC 96_G 4_AKF 0.74 7% (right) at 26 oC.  

All the pastes present a massive precipitation of ettringite due to accelerator reaction, 
according to chemical equation 2.11, from table 2.5. This process is associated with the sharp 
exothermic signal in the heat flow curve at 1 h (accelerator peak). Initial C3A hydration with 
gypsum also produces ettringite, but at a minor extent. The amount of ettringite precipitated 
initially is directly proportional to Al3+ concentration in accelerators and to C3A content in 
cement (OPC 96 G 4_AKF 0.74 7% > OPC 96 G 4_AKF 0.60 7% > SRC 96 G 4_AKF 0.74 
7%). The amount of gypsum left after accelerator addition follows the reverse order of the 
quantity of ettringite formed, as expected.  

In paste OPC 96_G 4_AKF 0.60 7%, gypsum remaining after accelerator reaction (2.6 
% by mass) dissolves to balance Ca2+ and SO42- concentrations in the liquid phase. In addition, 
it is constantly consumed by C3A, with consequent ettringite formation until 3 h. At this time, 
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gypsum depletes and C3A starts to react with ettringite, forming monosulfoaluminate. This 
process corresponds to the exothermic peak between 3 and 7 h in the heat flow curve. This paste 
is undersulfated because C3A hydrates before the onset of silicate hydration [54,60].  

Alite is consumed slowly until 7 h, increasing the concentration of calcium and silicate 
ions in the liquid phase. At 7 h, the onset of the main hydration peak occurs, increasing the rate 
of alite consumption and portlandite and amorphous phases precipitation. C3A continues 
reacting with ettringite, forming AFm phases, during the acceleration period until 13 h. Finally, 
the deceleration period starts and hydration proceeds at a slow rate from 24 h on. 53.3 % of 
alite were consumed until 48 h of hydration. 

Paste OPC 96_G 4_AKF 0.74 7% presents the same hydration behavior as OPC 96_G 
4_AKF 0.60 7%. However, as accelerator AKF 0.74 contains 23 % more Al3+ than AKF 0.60 
(table 4.5), less gypsum remains after accelerator reaction (1.8 % by mass). In addition, faster 
rates of ettringite precipitation and gypsum consumption are observed. The maximum ettringite 
content is achieved at 3 h, coinciding with gypsum depletion, the onset of the accelerated C3A 
hydration and the beginning of AFm phases formation. Due to lower gypsum amounts left after 
accelerator reaction, the peak related to C3A hydration is wider and less intense than in paste 
OPC 96_G 4_AKF 0.60 7% (similarly to results from [42]).  

The larger amount of aluminate hydrated phases precipitated until 3 h when accelerator 
AKF 0.74 is employed contributes to a larger space filling in the matrix. In addition, aluminum 
in solution may be adsorbed on C-S-H nuclei or even substitute silicon in calcium silicate 
hydrate, forming C-A-S-H [61]. This phase does not act as a nucleation site and, therefore, 
induction periods are increased, as discussed in section 2.3.3.2. Furthermore, the incorporation 
of aluminum on the surface of silicate-containing phases decreases their solubility and 
reactivity, as indicated by [59].  

The combination of these processes is detrimental for alite hydration and for mechanical 
strength development. In paste OPC 96_G 4_AKF 0.74 7%, alite dissolution is inhibited, the 
onset of the main hydration peak is retarded (it starts at around 7.8 h) and reaction rates during 
the acceleration peak are slower. In this paste, 48.7 % of alite hydrated until 48 h (9.4 % less 
than in paste OPC 96_G 4_AKF 0.60 7%). 

The hydration behavior of paste SRC 96_G 4_AKF 0.74 7% differs from the other 
pastes analyzed. Initial ettringite amount in this paste is the lowest because the SRC clinker 
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contains 3 times less C3A than the OPC clinker (table 4.3). As a result, the amount of gypsum 
left after accelerator addition is the highest (4.5 % by mass). Furthermore, as this paste presents 
the lowest final C3A/SO3 ratio (0.41, table B.1), the rate of C3A hydration is slower and gypsum 
depletes after the acceleration period of alite hydration. The maximum ettringite content is 
achieved around 12 h and is maintained constant after that. AFm phases were not detected until 
the end of this test. 

Paste SRC 96_G 4_AKF 0.74 7% is properly sulfated, because C3A hydration occurs 
after the onset of the main hydration peak [54,60]. Since the early space filling caused by 
accelerated undersulfated C3A reactions is avoided, alite hydration is not negatively affected. 
In fact, alite is constantly consumed during the induction period to balance the chemical 
equilibria disturbed by the accelerator. The rate of reaction during the acceleration period is 3.8 
times higher than in OPC 96_G 4_AKF 0.74 7%. Until 48 h, 54.5 % of alite were consumed 
(12 % more than in the equivalent OPC paste). 

4.3.2. Influence of cement and accelerator composition on the kinetics and mechanisms 

of hydration of accelerated pastes 

Results obtained by isothermal calorimetry performed at 20 oC with all the pastes 
analyzed are presented from figure B.1 to B.8, in Appendix B. To analyze the influence of 
different mix composition on hydration, the parameters described in table 3.8 were used to 
analyze heat of hydration curves. Results from this analysis are shown in table B.1, also in 
Appendix B. Discussion of results is presented subsequently, separated by each parameter 
analyzed.  

4.3.2.1. Al3+ content in accelerator and accelerator dosage 

As the quantity of Al3+ introduced in the paste depends on accelerator dosage, these 
parameters are analyzed simultaneously. Considering ettringite as the only sulfoaluminate 
hydrate immediately formed by accelerator reaction, the theoretical ettringite amounts produced 
by each accelerator are presented in table 4.7. The higher the Al3+ content incorporated in the 
paste, the larger the amount of ettringite produced. 
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Table 4.7 - Theoretical amounts of ettringite formed by accelerator reaction. 

Accelerator Dosage 
(% bcw) 

Al3+ introduced in the 
paste (mmol/g cement) 

Ettringite formed 
(mmol/g cement) 

AKF 0.33 
5.0 0.0730 0.0365 

7.0 0.102 0.0510 

AKF 0.60 
5.0 0.132 0.0660 

7.0 0.185 0.0925 

AKF 0.74 
5.0 0.163 0.0815 

7.0 0.228 0.114 

ALK 3.0 0.141a 0.0706 

a As [Al(OH)4]-. 

Figure 4.3 shows the influence of Al3+ content on the accelerator peak in pastes OPC 
98_G 2, OPC 96_G 4 and OPC 94_G 6. The energy released follows the ascending order of the 
amount of ettringite precipitated, according to each accelerator and dosage. However, 
accelerator reaction rate presents a saturation point at 0.185 mmol of Al3+ / g cement in all 
cements analyzed. Accelerator efficiency decreases above this limit probably due to a lack of 
sulfates dissolved in the medium, because the rate of gypsum dissolution is lower than the rate 
of accelerator reaction. As a result, AFm phases may be formed at the moment of accelerator 
addition [10]. 

 

Figure 4.3 - Influence of Al3+ content introduced in the paste on the accelerator peak. 
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4.3.2.2. Al2O3/SO42- molar ratio of accelerator 

The influence of the Al2O3/SO42- ratio of accelerators on the overall hydration behavior 
is presented in figure 4.4. Since AKF 0.33 provides the lowest amount of sulfoaluminate 
hydrates at the moment of its addition, early space filling is not prejudicial for alite hydration 
to proceed normally. The shape of the main hydration peak (figures B.1, B.2 and B.3) indicates 
that cement hydration mechanisms are not negatively affected by this admixture. Since no 
sulfates from cement are required for accelerator reaction, C3A hydrates in a properly sulfated 
medium and AFm phases are formed after the acceleration period of silicate hydration. Due to 
these reasons, the energy released during the main hydration peak in all the pastes containing 
AKF 0.33 is the highest when compared to equivalent pastes with the other alkali-free 
accelerators at the same dosage.  

 

Figure 4.4 - Influence of Al2O3/SO42- ratio on the main hydration peak. 
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Accelerator AKF 0.60 promotes shorter induction periods, faster hydration rates and 
higher intensities in the main hydration peak than AKF 0.33 in all the pastes. Since AKF 0.60 
contains 81 % more Al3+ than AKF 0.33, the imbalance in the chemical equilibria caused by 
accelerator reaction favors gypsum and alite dissolutions. In addition, C3A reactions are 
accelerated and the resulting hydration rate in the main peak corresponds to the sum of silicate 
and aluminate hydrations.  

The tendencies observed for AKF 0.74 depend on accelerator dosage and gypsum 
amount in cement. In pastes OPC 98_G 2_AKF 0.74 5%, OPC 98_G 2_AKF 0.74 7% and OPC 
96_G 4_AKF 0.74 7%, induction periods are significantly increased and the reaction rate during 
the main hydration peak are reduced. As this accelerator contains the highest Al3+ concentration 
and Al2O3/SO42- ratio, the large amount of sulfoaluminate hydrates formed fills up the space 
available in the paste. The elevated consumption of sulfate ions from the liquid phase promotes 
undersulfated C3A reactions, with the consequent formation of AFm phases before the onset of 
the main hydration peak. The result of these processes is a great suppress in alite dissolution 
and further hydration. Pastes OPC 94_G 6 are not negatively affected by AKF 0.74 at 5.0 and 
7.0 % bcw, because the high Al2O3/SO42- ratio of accelerator is counterbalanced by the larger 
gypsum content in cement. 

4.3.2.3. Gypsum amount in cement and final C3A/SO3 ratio of the paste 

The influence of gypsum amount on the accelerator peak in pastes containing alkali-free 
accelerators may also be analyzed in figure 4.3. Reaction rate and the energy released in the 
accelerator peak are proportional to gypsum amount in cement, mainly for AKF 0.60 and AKF 
0.74 in both dosages. An addition of 2 % of gypsum increases the energy released by 10 % and 
reaction rate by a minimum of 30 %. AKF 0.33 does not follow this tendency because it does 
not require sulfates from the liquid phase. 

Kinetics of cement hydration after accelerator reaction is very sensitive to gypsum 
amount and the final C3A/SO3 ratio of the paste. Figure 4.5 presents heat flow curves of pastes 
OPC 98_G 2, OPC 96_G 4 and OPC 94_G 6 containing AKF 0.74 (highest Al2O3/SO42- ratio) 
at 7.0 % bcw. In cements containing lower gypsum amounts, C3A hydration is advanced due to 
a fast sulfate depletion [41,42]. In other words, as the final C3A/SO3 ratio increases, aluminate 
reaction takes place earlier, as indicated by the arrows. 
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Figure 4.5 - Heat flow curves of pastes OPC 98_G 2, OPC 96_G 4 and OPC 94_G 6 produced with AKF 0.74 at 
7.0 % bcw. Arrows represent C3A hydration in the absence of dissolved sulfates, forming AFm phases. 

Paste OPC 94_G 6_AKF 0.74 7% presents a proper sulfate balance and C3A hydration 
occurs after the acceleration period of alite hydration. Therefore, higher degrees of hydration 
are obtained at 24 h (table B.1). However, as paste OPC 96_G 4_AKF 0.74 7% is poorly 
sulfated, C3A hydration is accelerated and takes place at 6 h approximately, retarding the onset 
of the main hydration peak and reducing its intensity.  

Paste OPC 98_G 2_AKF 0.74 7% is the most unfavorable case because only 0.05 mmol 
of SO42-/g cement remains after accelerator reaction (final C3A/SO3 ratio equal to 4.03, table 
B.1). The limited sulfate content left leads to undersulfated C3A reactions, generating hydroxyl-
AFm and monosulfoaluminate [42] during the accelerator peak. The precipitation of these 
phases on alite and C3A surfaces decreases their solubility and delays their hydration, increasing 
induction periods, lowering reaction rates and broadening the main hydration peak. A small 
signal of silicate reaction can only be observed after 18 h, compromising the evolution of 
mechanical strength of the matrix. 

Figure 4.6 shows the influence of the final C3A/SO3 ratio on the main hydration peak in 
pastes OPC 98_G 2, OPC 96_G 4 and OPC 94_G 6 containing AKF 0.60 and AKF 0.74 at 5.0 
and 7.0 % bcw. Accelerator AKF 0.33 was not used in this evaluation because it does not change 
the initial C3A/SO3 ratio of cements. Increasing C3A/SO3 ratios retard the onset of the main 
hydration peak and decrease reaction rates. Therefore, lower degrees of hydration are obtained 
at 24 h.  
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Figure 4.6 - Influence of the final C3A/SO3 ratio on the main hydration peak in pastes OPC 98_G 2, OPC 96_G 4 
and OPC 94_G 6 containing accelerators AKF 0.60 and AKF 0.74 at 5.0 and 7.0 % bcw. 

In the mixes evaluated, the optimal C3A/SO3 ratio for proper cement hydration is 
between 0.67 and 0.90. Within this range, induction periods and degrees of hydration are not 
negatively affected and, more importantly, the main hydration peak presents the highest 
intensities and reaction rates. Values below 0.67 provide higher degrees of hydration in the 
main peak, although reaction rates and intensities are not optimal. On the contrary, values above 
0.90 are absolutely detrimental for cement hydration. Induction periods are significantly longer, 
retarding the hardening of the paste and the development of mechanical strength. 

The reactivity of the alkaline accelerator is also enhanced by larger gypsum amounts, as 
observed in figure 4.7. Since this accelerator is based on sodium aluminate, gypsum is the only 
sulfate source for the formation of sulfoaluminate hydrated phases. Therefore, paste OPC 94_G 
6_ALK 3%, which contains the largest gypsum amount, presents the fastest and most extensive 
accelerator reactions.  
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Figure 4.7 - Influence of gypsum amount on the reactivity of the alkaline accelerator and on the degree of 
hydration of the cement paste. 
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hydration peak, alite hydration is suppressed. Paste OPC 98_G 2_ALK 3% presents the lowest 
energy released until 24 h because it is undersulfated (C3A/SO3 ratio equal to 7.57, table B.1).  
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concentration of sulfate ions in the liquid phase. The use of hemihydrate is particularly 
important when sulfate from cement is substantially necessary to control accelerator reaction 
(accelerators dosages of 7.0 % bcw and for accelerators with Al2O3/SO42- ratios equal to 0.74). 

 

Figure 4.8 - Accelerator reaction rates in pastes OPC 96_G 4 and OPC 96_H 3.38. 

Figure 4.9 correlates the energy released in the accelerator peak and the Al3+ content 
from alkali-free accelerators in pastes OPC 96_G 4 and OPC 96_H 3.38. A linear regression 
properly fits those parameters, providing R2 values higher than 0.985 in all the cases. Values of 
linear and angular coefficients of the regressions obtained are presented in table 4.8. The 
angular coefficient represents the rate of ettringite formation [42], confirming that hemihydrate 
improves accelerator reactivity.  

 

Figure 4.9 - Correlations between the energy released in the accelerator peak and Al3+ content in accelerator in 
pastes OPC 96_G 4 and OPC 96_H 3.38 containing alkali-free accelerators. 
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Table 4.8 - Coefficients a and b for the linear regressions obtained (y = a + bx). 

Paste a b 

OPC 96_G 4_AKF 5% 3.97 205.9 

OPC 96_G 4_AKF 7% 6.81 197.2 

OPC 96_H 3.38_AKF 5% 2.90 223.7 

OPC 96_H 3.38_AKF 7% 4.27 231.2 

Linear coefficients should be close to zero considering ettringite as the only hydrate 
formed by accelerator reaction. However, linear coefficients are not zero, indicating that other 
exothermic processes occur when accelerators are added. They might be corresponded to alite 
dissolution caused by formic acid contained in accelerators [10] and to the formation of 
hydroxyl-AFm by C3A hydration in the absence of sulfates [41,42]. Since formic acid 
concentration is identical in all formulations, the heat generated by the acid dissolution must be 
equal in pastes containing accelerator dosages of either 5.0 or 7.0 % bcw. Therefore, as the y-
intercepts are lower in pastes OPC 96_H 3.38, the formation of hydroxyl-AFm during the 
accelerator peak is reduced if hemihydrate is the setting regulator, due to the higher 
concentration of sulfate ions available in the liquid phase. 

The fast consumption of sulfate ions in pastes OPC 96_H 3.38 by accelerator reaction 
advances further C3A hydration, as also observed in [42]. Consequently, a shoulder related to 
the formation of AFm phases in pastes containing Al3+ additions above 0.163 mmol/g cement 
(AKF 0.60 at 7.0 % bcw and AKF 0.74 at 5.0 and 7.0 % bcw) may be observed around 5 and 6 
h of hydration in figure B.4. The accelerated formation of AFm phases reduces reaction rates 
during the acceleration period and degrees of hydration until 24 h [19], as observed in figure 
4.10. A similar behavior is observed in the paste containing the alkaline accelerator. 
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Figure 4.10 - Slope of the main hydration peak and energy released until 24 h in pastes OPC 96_G 4 and OPC 
96_H 3.38. 
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Figure 4.11 - Reaction rates and energies associated with the accelerator peak, induction periods and energies 
released until 24 h of hydration of pastes produced with OPC 96_G 4 and SRC 96_G 4. 

The SRC clinker is coarser than the OPC clinker and induction periods are extended in 
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resulting in low rates of alite dissolution. Furthermore, C3A hydration in pastes SRC 96_G 
4_AKF 0.33 5% and SRC 96_G 4_AKF 0.33 7% is retarded due to their low final C3A/SO3 
ratios. Consequently, their degrees of hydration at 24 h are considerably reduced. 
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hydrates and reduces induction periods in SRC 96_G 4 pastes. Besides, the retardation in C3A 
hydration is not so severe because these accelerators lead to higher final C3A/SO3 ratios than 
AKF 0.33. The most synergistic effect occurs in paste SRC 96_G 4_AKF 0.74 7%, with a final 
C3A/SO3 ratio equal to 0.41 (while the equivalent OPC paste has a final C3A/SO3 ratio equal to 
1.21, which is not adequate for strength development). The accelerated undersulfated C3A 
hydration is avoided in pastes SRC 96_G 4 due to their proper sulfate balance. 

Paste SRC 96_G 4_ALK 3% presents the same overall hydration behavior as OPC 96_G 
4_ALK 3%. The accelerated C3A hydration in SRC 96_G 4_ALK 3% occurs between 3.2 and 
5 h and the energy associated with this process corresponds to 11.2 J/g cement (figure B.8). 
However, C3A hydration takes place between 1.8 and 3.4 h in the equivalent OPC paste and 
releases an energy equal to 23.0 J/g cement (figure B.2). The lower C3A content and the 
resulting lower C3A/SO3 ratio in SRC 96_G 4_ALK 3% are responsible for the retardation and 
the lower intensity of undersulfated C3A reactions.  

4.3.2.6. Limestone filler in cement 

Figure 4.12 shows the energy released by accelerator reaction in pastes OPC 96_G 4, 
OPC 94_G 6 and OPC 96_H 3.38 with and without limestone filler. Results of pastes containing 
limestone filler are presented as determined and normalized by the content of clinker plus 
calcium sulfate (87 % by mass).  
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Figure 4.12 - Energy released during the accelerator peak in pastes OPC 96_G 4, OPC 94_G 6 and OPC 96_H 
3.38 with and without limestone filler. 

Analyzing the results as determined, the energy released by accelerator reaction in 
pastes OPC 96_G 4_F and OPC 94_G 6_F is not significantly different from the equivalent 
pastes without limestone filler (the difference falls within the ± 8 % interval). However, 
considering the normalized results, it is clear that accelerator reactivity is enhanced by this 
addition. Increments of 20 % in the energy released in the accelerator peak in pastes containing 
limestone filler and accelerators AKF 0.60 and 0.74 are observed. Normalized results in pastes 
OPC 96_H 3.38_F present the same tendency, although the influence of limestone filler is minor 
when hemihydrate is the calcium sulfate source. 

Limestone filler competes with gypsum to retard C3A hydration [65,66] and may also 
control the reaction of Al3+ from the accelerator, forming hemi and monocarboaluminate [10]. 
These phases are more stable than other AFm phases at room temperature and indirectly 
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stabilize ettringite [45]. Therefore, limestone filler improves accelerator reactivity in sprayed 
concrete applications, as indicated in [1,13].  

Results suggest a synergistic effect between limestone filler and alkali-free accelerators, 
mainly for Al3+ additions above 0.163 mmol/g cement and for accelerators having Al2O3/SO42- 
ratios above 0.60 employed at 7.0 % bcw. The acidic nature of alkali-free accelerators favors 
limestone dissolution, thereby enhancing Al3+ reaction, which is limited by gypsum dissolution 
in CEM I pastes. As hemihydrate is more soluble than gypsum, it inhibits calcium carbonate 
dissolution by the common ion (Ca2+) effect, limiting its efficiency. 

Limestone filler may also act as a nucleation site for the precipitation of aluminate 
hydrated phases formed by accelerator reaction, as observed by SEM imaging. Figure 4.13.a 
and 4.13.b present the microstructure of pastes OPC 96_G 4_F_AKF 0.60 7% and OPC 96_G 
4_F_ALK 3% at 15 min of hydration, respectively. A limestone particle is indicated by an ‘L’ 
in each picture (identified by the EDS results 1 and 3).  

 

Figure 4.13 - Paste OPC 96_G 4_F_AKF 0.60 7% at 15 min (a) with corresponding EDS spectra 1 and 2 and 
paste OPC 96_G 4_F_ALK 3% at 15 min (b) with corresponding EDS spectra 3 and 4. 

In figure 4.13.a, the limestone particle is embedded in the microstructure of the matrix. 
In the region corresponding to EDS 2, aluminate hydrates precipitated on the particle are 
composed mainly by AFt phases, since the Al/S ratio is 0.39 (below 0.667, which is the Al/S 
ratio of pure ettringite). This is expected, since the alkali-free accelerator contains sulfate ions 
and ettringite is the main hydrate formed by its reaction. 
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On the contrary, aluminate hydrates precipitated on the limestone surface when the 
alkaline accelerator is used (figure 4.13.b) present an Al/S ratio equal to 1.8 (EDS 4). Hence, 
they might be composed mainly by AFm phases (in pure monosulfoaluminate, the Al/S ratio is 
equal to 2). In addition, some hydrates surrounding the limestone particle are plate-like crystals 
(such as the region identified by an arrow), which are also characteristic of AFm phases [21,71].  

Figure 4.14 shows the total energy released until 24 h in the pastes analyzed. Normalized 
results show the beneficial use of limestone filler on the overall cement hydration, mainly in 
pastes containing AKF 0.60 and AKF 0.74 (high Al3+ concentrations and high final C3A/SO3 
ratios). Besides the physical effect of clinker dilution that increases the space for the 
precipitation of hydrates [64], limestone filler avoids accelerated undersulfated C3A reactions 
and alite hydration may proceed normally. As a result, degrees of hydration at 24 h are around 
6 % higher in pastes containing this addition.  

 
Figure 4.14 - Energy released until 24 h in pastes OPC 96_G 4, OPC 94_G 6 and OPC 96_H 3.38 with and 

without limestone filler. 
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The reactivity of the alkaline accelerator is slightly reduced by the use of limestone filler 
because this addition replaces part of the calcium sulfate contained in cement initially. As 
discussed in section 4.3.2.3, gypsum amount in cement is a key parameter to control the reaction 
of this accelerator. However, limestone filler compensates the fast sulfate depletion in alkaline 
accelerated pastes by controlling C3A hydration, increasing their degree of hydration at 24 h. 

4.3.2.7. Summary of results 

Table 4.9 presents a summary of the parameters evaluated in this study and their 
influence on the overall hydration behavior of accelerated cement pastes. Ascending arrows 
indicate an increase in the parameter analyzed and descending arrows, a reduction.   

Table 4.9 - Summary of the variables evaluated and their influence on hydration kinetics. 

Parameter Change Refer to 
Effect on hydration kinetics 

Accelerator peak Induction period Main peak 

Al3+ in 
accelerator or 

accelerator 
dosage 

 
Section: 4.3.2.1 

Figure: 4.3 
 

Depends on 
Al2O3/SO42-  

ratio and final 
C3A/SO3 ratio 

Depends on 
Al2O3/SO42- 

ratio and final 
C3A/SO3 ratio 

Al2O3/SO42- ratio 
of accelerator 

 
(above 
0.60) 

Section: 4.3.2.2 
Figure: 4.4 - Increase 

 

Gypsum amount  
Section: 4.3.2.3 
Figures: 4.3, 4.7  

 

Increase 

 

Hemihydrate  
Section: 4.3.2.4 

Figures: 4.8, 4.10 
 

Decrease 

 

C3A content  
Section: 4.3.2.5 

Figure: 4.11 
 

Decrease 

 

Limestone filler  
Section: 4.3.2.6 

Figures: 4.12, 4.14 
 

Decrease 

 

Final C3A/SO3 
ratio  

Section: 4.3.2.3 
Figures: 4.5, 4.7 - Increase 
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4.4. Concluding remarks 

Chapter 4 presented the evaluation of the influence of the chemical composition of 
cements and accelerators on the hydration behavior of accelerated cement pastes. The following 
conclusions may be drawn from the experimental results:  

 Gypsum content in cement is a key parameter to balance sulfate consumption by 
accelerators and to control accelerator reactivity. Large gypsum amounts counterbalance 
high Al2O3/SO42- ratios in accelerators and avoid uncontrolled C3A reactions caused by 
sulfate depletion. As a result, alite hydrates properly and higher degrees of hydration are 
obtained until 24 h.  

 The setting regulator type plays an important role in the overall hydration process. Calcium 
sulfate hemihydrate saturates the mixing water with calcium and sulfate ions faster than 
gypsum, which increases accelerator reactivity and leads to faster rates of precipitation of 
sulfoaluminate hydrates. The fast consumption of sulfate by accelerators results in 
accelerated C3A reactions, with consequent formation of AFm phases. This process fills up 
the space available in the paste before the onset of the main hydration peak, decreasing the 
rate and extent of alite hydration. The combination of hemihydrate and accelerators with 
high Al2O3/SO42- ratios is not adequate for proper cement hydration. 

 A combination of gypsum and hemihydrate may be beneficious for cement hydration. 
Hemihydrate increases accelerator reactivity and sulfate left after accelerator reaction (in 
the form of gypsum) controls C3A hydration. Therefore, initial strength gain rate should be 
faster and alite hydration could proceed normally, achieving higher degrees of hydration at 
24 h. 

 Cements containing low C3A contents enhance accelerator reactivity because more sulfate 
is available for accelerator reaction. In pastes produced with SRC cements, the accelerated 
formation of AFm phases is avoided and alite dissolution is favored. On the other hand, 
induction periods are longer depending on accelerator type and the evolution of mechanical 
strength until 24 h may be compromised. 

 Limestone filler improves accelerator reactivity when gypsum is the calcium sulfate source. 
Calcium carbonate reacts with Al3+ from accelerator, forming hemi and 
monocarboaluminate, and act as a nucleation site for the precipitation of sulfoaluminate 
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hydrated phases formed by accelerator reaction. Besides, it compensates the fast sulfate 
depletion caused by elevated accelerator dosages and avoids accelerated undersulfated C3A 
reactions. As a result, alite hydration proceeds normally and higher degrees of hydration are 
achieved, when compared to CEM I pastes. 

 Accelerators characterized by an Al2O3/SO42- ratio equal to 0.33 (similar to ettringite) do 
not consume sulfate ions from the liquid phase and the initial C3A/SO3 ratio of cement is 
not altered. Therefore, unfavorable kinetics and mechanisms of cement hydration are 
avoided, increasing the rate and extension of alite hydration. However, ratios above 0.74 
lead to a fast sulfate depletion and to accelerated undersulfated C3A reactions. These 
processes limit the extension of alite hydration and may be detrimental for proper strength 
evolution.  

 The final C3A/SO3 ratio of accelerated pastes may be used to predict the cement hydration 
behavior. This value should be kept between 0.67 and 0.90 in CEM I pastes containing 
gypsum and alkali-free accelerators to provide proper induction periods (below 4 h after 
accelerator addition) and alite hydration rates.  

 As a recommendation, the selection of materials for an adequate compatibility between 
cement and accelerator should be based on the final C3A/SO3 ratio of the paste. Calcium 
sulfate amount in cement needs to be larger than 4.0 % and limestone filler should be 
employed. Al3+ supplied by accelerator should be in the range between 0.12 and 0.18 
mmol/g cement, preferentially combining low Al3+ concentrations and high dosages of 
accelerator for a proper dispersion of these ions in the matrix. Finally, the Al2O3/SO42- ratio 
of accelerator should be between 0.33 and 0.60. 

 Summarizing, hydration of accelerated cementitious matrices is not a simple sum of the 
reactions of the isolated phases, but the resulting interaction among all hydrated and 
unhydrated phases during the whole process. Therefore, understanding the kinetics and 
mechanisms of hydration is extremely important in order to predict the behavior of the 
cementitious matrix during its service life. 
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5. Characterization of setting and 

hardening by ultrasound measurements 

5.1. Introduction 

Ultrasound (US) measurements are a versatile tool to characterize cementitious 
matrices. During the past years, several ultrasound techniques have been used to evaluate the 
setting process [119–121], mechanical strength [122,123], porosity [124–127], permeability 
[124–127] and durability [128,129] of pastes, mortars and concrete. The influence of different 
superplasticizers and additions on early strength development has also been evaluated [130–
133].  

Since ultrasound characterization is non-destructive, it is an important tool for quality 
control of conventional concrete mixes [134]. However, studies regarding sprayed concrete are 
limited due to the difficulty in following accelerated hydration reactions. Some studies have 
already been published about the subject [101,135] and the technique provided a continuous 
monitoring of the setting and hardening processes in accelerated cementitious matrices. It was 
more representative than Vicat, needle and pin penetration tests, since these standard methods 
are discontinuous and have a limited application range for sprayed concrete characterization 
[1]. 
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Table 5.1 summarizes the most recent work conducted in the field of ultrasound 
measurements applied to cementitious matrices. Notice that the majority of the studies focuses 
on the characterization of conventional concrete by ultrasound propagation velocity and only a 
few also assesses the kinetics and mechanisms of hydration. None of them evaluates how 
accelerated chemical reactions and the resulting microstructure influence the propagation of 
ultrasound waves from a quantitative standpoint. 

Table 5.1 - Summary of recent studies on ultrasound measurements applied to cementitious matrices. 

Reference 
Samples tested Characterization Quantitative 

relation between 
ultrasound and 
phase evolution 

Conventional Accelerated Ultrasound Kinetics Phase evolution 

[114,125, 
127,128] •  • •   
[115–123, 

126] •  •    
[129] •  •  •  
[101]  • • •   
[135]  • •    

This study 
(Chapter 5)  • • • • • 

The lack of such relations may compromise the characterization of accelerated 
cementitious matrices and the applicability of ultrasound measurements in practice. Therefore, 
it is fundamental to better comprehend how the chemical reactions occurring when accelerators 
are added and the resulting phase evolution influence the overall response to ultrasound 
propagation throughout the whole hydration process. By doing so, a more complete 
characterization of the evolution of mechanical properties of the matrix at early ages may be 
achieved, improving its design and quality control.  

The objectives of the experimental campaign conducted in this chapter are:  

 Characterize setting and hardening processes in accelerated cement pastes and mortars by 
ultrasound measurements. 

 Identify the main properties and parameters that govern the propagation of ultrasound 
waves. 

 Correlate chemical properties and phase composition with ultrasound propagation velocity. 



Characterization of setting and hardening by ultrasound measurements 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Renan Pícolo Salvador 105 
 

In this part of the experimental program, tests were performed with cement pastes and 
mortars produced by mechanical mixing. The mix composition of the matrices was the same as 
the ones used in chapter 3. The experimental methodology consisted in monitoring the setting 
and hardening processes as well as the microstructure development by ultrasound propagation 
velocity. To complement this analysis, setting times were determined by the Vicat needle test 
and hydration kinetics were characterized by evolution of temperature. Results obtained by in 
situ XRD (presented in chapter 3) were used to explain the evolution of ultrasound propagation 
velocity. 

Multivariate regression analyses were conducted to better comprehend how ultrasound 
velocity and the chemical properties of the matrix are related. Results indicate the main 
chemical parameters that influence microstructure development and ultrasound propagation 
velocity, explaining their origin. The correlations obtained are a simple useful tool to evaluate 
in a quantitative way how the ultrasound velocity is affected by the chemical characteristics of 
the matrix. Therefore, this study potentiates the use of this technique for characterization and 
control of matrices containing accelerators and for the evaluation of accelerator reactivity and 
compatibility with cement. 

5.2. Experimental methodology 

5.2.1. Materials 

Cements, water, superplasticizer and accelerators employed in this section are the same 
as the ones used in chapter 3 (described in section 3.2.1). For the fabrication of mortars, standard 
silica sand following the requirements from UNE EN 196-1:2005 [136] was used.  

5.2.2. Composition and preparation of cement pastes and mortars 

5.2.2.1. Cement pastes 

Cement pastes contained the same superplasticizer and accelerators dosages as pastes 
evaluated in chapter 3 (section 3.2.2) and present the composition shown in table 3.5. The 
amount of paste required for the determination of setting times and ultrasound propagation 
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velocity was approximately 700 g. Therefore, pastes could not be hand-mixed following the 
preparation method from chapter 3. Instead, they were mechanically mixed in a conventional 
mixer, adapting the procedures from UNE-EN 196-3:2005 [99], at 20 oC and 50 % relative 
humidity. Accelerators were also added 1 h after cement and water had been mixed. The 
resulting paste was homogenized for 15 s at high speed. The molds for both tests were filled 
and consolidated manually right after accelerator homogenization. 

Even though the preparation of pastes used for ultrasound measurements were not the 
same as for the tests performed in chapter 3, it does not limit the comparison of results. In each 
particular test, identical mixing procedures were employed for all the pastes. Therefore, the 
differences observed in their hydration behavior may be associated exclusively to the reactions 
occurring between cements and accelerators. 

5.2.2.2. Mortars 

Mortars were prepared using a sand/cement ratio equal to 2.0, w/c ratio equal to 0.45 
and superplasticizer at 1.0 % bcw. Mortars contained the same accelerators dosages as cement 
pastes and also presented the composition shown in table 3.5. Batches containing 2330 g were 
prepared in a conventional mortar mixer, according to EN 196-1:2005 [136]. Accelerator 
addition and mold filling followed the same procedures as in cement pastes. 

5.2.3. Test methods 

Table 5.2 shows the tests performed with accelerated pastes and mortars. Their 
descriptions are presented subsequently. Setting times were determined with reference and 
accelerated pastes produced with CEM I and CEM II/A-L and accelerators AKF 0.38 7%, AKF 
0.42 11%, AKF 0.61 5%, AKF 0.61 7% and ALK 3%. Ultrasound propagation velocity and 
evolution of temperature were obtained with reference and accelerated pastes and mortars, 
using the same mix composition as for the determination of setting times. Apart from these 
tests, results obtained with in situ XRD from section 3.3.3 will be used for discussion of results 
and regression analyses. 
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Table 5.2 - Tests performed with cement pastes and mortars. 

Test Sample Age / period of time 

Determination of setting times Fresh paste Until final setting time 
Determination of US wave 

propagation velocity Fresh paste and mortar 0 - 24 h 

Evolution of temperature Fresh paste and mortar 0 - 24 h 

5.2.3.1. Determination of setting times 

Setting times were determined using an automatic Vicat penetrometer. Although the 
standard UNE EN 196-3 (2005) [99] prescribes the use of a normal consistency paste, a w/c 
equal to 0.45 was adopted to facilitate handling and molding of the accelerated pastes and to 
use the same composition as the one employed for the other tests. Moreover, when low w/c 
ratios are used (0.27 - 0.32, for example), initial setting occurs approximately 2 min after 
accelerator addition, even when superplasticizers are used [5]. This would make the paste 
unworkable before the mold was filled, leading to inaccuracies in the results.  

5.2.3.2. US wave propagation velocity and evolution of temperature 

Longitudinal ultrasound wave (P-wave) propagation velocity was used to monitor the 
setting and hardening processes and the microstructure development in fresh accelerated 
cement pastes and mortars. The device used for this measurement is similar to the FreshCon 
system [137]. The container consists of 2 polymethacrylate walls and 4 spacers measuring 22 
mm in length between them, where a U-shaped foam mold with an approximate volume of 140 
mL is placed. On each exterior side of the container, a longitudinal wave transducer of 500 kHz 
of central frequency is attached. 

Ultrasonic P-waves are generated by a wireless sensor network named WilTempUS, 
developed by the G-CARMA research group [134]. This system is composed by a base and a 
mote that monitor temperature, relative humidity (T/RH) and ultrasonic velocity at same time. 
Two channels coupled with commercial SHT15 sensors from Sensirion Company were 
employed to measure the temperature of the environment and the evolution of temperature of 
the hydrating sample. This experiment was performed during 24 h, with a recording interval of 
10 s during the first 2 h and of 1 min after that. 
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Figure 5.1 shows the equipment used and the execution of the experiment. As tests were 
performed with accelerated cement matrices, shrinkage could cause the loss of contact between 
the matrix and the mold, interrupting the propagation of ultrasonic waves. To solve this 
problem, a coupling device formed by two springs pressing on the walls of the mold was used 
[138]. In addition, the equipment was placed inside a sealed plastic box with relative humidity 
above 95 % to avoid decoupling.  

 

Figure 5.1 - Equipment for ultrasound measurements (a) and execution of the test (b). 

Ultrasound measurements were performed in cement pastes and mortars. In cement 
pastes, kinetics and mechanisms of hydration are not influenced by aggregates and may provide 
a clearer evaluation of the chemical processes occurring during hydration. However, 
accelerated pastes are very reactive and shrinkage may limit the progression of the test. 
Therefore, accelerated mortars were also evaluated because aggregates provide more space for 
the precipitation of hydrated phases and reduce reaction rates. As a result, the negative effects 
of chemical shrinkage are minimized and a continuous monitoring of setting and hardening may 
be obtained. 
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5.3. Results and discussion 

5.3.1. Setting times 

Figure 5.2 presents setting times determined with cement pastes. Results obtained vary 
considerably in pastes with and without accelerators. Cement hydration in reference pastes is 
significantly retarded by the superplasticizer, increasing setting times. 

 

Figure 5.2 - Setting times determined with CEM I (a) and CEM II/A-L (b) mechanically mixed pastes. 

Setting times are reduced in accelerated pastes and depend on cement type, accelerator 
type and dosage. Pastes produced with CEM II/A-L present shorter setting times than equivalent 
CEM I pastes. As discussed in section 4.3.2.6, limestone filler reacts with aluminum ions from 
accelerators, forming AFm phases [5]. Moreover, as cement is diluted by the filler addition, a 
larger space is available for the precipitation of hydrates [64]. Both processes contribute to 
reduce setting times. 

As observed in in situ XRD (section 3.3.3), the amount of ettringite formed in 
accelerated pastes is directly proportional to Al3+ concentration in accelerators. Since ettringite 
is the main product that leads to initial mechanical strength in the matrices evaluated, the larger 
the amount of ettringite formed by accelerator reaction, the shorter the setting times of the 
pastes. Therefore, the ascending order of setting times is AKF 0.42 11% < ALK 3% < AKF 
0.38 7% < AKF 0.61 7% < AKF 0.61 5% < REF. 
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5.3.2. US wave propagation velocity and evolution of temperature 

5.3.2.1. Influence of phase evolution during hydration on ultrasound velocity 

Figures 5.3 and 5.4 present the P-wave velocity, evolution of temperature and phase 
composition of pastes I_AKF 0.42 11% and II_AKF 0.61 5%, respectively. Theses pastes were 
selected because they presented the fastest and the slowest kinetics of hydration, respectively. 
The results of all the tests are presented altogether in order to recognize the main chemical 
processes that influence ultrasound propagation in the hydrating matrix. Five different stages, 
which are described subsequently, may be recognized in each picture. 

 

Figure 5.3 - Evolution of P-wave velocity, temperature and phase composition of paste MM_I_ALK 0.42 11%. 
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Figure 5.4 - Evolution of P-wave velocity, temperature and phase composition of paste MM_II_AKF 0.61 5%. 
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Fast exothermic ettringite precipitation caused by accelerator reaction. This process 
increases the solid/liquid ratio of the matrix and improves the solid phase connectivity quickly. 
As a result, a sharp increase in ultrasound propagation velocity occurs, directly proportional to 
accelerator reactivity. Alite dissolution is minimal and does not contribute to increase P-wave 
velocity. 

Stage II - induction period 

The rate of ettringite formation decreases, consequently reducing the slope of ultrasound 
velocity curve at 1.8 and 2.3 h in pastes I_AKF 0.42 11% and II_AKF 0.61 5%, respectively. 
The temperature of the pastes also reduces due to low reaction rates. The extent of alite 
consumption and portlandite precipitation is low and does not influence propagation velocity. 

Stage III - acceleration period 

The onset of alite hydration occurs, with consequent precipitation of portlandite and C-
S-H. C3A hydration continues, as observed by the constant formation of ettringite. As hydration 
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and the porosity of the matrix decreases. As a result, a constant increase in ultrasound 
propagation velocity is observed, which is directly proportional to the temperature rise of the 
matrix and to the rate of alite consumption.  

Stage IV - deceleration period 

Hydration rate starts to decelerate, leading to reductions in temperature and in the rate 
of increase of ultrasound propagation velocity.  

Stage V - deceleration period 

The transition from stage IV to stage V is accompanied by an inflection point in P-wave 
velocity. The test was interrupted in paste I_AKF 0.42 11% at around 8 h, due to the shrinkage 
of the paste and consequent decoupling of transducers. The loss of contact between the mold 
and the matrix coincides with the beginning of ettringite conversion to monosulfoaluminate. As 
ettringite has a relative low density and high molecular volume when compared to AFm phases 
[16,68], its consumption by C3A and C4AF hydrations leads to matrix shrinkage. This process 
happens mainly in CEM I pastes, due to its high C3A content, and when accelerators containing 
high aluminum concentrations are employed, because large ettringite amounts are produced. In 
these cases, pore filling caused by C-S-H and portlandite formation does not compensate the 
shrinkage originated by ettringite consumption. 

In paste II_AKF 0.61 5%, decoupling of transducers does not occur. Instead, ultrasound 
velocity stabilizes and remains constant after the beginning of stage V. As ettringite is indirectly 
stabilized by limestone filler [45] and its consumption occurs at a lower rate and extent than in 
paste I_AKF 0.42 11%, the reduction in the volume of aluminate hydrated phases is smaller. 
Therefore, shrinkage does not cause the loss of contact between mold walls and the matrix and 
ultrasound measurements continue. 

5.3.2.2. General results of cement pastes and mortars 

Figures 5.5 and 5.6 present the P-wave velocity and the evolution of temperature of 
cement pastes and mortars, respectively. Results obtained with CEM I are grouped on the left 
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and with CEM II/A-L are grouped on the right. Discussion is presented subsequently, organized 
by matrix type, cement type and accelerator type and dosage. 

 

Figure 5.5 - Evolution of P-wave velocity (a and b) and temperature (c and d) in CEM I and CEM II/A-L 
mechanically mixed pastes from accelerator addition to 24 h. 
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Figure 5.6 - Evolution of P-wave velocity (a and b) and temperature (c and d) in CEM I and CEM II/A-L 
mechanically mixed mortars from accelerator addition to 24 h. 
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mortars, the main hydration process starts earlier than in reference cement pastes because 
aggregates increase the shearing during mixing and accelerate cement hydration [12]. 

Cement 

Accelerator reactivity is improved in CEM II/A-L matrices. Since this cement contains 
23 % less C3A and 20 % more hemihydrate than CEM I (table 3.1), more sulfate is available to 
react with aluminum ions from accelerators and ettringite formation is favored. As discussed in 
section 4.3.2.6, limestone filler reacts with aluminum ions from accelerators [5] and provides a 
larger space for the precipitation of hydrates [64], increasing ultrasound propagation velocity. 
These processes also contribute to avoid the decoupling of transducers. As can be observed in 
figure 5.5.b, no decoupling occurred in CEM II/A-L pastes because the rate of ettringite 
conversion to AFm phases is lower than in equivalent CEM I pastes (according to figures 3.7.e 
and 3.7.f).  

CEM I matrices present faster hydration kinetics because this cement contains more 
alite (table 3.1) and is finer than CEM II/A-L (table 3.3). Therefore, the rate of ultrasound 
velocity increase and the maximum velocity reached after the acceleration period are 
intensified. However, decoupling occurs more often due to the faster ettringite consumption by 
C3A hydration (section 3.3.3). The ultrasound velocity curve in pastes I_AKF 0.38 7%, I_AKF 
0.42 11% and I_AKF 0.61 7% were interrupted after the deceleration period. 

Accelerator type and dosage 

Hydration of pastes and mortars without accelerator is significantly retarded by the 
superplasticizer. Induction periods in these matrices are long and the main hydration process 
starts approximately at 14 h in mortars and after 18 h in pastes. The beginning of ultrasound 
velocity increase coincides with the onset of the main hydration peak in the curves of evolution 
of temperature. 

In accelerated matrices, P-wave velocity depends on accelerator reactivity and is 
directly proportional to the amount of Al3+ added to the matrix. Matrices produced with AKF 
0.42 11% present the highest values of ultrasound velocity in the first stage because this 
accelerator produces the largest amount of ettringite and, therefore, the largest interconnectivity 
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in the solid phase. On the contrary, pastes and mortars I_AKF 0.61 5% and II_AKF 0.61 5% 
present the lowest rate of ultrasound velocity increase, since AKF 0.61 used at 5.0 % bcw is the 
least reactive accelerator and provides the lowest amount of Al3+ ions. The descending order of 
ultrasound velocity in stage I is AKF 0.42 11% > AKF 0.38 7% > AKF 0.61 7% > AKF 0.61 
5%, which is the reverse order observed in the determination of setting times. 

During the acceleration period, the rate of ultrasound velocity increase is directly 
proportional to the degree of hydration of alite and C3A and to the evolution of temperature of 
the matrix. In systems presenting low C3A/SO3 ratios (when accelerators AKF 0.38 and AKF 
0.42 are employed) alite hydration is responsible for ultrasound velocity increase. Besides, the 
formation of AFm phases by accelerated C3A reactions in matrices containing AKF 0.61 and 
ALK also contribute to increase P-wave velocity during the main hydration process. 

Ultrasound velocity curves of mortars (figures 5.6.a and 5.6.b) indicate that accelerators 
that provide a sharp initial velocity increase tend to reduce the maximum velocity reached after 
the beginning of the deceleration period. On the contrary, accelerators containing low Al3+ 
concentrations lead to a low increase in ultrasound velocity due to accelerator reaction, but the 
maximum velocity reached after the main hydration peak is above the values of the other 
mortars. The first case is exemplified by mortars I_AKF 0.42 11% and II_AKF 0.42 11% and 
the second case occurs with mortars I_AKF 0.61 5% and II_AKF 0.61 5%. The ascending order 
of ultrasound velocity in stage V in CEM I mortars is AKF 0.42 11% < AKF 0.38 7% < AKF 
0.61 7% < AKF 0.61 5%, which is the same order observed in the determination of setting 
times. 

The main reason for this fact is that matrices produced with accelerators containing high 
Al3+ concentrations stiffen quickly and do not consolidate properly [1]. As a consequence, they 
present higher porosities, which decrease P-wave velocity. In contrast, setting times in matrices 
containing low reactive accelerators are longer, which leads to a better consolidation. Therefore, 
ultrasound propagation in the deceleration period is enhanced and its velocity increases. 

In addition, since the elastic modulus of AFm phases is respectively 2 and 3.5 times 
higher than those of ettringite and C-S-H (EAFm = 42.3 GPa [139], EEttringite = 22.4 GPa [139], 
EC-S-H = 12.0 GPa [140]), undersulfated systems may lead to higher P-wave velocities during 
stage V. AFm phases formed by C3A hydration increase the elastic modulus of the matrix [125] 
and, therefore, lead to increases in ultrasound velocity. This is the case of paste and mortar 
I_ALK 3% (C3A/SO3 ratio equal to 0.76, table 3.5).  
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Paste and mortar II_ALK 3% present a different behavior from the equivalent CEM I 
matrices. Since the alkaline accelerator does not contain any sulfate in its formulation, 
aluminate ions react with calcium ions and limestone filler, forming monosulfoaluminate and 
hemicarboaluminate (chemical equations 2.12 and 2.15 from table 2.5). These phases fill up the 
pores and increase the elastic modulus of the matrix quickly. Therefore, ultrasound velocity 
increases sharply, faster than in pastes and mortars containing alkali-free accelerators. 
However, as the early formation of AFm phases limits further alite hydration, pastes and 
mortars II_ALK 3% present the lowest increase in ultrasound velocity from the acceleration 
period on. 

5.3.2.3. Comparison with final setting times 

Table 5.3 presents the final setting times and the ultrasound velocity of accelerated 
cement pastes at the time of final set. The average ultrasound velocity for CEM I pastes is (1.54 
± 0.09) km/s and for CEM II/A-L pastes is (1.53 ± 0.05) km/s. These results indicate that final 
set occurs when ultrasound velocity reaches 1.5 km/s, approximately. Paste II_AKF 0.42 11% 
deviates from this behavior due to the high accelerator reactivity and consequent difficulties in 
molding operations (this paste was not used for the calculation of average results).  

Table 5.3 - Comparison of final setting times and US velocity in mechanically mixed accelerated cement pastes. 

Paste Final setting 
time (h) 

US velocity at final 
setting time (km/s) 

I_AKF 0.38 7% 2.8 1.48 

I_AKF 0.42 11% 0.73 1.39 

I_AKF 0.61 5% 6.1 1.64 

I_AKF 0.61 7% 3.0 1.59 

I_ALK 3% 3.1 1.59 

II_AKF 0.38 7% 1.2 1.49 

II_AKF 0.42 11% 0.050 0.30 

II_AKF 0.61 5% 4.0 1.57 

II_AKF 0.61 7% 1.7 1.46 

II_ALK 3% 0.67 1.58 
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The results shown in table 5.3 are in accordance with Reinhardt and Grosse [137], who 
reported that final set could be determined when ultrasound velocities reach 1.50 km/s. This 
value may also be adopted to determine final setting times in accelerated matrices. 

Initial setting could not be correlated to ultrasound velocity because the equipment used 
in this research employs P-waves. Transversal waves (S-waves) should be used to characterize 
initial setting times [119]. 

5.4. Multivariate regression analyses 

In this section, general models to predict ultrasound propagation velocity in accelerated 
matrices were developed based on multivariate regression analyses. P-wave velocities in 
mortars were selected as the standard dependent variables, because the results obtained with 
pastes were negatively affected by shrinkage and consequent decoupling of transducers. They 
were divided in three stages (accelerator reaction: from accelerator addition until 3 h; 
acceleration period: from 5 to 11 h; and deceleration period: from 13 h on) in order to provide 
a more meaningful analysis. 

The independent variables correspond to the chemical properties of cement and 
accelerators and phase composition of pastes determined by in situ XRD (section 3.3.3). The 
most statistically significant independent variables were selected by analyses of variance (p-
values below 0.05, confidence level above 95 %) and are shown in table 5.4. Although only 
two cement types were evaluated, limestone filler was adopted as an independent variable 
because it improves all the fitted models. These parameters are considered appropriate based 
on principles of accelerators, cement and hydration chemistry. Results are presented from 
sections 5.4.1 to 5.4.4. 

Table 5.4 - Selection of statistically significant variables to model ultrasound velocity. 

US velocity stage Independent variables 

Accelerator reaction Time, ettringite content in paste, aluminum and sulfate contents in 
accelerator, filler content in cement 

Acceleration period Time, amorphous, ettringite and AFm contents in paste, filler content 
in cement 

Deceleration period Amorphous, ettringite and AFm contents in paste, filler content in 
cement, final C3A/SO3 ratio 
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5.4.1. Accelerator reaction (from accelerator addition until 3 h) 

Table 5.5 presents the parameters used to model ultrasound velocity generated by 
accelerator reaction, their coefficients and p-values. Equation 5.1 represents the best-fit model 
obtained and figure 5.7 shows a plot of the ultrasound velocity determined experimentally 
versus the values predicted by the model. 

Table 5.5 - Parameters adopted to model ultrasound velocity increase due to accelerator reaction. 

Parameter Abbreviation Coefficient P-value 

Constant - - 1.53 < 0.001 

Time (h) t 0.826 0.001 

(Time)2 t2 - 0.195 0.025 

Ettringite content in paste (%) E 0.0286 0.001 
Aluminum content in accelerator (mmol/g 

cement) Al 6.35 < 0.001 

Sulfate content in accelerator (mmol/g cement) 푆̅ 1.76 0.018 

Filler content in cement (%) F 0.101 < 0.001 

Time·Sulfate content in accelerator t·푆̅ 1.76 < 0.001 

Time·Filler content in cement t·F - 0.0199 0.017 
Sulfate content in accelerator·Filler content in 

cement 푆̅·F - 0.695 < 0.001 

 

VUS (km/s) = 
- 1.53 + 0.826·t - 0.195·t2 + 0.0286·E + 6.35·Al + 1.76·푆̅ + 

0.101·F + 1.76·t·푆̅ - 0.0199·t·F - 0.695·푆̅·F 
 Equation 5.1 
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Figure 5.7 - Plot of measured versus predicted ultrasound propagation velocity due to accelerator reaction.  

An overall R2 value of 0.980 was achieved, demonstrating that the model proposed 
provides a statistically significant prediction of the measured results. It indicates that ultrasound 
velocity increases with time, depends majorly on accelerator reactivity and is influenced by 
limestone filler, in accordance with the discussion in section 5.3.2.  

Furthermore, the model demonstrates that P-wave velocity is a function of ettringite 
amount produced by accelerator addition. Since ettringite is the main product that leads to the 
interconnectivity in the solid phase, the larger the amount of ettringite formed by accelerator 
reaction, the higher the ultrasound velocity in the matrix. The use of high dosages of 
accelerators and formulations containing high concentrations of aluminum and sulfate 
contribute to form ettringite, reducing setting times and increasing the rate of ultrasound 
velocity growth. Such situation is reflected in equation 5.1, since the ettringite content in paste 
and the aluminum and sulfate contents in accelerator appear with a positive sign. 

5.4.2. Acceleration period (from 5 to 11 h) 

Table 5.6 shows the parameters adopted to model ultrasound velocity during the 
acceleration period, their coefficients and p-values. Equation 5.2 presents the final model 
obtained and figure 5.8 represents a plot of the measured versus predicted ultrasound velocity.  

 

 

0 1 2 3
0

1

2

3  Compared data
 Linear fit: R2 = 0.980
 Inferior limit (95 %)
 Superior limit (95 %)

Pr
ed

ic
te

d 
P-

w
av

e 
ve

lo
ci

ty
 (k

m
/s

)

Measured P-wave velocity (km/s)



Characterization of setting and hardening by ultrasound measurements 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Renan Pícolo Salvador 121 
 

Table 5.6 - Parameters selected to model ultrasound velocity increase during the acceleration period. 

Parameter Abbreviation Coefficient P-value 

Constant - 0.603 0.045 

Time (h) t 0.385 < 0.001 

Amorphous phases content in paste (%) Am 0.136 0.014 

Ettringite content in paste (%) E 0.0343 < 0.001 

Filler content in cement (%) F - 0.0976 < 0.001 

(AFm phases content in paste)2 (%) AFm2 0.440 < 0.001 

Time·Amorphous phases content in paste t·Am - 0.0214 0.009 
Ettringite content in paste·AFm phases content in 

paste E·AFm - 0.0417 < 0.001 

 

VUS (km/s) = 
0.603 + 0.385·t + 0.136·Am + 0.0343·E - 0.0976·F + 

0.440·AFm2 - 0.0214·t·Am - 0.0417·E·AFm 
 Equation 5.2 

 

 

Figure 5.8 - Plot of measured versus predicted ultrasound propagation velocity during the acceleration period. 

The fitted model presents R2 equal to 0.996 and suggests a high correlation between 
measured and predicted ultrasound velocity during the acceleration period. It indicates that P-
wave velocity depends on accelerator reaction, alite and C3A hydrations.  

P-wave velocity is directly proportional to C-S-H and ettringite contents in the matrix, 
because these phases determine the interconnectivity in the solid phase. Moreover, 
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increase the elastic modulus of the matrix (section 5.3.2). Since limestone filler postpones C3A 
hydration, it contributes to reduce ultrasound velocity during the acceleration period.  

5.4.3. Deceleration period and signal stabilization (from 13 h on) 

Table 5.7 presents the parameters selected to model ultrasound velocity during the 
deceleration period, their coefficients and p-values. Equation 5.3 represents the final model 
obtained and figure 5.9 shows a plot of the ultrasound velocity determined experimentally 
versus the values predicted by the model.  

Table 5.7 - Parameters adopted to model ultrasound velocity increase during the deceleration period. 

Parameter Abbreviation Coefficient P-value 

Constant - 4.81 < 0.001 

Ettringite content in paste (%) E - 0.0540 < 0.001 

AFm phases content in paste (%) AFm 0.236 0.001 

Filler content in cement (%) F 0.132 < 0.001 

(Final C3A/SO3 ratio)2 (C/푆̅)2 2.07 0.001 
Amorphous phases content in paste·AFm phases 

content in paste Am·AFm - 0.124 0.001 

Filler content in cement·Final C3A/SO3 ratio F·C/푆̅ - 0.433 < 0.001 

 

VUS (km/s) = 
4.81 - 0.0540·E + 0.236·AFm + 0.132·F + 2.07·(C/푆̅)2 - 

0.124·Am·AFm - 0.433·F·C/푆̅ 
 Equation 5.3 

 
Figure 5.9 - Plot of measured versus predicted ultrasound propagation velocity during the deceleration period. 
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A high correlation between experimental and predicted data was obtained (R2 = 0.998). 
This model indicates that undersulfated systems (high C3A/SO3 ratios) present higher 
ultrasound propagation velocities than properly sulfated matrices, due to their larger amounts 
of AFm phases and lower contents of ettringite and C-S-H (section 5.3.2). This corroborates 
the fact the accelerators ALK and AKF 0.61 lead to higher ultrasound propagation velocities 
than accelerators AKF 0.38 and 0.42. In addition, since limestone filler leads to the formation 
of hemi and monocarboaluminate, it also favors ultrasound propagation in the deceleration 
period. 

5.4.4. Summary of results 

Table 5.8 presents a summary of the parameters studied and their influence on the 
overall ultrasound wave propagation velocity. Ascending arrows indicate an increase in the 
parameter analyzed and descending arrows, a decrease. The number of arrows in each cell is 
directly proportional to the influence of the parameter analyzed, taking into account their 
coefficient obtained in each regression from sections 5.4.1 to 5.4.3.  

Table 5.8 - Summary of the variables evaluated and their influence on ultrasound propagation velocity.  

Parameter Change 
Effect on P-wave propagation velocity 

Accelerator 
reaction 

Acceleration 
period 

Deceleration 
period 

Al3+ in accelerator or 
accelerator dosage   - - 

SO42- in accelerator   - - 

Ettringite amount 
formed by accelerator     

Filler content in 
cement     

Amorphous (C-S-H) 
content  -   

AFm content  -   

Final C3A/SO3 ratio  - -  
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5.5. Concluding remarks 

Chapter 5 presented the characterization of setting and hardening processes of 
accelerated cement pastes and mortars by ultrasound measurements. The following conclusions 
may be drawn from the experimental results:  

 Ultrasound measurements provide a clear and continuous evaluation of setting, hardening 
and microstructure development during hydration of accelerated cement matrices. The 
technique employed was sensitive to cement composition, accelerator type and dosage and 
could distinguish hydration stages. It is an interesting tool for research and development of 
new accelerator formulations. 

 Initial microstructure development is governed by accelerator reactivity. Ettringite formed 
by accelerator reaction increases the solid/liquid ratio of the matrix and improves the 
interconnectivity in the solid phase quickly. Consequently, ultrasound velocity increases 
sharply and is directly proportional to aluminum content in accelerators. 

 Increase of P-wave velocity during the acceleration period is directly proportional to 
hydration rates. As alite and C3A hydrate, forming respectively C-S-H and AFm phases, 
ultrasound velocity increases.  

 When accelerators containing high aluminum contents are employed, the matrix stiffens 
quickly and does not consolidate properly. For that reason, the porosity of the matrix is high 
and P-wave velocity during the deceleration period is reduced. 

 Undersulfated systems present higher ultrasound velocities during the deceleration period 
than properly sulfated matrices. C3A hydration in the absence of sulfates leads to higher 
ultrasound velocities because the elastic modulus of AFm phases is 2 and 3.5 times higher 
than the elastic modulus of ettringite and C-S-H, respectively. 

 Limestone filler decreases ultrasound velocity in the acceleration period because it retards 
C3A hydration. However, P-wave velocity increases in the deceleration period in CEM II/A-
L matrices because limestone leads to the formation of hemi and monocarboaluminate and 
provides a larger space for the precipitation of hydrates. 
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 Decoupling of transducers in cement pastes is associated with ettringite conversion to 
monosulfoaluminate. As AFm phases are denser than ettringite, their formation leads to 
matrix shrinkage and to the consequent loss of contact between the matrix and mold walls. 
Decoupling occurs mainly when cements contain large C3A amounts and no limestone filler 
and when high Al3+ contents are added to the matrix.  

 Final setting times in accelerated pastes may be determined when P-wave velocity reaches 
1.5 km/s.  

 Correlations between ultrasound propagation velocity in mortars and their chemical 
properties and phase composition were established. All regressions presented R2 superior 
than 0.980, indicating that the models developed provide statistically significant predictions 
of the experimental results. 
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6. Influence of spraying on hydration3 

6.1. Introduction 

Sprayed concrete differs from conventional concrete due to the method of application 
and the use of accelerators to promote a rapid stiffening of the matrix right after mixing [1]. 
Accelerators are normally added to concrete at the nozzle, just before it is sprayed onto the 
substrate. As discussed in section 2.4.1, the method employed to fabricate accelerated 
cementitious matrices has a significant repercussion on their fresh and hardened properties. 

The vast majority of studies on the compatibility and reactivity of accelerators with 
cement evaluates accelerated cement pastes produced by hand or mechanical mixing [4,10,17–
20]. However, these mixing processes differ considerably from the one used in real applications 
of sprayed concrete. This is aggravated by the fact that nearly no study on the influence of 
spraying on the microstructure or on hydration kinetics of cementitious matrices containing 
accelerators may be found. Therefore, the evaluation of how spraying influences the hydration 
behavior of accelerated cementitious matrices is crucial to understand the performance of 
sprayed concrete. 

                                                           
3 Results obtained in this chapter have been published in the paper: 
R.P. Salvador, S.H.P. Cavalaro, M. Cano, A.D. Figueiredo, Influence of spraying on the early hydration of 
accelerated cement pastes, Cement and Concrete Research, 88 (2016) 7-19. doi:10.1016/j.cemconres.2016.06.005. 
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The objectives of the experimental campaign conducted in this chapter are:  

 Investigate the influence of spraying on accelerator reactivity and further cement hydration. 

 Analyze the microstructure development and morphology of precipitated hydrates in pastes 
produced by spraying. 

 Compare spraying with hand-mixing, highlighting the main properties affected by the 
mixing process. 

In this part of the experimental program, tests were performed with cement pastes 
produced by spraying. Pastes were composed by the combination of 2 types of cement and 4 
types of accelerator. Evolution of temperature, powder XRD, isothermal calorimetry, TGA and 
SEM analysis were performed to characterize the kinetics and mechanisms of hydration of 
accelerated sprayed pastes. The characterization of hand-mixed pastes presented in chapter 3 is 
used for comparison purposes. Results obtained explain important differences in hydration 
behavior caused by the mixing process and highlight in which situations the characterization of 
matrices produced by spraying might be necessary. 

6.2. Experimental methodology 

6.2.1. Materials 

Cements, water, superplasticizer and accelerators employed in this section are the same 
as the ones used in chapter 3 (described in section 3.2.1).  

6.2.2. Composition and preparation of sprayed cement pastes 

Sprayed pastes contained the same superplasticizer and accelerators dosages as pastes 
evaluated in chapter 3 (section 3.2.2) and present the composition shown in table 3.5. However, 
the use of a w/c ratio equal to 0.45 was not feasible given the typical requirements of the 
spraying equipment. In fact, the use of such a high w/c ratio compromises the adequate setting 
of the paste right after accelerator addition and its stable adhesion to the surface of the substrate. 
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For this reason, pastes destined to spraying were produced using a w/c ratio equal to 0.324. For 
future reference, all the pastes tested in this chapter will be referred to as ‘sprayed pastes’. 

Batches containing 30 kg of paste were necessary to comply with the requirements of 
the spraying equipment (described in section 6.2.3) and to assure a homogeneous flow of paste 
through the pumping system. For this reason, cement pastes were prepared in a planetary mixer 
type 65/2 K-3, using 65 L containers. Paddle rotation and planetary speeds were 150 and 40 
rpm, respectively.  

Pastes were prepared under controlled conditions, at 20 oC and 50 % relative humidity. 
Cement and water were mixed for 240 s, followed by superplasticizer addition and additional 
240 s of mixing. Accelerator was added to the paste by spraying 1 h after cement and water had 
been homogenized. The paste was kept in a climatic chamber at 20 oC before accelerator 
incorporation, in order to follow the procedures adopted in chapter 3 (section 3.2.2). Samples 
were destined to the tests right after accelerator homogenization. 

6.2.3. Spraying process 

The spraying process was conducted inside a thermally insulated climatic chamber at 
20 oC and 50 % relative humidity, shown in figure 6.1. The equipment employed to produce 
sprayed pastes corresponds to a small-scale version of a concrete spraying system used in 
previous research [1] and is presented in figure 6.2. A helical screw pump type UP-Pictor was 
used and operated with the pressure of 6 bar, using a 3 HP air compressor. This type of pump 
is adequate for fluids like cement pastes and mortars, in contrast with piston pumps that are 
indicated to handle fluids with coarser particles [141]. It also assures a more constant flow of 
material, eliminating the pulsation effect. 

 

                                                           
4 For comparison purposes, accelerated hand-mixed pastes were also produced with a w/c ratio of 0.32 and were 
analyzed by isothermal calorimetry. Results are presented in Appendix C. 
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Figure 6.1 - Climatic chamber used for spraying.  

 

Figure 6.2 - Components of the spraying equipment for cement pastes.  

Accelerators were dosed by an air-operated diaphragm pump type P.025. This type of 
pump presented a homogeneous suction for all the accelerators, since their viscosity varied 
according to their chemical composition. The flow of accelerators depended on their type and 
dosage and was calculated based on the optimal flow of cement paste (4.9 L/min).  
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The hose for transporting the fresh material measured 4 m in length and 40 mm in inner 
diameter. At its end, a spray gun, whose details are presented in figure 6.3, was connected. It 
contained three different inlets for the ingress of cement paste, accelerator and compressed air 
(figure 6.3.a). A nozzle, developed specifically for this study, was connected at the exit of the 
gun. It had a frustum shape with base diameter, top diameter and height equal to 14.0, 6.0 and 
10.0 mm, respectively (figure 6.3.b). At the top part, an extension cylinder measuring 30.0 mm 
in length and 6.0 mm in inner diameter was installed in order to obtain a better homogenization 
of the sprayed mix. At its base, six 2 mm-holes for the inlet of accelerator and compressed air 
may be observed (see figure 6.3.c).  

 

Figure 6.3 - Spray gun (a), nozzle for cement pastes (b) and base view of the nozzle, showing the holes for the 
inlet of accelerator and compressed air (c). 

6.2.4. Test methods 

Tests conducted with cement pastes are shown in table 6.1. Their descriptions are 
presented subsequently. Evolution of temperature and powder XRD were performed with 
sprayed pastes I_AKF 0.61 7%, II_AKF 0.61 7%, I_ALK 3% and II_ALK 3%.  TGA and SEM 
were conducted with sprayed pastes I_AKF 0.61 7% and I_ALK 3%. Isothermal calorimetry 
was performed with reference sprayed pastes I_REF and II_REF and 10 different accelerated 
sprayed pastes, produced with CEM I and CEM II/A-L and accelerators AKF 0.38 7%, AKF 
0.42 11%, AKF 0.61 5%, AKF 0.61 7% and ALK 3%.  
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Table 6.1 - Tests performed with sprayed pastes. 

Test Sample Age / period of time 

Evolution of temperature Fresh paste 1 - 1.5 h 

Powder XRD Frozen and ground paste 15 min, 1, 3, 12 and 24 h after accelerator 
addition 

Isothermal calorimetry Fresh paste 0 - 24 h 

TGA Freeze-dried and ground paste 15 min, 3, 12 and 48 h after accelerator addition 

SEM Freeze-dried paste 15 min, 3 and 12 h after accelerator addition 

6.2.4.1. Evolution of temperature 

Evolution of temperature was measured in a semiadiabatic calorimeter with 300 g of 
cement paste, using thermocouples type K. This test started right after accelerator addition and 
was performed for 30 min. This period covers the accelerator reaction (accelerator peak in 
isothermal calorimetry). 

6.2.4.2. Powder XRD, Isothermal calorimetry, TGA and SEM 

Due to the logistics involved in the spraying process, it was not possible to perform in 
situ XRD with sprayed pastes. Instead, they were analyzed by powder XRD and analyzed by 
Rietveld refinement, following the procedures presented in section 3.2.3.3. Isothermal 
calorimetry, TGA and SEM were performed following the procedures described in sections 
3.2.3.4, 3.2.3.5 and 3.2.3.6, respectively.  

6.3. Results and discussion 

6.3.1. Evolution of temperature 

Evolution of temperature in hand-mixed and sprayed pastes is shown in figure 6.4. The 
temperature of the matrix during the accelerator peak in sprayed pastes is always higher than in 
hand-mixed pastes. Faster hydration kinetics caused by stronger shearing conditions during 
spraying contribute to increase the temperature of the pastes. Since the solubility of gypsum 
and hemihydrate decreases in temperatures above 30 oC [53] and C3A reactivity is enhanced by 
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the increase in temperature [35], the spraying process may lead to the formation of AFm phases 
at the moment of accelerator addition. Larger amounts of gypsum in cement may be required 
to suppress the formation of AFm phases due to the increase in temperature caused by spraying.  

 

Figure 6.4 - Evolution of temperature in CEM I (a) and CEM II/A-L (b) pastes from 1 to 1.5 h. 

6.3.2. Powder XRD 

The evolution of phase composition (alite, portlandite and ettringite) of sprayed pastes 
I_AKF 0.61 7%, II_AKF 0.61 7%, I_ALK 3% and II_ALK 3% is presented in figure 6.5. 
Results obtained with CEM I pastes are grouped on the left and with CEM II/A-L are grouped 
on the right. Results regarding hand-mixed pastes are presented in figure 3.7 (section 3.3.3.2). 
With the purpose of simplifying the comprehension of the graphs and the analysis of results, 
the difference in alite, portlandite and ettringite contents from accelerator addition until 24 h in 
hand-mixed and sprayed pastes is summarized in table 6.2. 
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Figure 6.5 - Evolution of the contents of alite (a and b), portlandite (c and d) and ettringite (e and f) in CEM I 
and CEM II/A-L sprayed pastes from accelerator addition to 24 h. 
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Table 6.2 - Variation in the contents of alite, portlandite and ettringite during the first 24 h of hydration in 
accelerated pastes. 

Variation in 
phase content 

HM_I_
AKF 

0.61 7% 

HM_I_
ALK 
3% 

HM_II_
AKF 

0.61 7% 

HM_II_
ALK 
3% 

SP_I_ 
AKF 

0.61 7% 

SP_I_ 
ALK 
3% 

SP_II_ 
AKF 

0.61 7% 

SP_II_ 
ALK 
3% 

Alite consumed  
until 24 h (%) 31.1 25.5 26.3 26.5 30.8 25.8 20.5 25.2 

Portlandite formed 
 until 24 h (%) 19.1 19.4 16.6 20.2 14.2 18.5 9.7 14.8 

Ettringite formed  
at 15 min (%) 9.9 13.3 13.9 14.8 9.7 9.3 9.3 6.0 

Ettringite formed  
until 24 h (%) 24.7 17.0 26.7 22.5 24.1 14.6 19.1 14.7 

The mixing procedure leads to major differences in the evolution of phase composition, 
although cement pastes produced by both processes have the same mix composition. In hand-
mixed pastes, cement hydration proceeds at a larger extent and rate until 24 h, providing a 
higher consumption of alite and the consequent formation of larger amounts of portlandite. The 
differences in phase composition are more sensitive to accelerator type in sprayed pastes.  

Ettringite is the main hydrate affected by the mixing process. As observed in table 6.2, 
variations in ettringite contents are more noticeable when accelerator ALK 3% is used, because 
its reaction depends on gypsum dissolution. Ettringite contents at 15 min in pastes HM_I_ALK 
3% and HM_II_ALK 3% are 30 and 60 % higher than in the equivalent sprayed pastes, 
respectively. At 24 h, pastes HM_I_ALK 3% and HM_II_ALK 3% contain 24 and 35 % more 
ettringite than sprayed pastes with the same accelerator. Regarding pastes produced with AKF 
0.61 7%, ettringite amounts in HM_I_AKF 0.61 7% and HM_II_AKF 0.61 7% are 2.0 and 33 
% larger than the equivalent sprayed pastes at 15 min and 2.4 and 29 % larger at 24 h. 

A possible explanation to this fact is that ettringite is formed too rapidly during spraying 
due to the high shearing conditions achieved in this case. The early-formed aluminate hydrates 
might present a low degree of crystallinity and be disposed in a gel-like structure. A similar 
outcome was already reported by [111], who observed a gel-like structure in ettringite 
precipitated at very early ages. Therefore, the lower crystallinity of ettringite in sprayed pastes 
may be expected, since a short time is available for the nucleation of crystals. 

Furthermore, ettringite formed during the spraying process might not be suitably 
oriented for X-ray diffraction. In the case of needle-like structures, crystals disposed in a diffuse 
orientation cause the decrease of the intensities of diffracted X-ray beams. The result of the 
formation of precipitates in a disarranged microstructure is the quantification of lower amounts 



Chapter 6 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

136 Accelerated cementitious matrices: hydration, microstructure and mechanical strength 
 

of ettringite. As far as hydration progresses and once nucleation of ettringite occurs, crystal 
growth becomes rapid and the X-ray intensity due to ettringite strengthens up.  

To evaluate the composition of aluminate hydrates precipitated in the first hour after 
accelerator addition, the evolution of C3A and gypsum contents in hand-mixed and sprayed 
pastes is shown in table 6.3. In sprayed pastes, C3A hydration is favored and less gypsum is 
consumed from 15 min to 1 h than in hand-mixed pastes. The C3A/gypsum ratio of the hydrates 
formed from 15 min to 1 h, considering that all gypsum was consumed during C3A hydration, 
is higher in sprayed pastes. This indicates that the formation of AFm phases is advanced and 
may take place during the accelerator peak, lowering ettringite contents in sprayed pastes. This 
process is more evident when accelerator ALK 3% is used and in the pastes containing CEM 
II/A-L. 

Table 6.3 - Evolution of the contents of C3A and gypsum in the first hour after accelerator addition in accelerated 
cement pastes.  

Phase content 
HM_I_

AKF 
0.61 7% 

HM_I_
ALK 
3% 

HM_II_
AKF 

0.61 7% 

HM_II_
ALK 
3% 

SP_I_ 
AKF 

0.61 7% 

SP_I_ 
ALK 
3% 

SP_II_ 
AKF 

0.61 7% 

SP_II_ 
ALK 
3% 

C3A at 15 min (%) 2.3 2.1 1.5 1.8 2.8 3.0 3.1 3.1 

C3A at 1 h (%) 2.1 1.9 1.4 1.7 2.5 2.6 2.8 2.6 
Gypsum at 15 min 

(%) 4.7 1.5 3.8 3.2 2.0 1.0 2.0 2.0 

Gypsum at 1 h (%) 3.8 0.0 3.1 1.3 1.2 0.0 1.5 1.3 

C3A/gypsum ratio 
of hydrates formed 
from 15 min to 1h 

0.22 0.13 0.14 0.05 0.38 0.40 0.60 0.71 

6.3.3. Isothermal calorimetry 

Heat of hydration curves of all sprayed pastes analyzed are presented in figure 6.6. 
Results obtained with CEM I pastes are presented on the left, whereas results from CEM II/A-
L pastes are on the right. Figures 6.6.a and 6.6.b represent the curve from 0 to 24 h, while 
figures 6.6.c and 6.6.d present the heat flow generated in the accelerator peak. The characteristic 
points of the heat flow curves determined according to table 3.8  are summarized in table 6.4 
and the conclusions derived from this analysis are presented subsequently.  
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Figure 6.6 - Heat flow curves obtained with CEM I and CEM II/A-L sprayed pastes from 0 to 24 h (a and b) and 
from 1.0 to 1.5 h (c and d). 
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Table 6.4 - Analysis of the heat flow curves obtained with sprayed pastes. 

Paste 

Slope - 
accel. 
peak 

(mW/g.h) 

Energy 
released - 

accel. peak 
(J/g) 

Maximum 
heat flow - 
accel. peak 

(mW/g) 

Induction 
period 

(h) 

Slope 
acceleration 
- main peak 
(mW/g.h) 

Energy 
released - 
main peak 

(J/g) 

Maximum 
heat flow - 
main peak 

(mW/g) 

Energy 
released 
until 24 
h (J/g) 

I_REF - - - 13.35 0.50 151.2 3.32 116.1 
I_AKF 
0.38 7% 2818 51.58 88.8 2.10 0.66 174.1 4.37 192.3 

I_AKF 
0.42 11% 6424 63.38 156.6 1.91 1.02 156.2 4.90 184.2 

I_AKF 
0.61 5% 3187 43.22 91.7 1.77 0.40 141.8 3.32 153.4 

I_AKF 
0.61 7% 4644 53.07 108.3 1.76 0.52 125.0 3.30 148.7 

I_ALK 
3% 2434 35.40 62.1 1.66 1.02 152.7 3.87 174.1 

II_REF - - - 15.16 0.37 139.3 2.47 80.0 
II_AKF 
0.38 7% 10510 62.91 198.1 3.41 0.17 132.6 2.58 147.5 

II_AKF 
0.42 11% 4352 57.47 130.3 1.98 0.59 169.5 3.30 179.4 

II_AKF 
0.61 5% 3016 37.05 77.7 4.46 0.20 144.6 2.35 140.8 

II_AKF 
0.61 7% 3465 60.83 133.7 2.14 0.36 111.2 2.54 139.5 

II_ALK 
3% 8685 51.60 152.4 2.38 0.57 141.9 3.20 160.1 

Results indicate that the rate of accelerator reaction (considered as the slope of the 
ascending part of the accelerator peak) is more than two times higher in sprayed pastes in 
comparison with hand-mixed pastes (see table 3.8 for the results of hand-mixed pastes). As this 
rate depends on the mixing procedure, it can be assumed that accelerator reaction is transport-
controlled. In other words, the homogenization of the accelerator ions into the matrix is the 
limiting process of the reaction [19]. The stronger shearing conditions achieved through 
spraying turn the paste and the accelerator into small particles, as aerosols, and the reaction 
takes place faster due to a better homogenization.  

A similar outcome is observed if the energy released and the maximum heat flow of the 
accelerator peak are analyzed. Again, sprayed pastes reach values considerably higher than the 
equivalent hand-mixed ones. The biggest difference is verified in pastes with CEM II/A-L, due 
to the presence of limestone filler and larger amounts of hemihydrate. Calcium carbonate from 
the filler may react with aluminate ions from accelerators and may also be partially dissolved 
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by the H+ ions contained in alkali-free formulations, as discussed in section 4.3.2.6. Both 
processes contribute to increase the heat generated in the accelerator peak. 

The rate of heat flow during the acceleration period, the energy released and the 
maximum heat flow obtained in the main hydration peak are also influenced by the mixing 
process (tables 3.9 and 6.4). Hand-mixed and sprayed pastes containing alkali-free accelerators 
present the same general mechanisms of hydration for both cements (see figures 3.9 and 6.6). 
However, the rate and extent of alite hydration in sprayed pastes is lower, as observed by the 
smaller slope, energy released and maximum heat flow obtained in the main peak.  

In sprayed pastes with the alkaline accelerator (SP_I_ALK 3% and SP_II_ALK 3%), 
the main hydration peak is not dissociated into two thermal events, as in hand-mixed pastes 
(figure 3.9). A possible explanation to such difference is that the AFm formation might be 
advanced in time and occur during the accelerator peak due to the more efficient dispersion 
achieved with the spraying process. Consequently, the exothermic signals generated in 
ettringite and AFm formation are overlapped and cannot be distinguished. It may also be a 
consequence of the higher temperatures achieved during spraying (section 6.3.1) and is in total 
agreement with the results obtained from powder XRD (section 6.3.2).  

This early formation of AFm phases is more pronounced in paste SP_II_ALK 3% due 
to the presence of limestone filler. The spraying process may favor the dissolution of calcium 
carbonate and its contact with aluminate ions, contributing to the formation of carbonated AFm 
phases, like hemi or monocarboaluminate. In addition, limestone filler controls C3A hydration, 
indirectly stabilizing ettringite [45]. Since ettringite is the main product that provides initial 
mechanical strength when such accelerators are used, limestone filler improves their reactivity 
in sprayed concrete applications, as discussed in section 4.3.2.6. 

The rate of reaction during the main hydration peak can also be observed in the energy 
release curves from figure 6.7. The curves corresponding to the sprayed pastes with alkali-free 
accelerators present a lower reaction rate (constant decrease in slope) from 12 h on, when 
compared to hand-mixed pastes (figure 3.10). As accelerator reaction occurs faster in sprayed 
pastes, aluminate hydrates fill up the pores more quickly, inhibiting the precipitation of silicate 
hydrates due to a lack of space [19]. This leads to lower degrees of hydration in sprayed pastes 
until 24 h. In other words, sprayed pastes tend to present higher reaction rates when the 
accelerator is added and lower hydration rates in the following hours. 
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Figure 6.7 - Energy release curves obtained with CEM I (a) and CEM II/A-L (b) sprayed pastes from accelerator 
addition to 24 h. 

The same behavior is observed in the pastes with the alkaline accelerator. In sprayed 
pastes, lower rates of hydration and lower maximum heat flows are observed. The accelerated 
C3A reaction causes a delay in alite hydration, broadening the main hydration peak and 
lowering its intensity. In this case, alite solubility might be the limiting step of the hydration 
process, as also observed in [10].  

The spraying process mainly influences systems with higher C3A/SO3 ratios, such as 
pastes with alkaline accelerators. The accelerated formation of AFm phases inhibits alite 
hydration. Since alkali-free accelerators also contain sulfates in their composition, the effect of 
spraying on cement hydration with this type of accelerator is not as significant as in alkaline 
accelerated pastes. 

6.3.4. TGA 

Results corresponding to the quantification of portlandite and chemically bound water 
by thermogravimetry are shown in table 6.5. A clear influence of the mixing process on the 
hydration behavior of cement pastes is observed. Sprayed pastes contain portlandite amounts 
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3.10 for the results of hand-mixed pastes). This may be attributed to the inhibition in alite 
hydration caused by the massive precipitation of aluminate hydrates when accelerator is added. 
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and accelerator and becomes more evident as hydration proceeds.  
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Table 6.5 - Portlandite and chemically bound water quantified by thermogravimetry in sprayed pastes I_AKF 
0.61 7% and I_ALK 3%. 

Compound Age SP_I_AKF 0.61 7% SP_I_ALK 3% 

Portlandite 
(%) 

15 min 2.28 1.65 

3 h 2.55 1.69 

12 h 9.39 10.76 

48 h 14.67 15.21 

Chemically 
bound water 

(%) 

15 min 3.72 2.79 

3 h 4.17 2.46 

12 h 9.74 8.82 

48 h 14.53 13.24 

The same trend is observed regarding the quantification of chemically bound water. 
Sprayed pastes SP_I_AKF 0.61 7% and SP_I_ALK 3% present 10 and 18 % less chemical 
bound water at 15 min than the equivalent hand-mixed pastes. Those differences become 
respectively 21 and 10 % at 48 h and indicate that alite hydration proceeds slower in sprayed 
pastes and lower degrees of hydration are obtained during the period analyzed. These data 
corroborate the results obtained in powder XRD and isothermal calorimetry (sections 6.3.2 and 
6.3.3). 

For both types of accelerators, larger amounts of chemically bound water were expected 
in sprayed pastes at 15 min due to faster initial rates of reaction. However, accelerator reaction 
reaches its maximum 3 min after its addition (see figures 6.6.c and 6.6.d) and the difference 
between mixing processes may reduce in the course of the 12 min left to reach the first time 
interval analyzed. In addition, the temperature range between 50 and 200 oC comprehends the 
dehydration of ettringite, AFm phases, C-S-H, gypsum and hemihydrate and it is not possible 
to quantify how much water corresponds to each phase. Anyhow, it is possible to conclude that 
sprayed pastes have smaller amounts of C-S-H since they contain lower contents of portlandite 
in the periods evaluated. 

Although AFm phases cannot be quantified properly by TGA, their presence in the 
sprayed paste with the alkaline accelerator (SP_I_ALK 3%) at 15 min of hydration may be 
detected. As observed in figure 6.8, the DTG curve presents two shoulders around 138 and 180 
oC related to the formation of monosulfoaluminate, which was also observed by [142]. In 
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addition, the shoulder around 250 oC corresponding to the water loss from the dehydroxylation 
of the aluminum hydroxide column in ettringite [97] is more pronounced in the hand-mixed 
paste.  

 

Figure 6.8 - DTG curves of pastes HM_I_ALK 3% and SP_I_ALK 3%, 15 min after accelerator addition. 

These observations indicate that the high shearing conditions achieved during spraying 
induce the formation of AFm phases. They are associated with the enhanced aluminate 
reactivity and low sulfate availability in the paste with the alkaline accelerator (high final 
C3A/SO3 ratio). These processes validate the analysis of the accelerator peak in the calorimetric 
curves. 

6.3.5. SEM and EDS microanalysis 
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presented in figure 6.9 and 6.10, respectively. Both figures are organized as the hand-mixed 
pastes (figure 3.11 to 3.13, from section 3.3.6), containing two images of each paste freeze-
dried at 15 min, 3 and 12 h of hydration. 
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Figure 6.9 - SEM images of paste SP_I_AKF 0.61 7% at 15 min (a and b), 3 h (c and d) and 12 h (e and f). 
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Figure 6.10 - SEM images of paste SP_I_ALK 3% at 15 min (a and b), 3 h (c and d) and 12 h (e and f). 
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The microstructure of the sprayed paste SP_I_AKF 0.61 7% at 15 min (figures 6.9.a and 
6.9.b) is less organized than the equivalent hand-mixed paste at the same age (figures 3.12.a 
and 3.12.b). It is mainly composed by less-regularly-formed and highly dispersed aluminate 
hydrates. Ettringite needles present rounded terminations and measure approximately 1.5 μm 
(25 % shorter than the crystals formed in hand-mixed pastes at the same age). The difference 
in morphology is caused by the faster accelerator reaction during spraying. The region analyzed 
by EDS has an Al/S ratio equal to 0.93, which indicates the coexistence of AFt and AFm phases 
precipitated on a cement grain surface. 

At 3 h of hydration (figures 6.9.c and 6.9.d), ettringite needles have grown and measure 
approximately 2 μm in length. In spite of that, their morphology does not present the same 
arrangement as in hand-mixed pastes (figures 3.12.c and 3.12.d), being still characterized by 
diffusely oriented needles. Such outcome corroborates the hypothesis described in section 6.3.2 
and the data obtained in powder XRD (the disarranged microstructure leads to the quantification 
of smaller amounts of ettringite by XRD). 

At 12 h of hydration, large pores are observed (diameter of 21 µm in figure 6.9.e). These 
large pores are formed because the fast setting matrix does not consolidate properly and entraps 
air during spraying and may lead to reductions in mechanical strength. Figure 6.9.f shows that 
cement grains present a large surface covered by hydrated phases. The formation of highly 
dispersed ettringite and other aluminate hydrates may decrease the rate of alite dissolution and 
limit further hydration due to space filling. That is a plausible explanation on why sprayed paste 
SP_I_AKF 0.61 7% presents a lower degree of hydration than the equivalent hand-mixed one. 
Such results are in line with the observations derived from the analysis of the energy release 
curves in isothermal calorimetry (see figures 3.10 and 6.7).   

Regarding the sprayed paste with the alkaline accelerator at 15 min of hydration 
(SP_I_ALK 3% in figures 6.10.a and 6.10.b), the formation of aluminate hydrates over the 
surface of cement grains can be observed. These hydrates present an Al/S ratio equal to 1.35 
and may be composed mainly by AFm phases. They are formed by the fast reaction of the 
accelerator with calcium ions in a medium with limited sulfate content. 

At 3 h of hydration (figures 6.10.c and 6.10.d), hydrates formed in the sprayed paste 
SP_I_ALK 3% are hexagonal plates, presenting an Al/S ratio equal to 7.0 and an elevated 
sodium content. This aluminate hydrate may be the U-phase, also observed in hand-mixed 
pastes (figure 3.13.c and 3.13.d). Sodium concentration in the liquid phase in the sprayed paste 
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is 0.58 mol/L ([Na+] equal to 0.184 mmol/g cement and w/c ratio equal to 0.32), which is also 
above the minimum for U-phase formation (0.40 mol/L, according to [115]). 

The mixing procedure influences the morphology and the dispersion of this AFm phase 
significantly. This hydrate presents diameters varying from 12 to 40 µm and tends to 
agglomerate in hand-mixed pastes (figure 3.13.c). However, the average diameter in sprayed 
pastes is 3 µm and its dispersion is more homogeneous (figure 6.10.c). This difference in 
microstructure is caused by the high shearing conditions and better accelerator homogenization 
during spraying, similarly to the pastes with the alkali-free accelerator. 

At 12 h of hydration (figures 6.10.e and 6.10.f), hydrates are more uniformly distributed 
in the whole matrix and present an Al/S ratio equal to 2.0, being composed by AFm phases. 
According to the discussion from section 3.3.3, AFm phases precipitated on the surface of a 
cement grain contribute to reduce the degree of hydration of alite in alkaline accelerated pastes. 
This fact justifies the smaller hydration degree measured at 24 h in sprayed pastes. 

6.4. Considerations regarding sprayed concrete 

The experimental campaign conducted in this chapter dealt with the chemical 
characterization of sprayed pastes in a laboratory scale. Cement pastes were employed to avoid 
the influence of aggregates on hydration kinetics and on the microstructure of the matrix. By 
doing so, results were based purely on the chemistry of cements and accelerators and on the 
mixing procedure. 

The hydration behavior and the microstructure of sprayed concrete may differ from the 
results obtained with pastes, due to four main reasons: 

 Equipment used for spraying concrete is more powerful than the small-scale equipment 
developed for this study. Then, shearing conditions are stronger, which may increase 
reaction rates [1]. 

 Aggregates also improve shearing conditions and accelerate cement hydration, as observed 
by [12]. They may also act as nucleation sites for the precipitation of hydrated phases, 
influencing the microstructure development. 
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 Aggregates dilute cement and accelerator and, therefore, concrete is a less reactive system 
than cement pastes. Therefore, the temperature reached during hydration is lower than in 
pastes and may alter the composition of the hydrated phases and the porosity of the matrix 
significantly [16].  

 Coarse aggregates generate a high impact energy during spraying, which improves the 
consolidation of the matrix and alters its microstructure. In addition, coarse aggregates 
rebound during concrete spraying and produce a cement-rich layer between the substrate 
and the concrete, causing heterogeneities in the microstructure of the matrix [77]. 

6.5. Concluding remarks 

Chapter 6 presented the influence of the mixing procedure on the kinetics and 
mechanisms of hydration of cement pastes containing alkali-free and alkaline accelerators. The 
following conclusions may be drawn from the experimental results: 

 As a general conclusion, spraying enhances accelerator reactivity and accelerates C3A 
hydration. Consequently, it limits alite dissolution and further hydration, leading to lower 
degrees of reaction from 12 h on. 

 The rate of accelerator reaction is transport-controlled. In sprayed pastes, aluminate ions 
from the accelerator react at a faster rate than in hand-mixed pastes. This is the result of the 
optimized diffusion and homogenization of the accelerator in the matrix. 

 Spraying accelerates sulfate depletion from the liquid phase due to increased accelerator 
reactivity and to higher temperatures achieved during mixing. Therefore, the formation of 
AFm phases is advanced and may take place during accelerator reaction. 

 Faster kinetics of accelerator and C3A reactions generated by spraying suppress alite 
hydration. The early formed aluminate hydrates fill up the space available more quickly and 
decrease the extent and rate of alite hydration due to a lack of space. Consequently, this 
process diminishes the amount of portlandite formed and leads to lower degrees of hydration 
until 24 h in sprayed pastes.  

 The mixing process influences the microstructure of the matrix significantly. In sprayed 
pastes, aluminate hydrated phases are more uniformly distributed throughout the whole 
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matrix. In addition, ettringite is found in a disarranged microstructure and is composed by 
shorter, less-regularly-formed and highly dispersed needle-like crystals. The difference in 
morphology is attributed to the high shearing conditions imposed by the spraying process, 
which cause a high diffusion of the accelerator and do not provide enough time for the 
crystals to nucleate and orientate properly. Since part of the ettringite crystals is not 
crystalline or not suitably oriented for X-ray diffraction, quantitative measurements using 
this technique provide lower ettringite contents. 

 Spraying provides a higher sensitivity in the analysis of different accelerators and is 
recommended especially in the case of alkaline formulations, because their reactivity is 
limited by gypsum dissolution. 

 As a recommendation, XRD, TGA and SEM should be preferentially conducted in sprayed 
pastes instead of in hand-mixed pastes. By doing so, a more representative quantification of 
the phases formed is obtained and variations in hydration mechanisms caused by the mixing 
process may be analyzed. 
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7. Mechanical characterization of sprayed 

mortars 

7.1. Introduction 

The performance of sprayed cementitious matrices containing accelerators is strongly 
related to their mechanical properties at short and long term. Mechanical strength development 
is the result of the combination of several factors related to mix composition, application 
method and microstructure of the matrix. In practice, this is the main parameter that governs 
the mix design and applicability of this type of matrix. 

Substantial work has been conducted in the field of accelerated cementitious matrices 
[1,4–6,10,13,18,81,143–145]. Table 7.1 summarizes the most recent ones. Notice that the 
majority of studies focuses either on the chemical processes or on the mechanical properties of 
the matrices separately. No previous work addresses the correlation between them from a 
quantitative standpoint. 
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Table 7.1 - Summary of recent studies on accelerated cementitious matrices. 

Reference 
Samples tested Characterization Correlation 

between 
properties Sprayed Hand-mixed Chemical Mechanical 

[4,5,10]  • •   
[6,81,145]  • • •  

[1,18,143,144] •   •  
[13] •  •   

This study 
(Chapter 7) • • • • • 

Although some chemical reactions are known to influence empirically the properties of 
the matrix, it is not clear how, why and to what extent they are significant. Therefore, the 
influence of accelerated hydration reactions on the evolution of mechanical strength still needs 
to be evaluated. By doing so, the performance of sprayed materials may be better understood, 
providing tools to improve their design and quality control. 

The objectives of the experimental campaign conducted in this chapter are:  

 Analyze how accelerated hydration reactions influence the evolution of mechanical strength 
at early and late ages, elucidating the main mechanisms governing the mechanical 
performance of the matrix.  

 Correlate chemical properties and phase composition of the matrix with its mechanical 
strength development, from a quantitative standpoint. 

 Specify combinations of compatible materials to provide proper mechanical properties. 

 Develop and adapt a small-scale testing for the characterization of sprayed matrices. 

In this part of the experimental campaign, tests were performed with cement mortars 
produced by spraying. Mortars were composed by the same cements and accelerators as the 
ones used in chapter 3. Kinetics of hydration was evaluated by isothermal calorimetry and the 
results derived from in situ and powder XRD presented in chapter 3 were used in this evaluation. 
The evolution of mechanical strength was evaluated by needle and pin penetration resistance 
and compressive strength of extracted cores. To complement the analysis, water accessible 
porosity was also determined in extracted cores.  
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Multivariate regression analyses were conducted to correlate the chemical properties 
and phase evolution of the matrix with the development of mechanical strength at early and late 
ages. Results obtained may have a significant repercussion on the development of accelerators, 
showing which parameters of their composition may have a stronger influence on the resulting 
mechanical performance. It also provides valuable information for the selection of compatible 
cement-accelerator systems, shortening the trial and error procedure applied currently in 
practice for the definition of the composition of sprayed matrices.  

7.2. Experimental methodology 

7.2.1. Materials 

Cements, water, superplasticizer and accelerators employed in this section are the same 
as the ones used in chapter 3 (described in section 3.2.1). For the fabrication of sprayed mortars, 
a calcareous sand with particle size distribution between 0 and 1 mm (figure 7.1) was employed. 
Its specific mass was 2.315 g/cm3 and its water absorption was equal to 5.46 % by mass. This 
aggregate was selected in order to provide adequate rheology for the mix to be sprayed. In 
addition, aggregates with maximum diameter larger than 1.6 mm could not be employed in the 
spraying equipment used. 

 

Figure 7.1 - Particle size distribution of the aggregate 
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7.2.2. Composition and preparation of mortars 

Mortars contained the same accelerators dosages as cement pastes and also presented 
the composition shown in table 3.5. They had a sand/cement ratio of 1.7, w/c ratio equal to 0.51 
and also contained superplasticizer at the dosage of 1.0 % bcw. This composition presented an 
adequate workability for pumping and spraying (spread diameter equal to 300 mm, with no 
bleeding, measured according to [146]). 

Batches containing 96 kg of mortar were used, similarly to the procedure from chapter 
6. This quantity was necessary to comply with the requirements of the spraying equipment, to 
assure a homogeneous flow of matrix through the pumping system and to provide enough 
material to fill up the panels for the tests. In this case, mortars were also prepared in a planetary 
mortar mixer type 65/2 K-3 (the same equipment used for cement pastes, described in section 
6.2.2).  

Mortars were prepared under controlled conditions, at 20 oC and 50 % relative humidity. 
Cement and water were first mixed for 240 s. Superplasticizer was added and homogenized for 
additional 240 s. Then, aggregate was added and mixed for 300 s. After that, mortars were kept 
at 20 oC until accelerator addition in order to follow the same procedure as in cement pastes 
and to avoid the influence of variations in temperature. Finally, mortars were sprayed with 
accelerators 1 h after cement and water had been mixed and were destined to the tests right after 
accelerator homogenization. 

7.2.3. Spraying process 

Sprayed mortars were fabricated using the same equipment and process as the ones used 
for the production of sprayed pastes (section 6.2.3). The only difference was the nozzle used 
for spraying mortars, which is shown in figure 7.2.a. It also had a frustum shape and height of 
10.0 mm, similarly to the nozzle for spraying pastes (figure 6.3.b). However, the top diameter 
was larger (8.0 mm), to avoid obstructions due to the presence of aggregates. In addition, the 
extension cylinder was not necessary in this case because the amount of accelerators used was 
lower than in pastes (mortars contain less cement than pastes) and accelerator homogenization 
was considered adequate without its use. 
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Figure 7.2 - Nozzle used for spraying mortars (a) and design of small-scale metal panels (b).  

Metal panels were designed according to [90] and are depicted in figure 7.2.d. They 
were destined to the pin penetration test and to the extraction of cores for the determination of 
compressive strength and water accessible porosity. Metal panels were kept inside the chamber 
for 24 h after finishing spraying. After that, specimens were demolded, cores were extracted 
and cured by immersion in saturated calcium hydroxide solution at 20 oC until the date of the 
test.  

Rectangular wood molds measuring 300 mm x 150 mm x 70 mm were employed for the 
determination of penetration resistance. They were smaller than the metal panels due to 
limitations of space in the press used for the penetration test. Two metal panels and two wood 
panels were sprayed for each mix.  

7.2.4. Test methods 

Table 7.2 shows the tests performed with sprayed mortars. Their descriptions are 
presented subsequently. Needle and pin penetration tests were performed with accelerated 
sprayed mortars produced with CEM I and CEM II/A-L and accelerators AKF 0.38 7%, AKF 
0.42 11%, AKF 0.61 5%, AKF 0.61 7% and ALK 3%. Isothermal calorimetry, compression 
and water accessible porosity were conducted with the same accelerated matrices and the 
reference mortars prepared with CEM I and CEM II/A-L. Apart from these tests, results 
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obtained with in situ and powder XRD from section 3.3.3 will be used for discussion of results 
and regression analyses. 

Table 7.2 - Tests performed with sprayed mortars. 

Test Sample / specimen Age / period of time 

Isothermal calorimetry Fresh mortar 0 - 24 h 

Needle penetration test Mortar panels 15, 30, 45, 60, 75, 90, 105 and 120 min 
after accelerator addition 

Pin penetration test Mortar panels 4, 6, 12 and 24 h after accelerator addition 

Compression Extracted cores 1, 3, 7, 28 and 98 days 

Water accessible porositya Extracted cores 7 and 28 days 

a Water accessible porosity was determined to obtain additional information for the evaluation of 

compressive strength. 

7.2.4.1. Isothermal calorimetry 

Isothermal calorimetry was performed following the procedures described in section 
3.2.3.4.  

7.2.4.2. Needle penetration test 

Needle penetration test was performed to determine the penetration resistance (PR) of 
sprayed mortars until 2 h after accelerator addition. It is an adaptation of the procedure 
described in [100] and consists in mechanically introducing a cylindrical needle into the mortar 
at the velocity of 60 mm/min until the minimum penetration of 25 mm is reached (figure 7.3). 
The diameters of the needles were 4.5, 6.4, 9.0, 14.3, 20.28 and 28.66 mm and each needle was 
chosen according to matrix strength, so that the minimum penetration force at 25 mm was 100 
N. The resulting force was divided by the sectional area of the needle to obtain the penetration 
resistance. Initial and final setting times were obtained when the penetration resistance reached 
3.5 and 27.6 MPa, respectively. Five penetrations were performed at each age. 
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Figure 7.3 - Execution of the penetration test. 

7.2.4.3. Pin penetration test 

The goal of the pin penetration test was to determine an indirect compressive strength 
(Ifc) of the matrix until 24 h. This test is an adaptation of the procedure described in [91] and 
consists in introducing a pin into the matrix using a Windsor® WP-2000 gun. The diameter and 
the length of the pin measure 3 and 30 mm, respectively. The depth of penetration is determined 
and the compressive strength is calculated based on a correlation table given in [147]. Five 
penetrations were performed at each age.  

7.2.4.4. Compression 

Compressive strength (fc) was obtained from direct compression tests of cylindrical 
mortar cores measuring 25 mm in diameter and 50 mm in length. Cores were extracted from 
sprayed panels following the procedures from [90]. Tests were performed in a universal test 
machine at a pressure application rate equal to 0.45 MPa/min, according to [103]. Six specimens 
were tested at each age. Figure 7.4 shows the mortar specimens extracted from the sprayed 
panels and the execution of compression test.  
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Figure 7.4 - Mortar cores extracted from the sprayed panels (a) and test specimen after compression test (b). 

7.2.4.5. Water accessible porosity 

Water accessible porosity (Wp) was determined according to [104]. Cores measuring 25 
mm in diameter and 50 mm in length, extracted from sprayed panels, were used. Specimens 
were immersed in water during three days and their saturated weight (ws) was measured after 
that. Then, specimens were dried at 60 oC during five days and their dry weight (wd) was 
determined. This temperature was used in order to avoid dehydration of C-S-H and ettringite 
and to obtain data about the capillary porosity. Water accessible porosity was calculated using 
equation 7.1. Three specimens were used at each age. 

Wp = ws - wd  Equation 7.1 
  wd   

7.3. Results and discussion 

7.3.1. Isothermal calorimetry 

Heat of hydration and energy release curves of all sprayed mortars analyzed are 
presented in figures 7.5 and 7.6, respectively. Results obtained with CEM I mortars are 
presented on the left, whereas results from CEM II/A-L mortars are on the right. Figures 7.5.a 
and 7.5.b represent the curve from 0 to 24 h, while figures 7.5.c and 7.5.d present the heat flow 
generated in the accelerator peak. The characteristic points of the heat flow curves determined 
according to table 3.8 are summarized in table 7.3.  
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Figure 7.5 - Heat flow curves obtained with CEM I and CEM II/A-L sprayed mortars from 0 to 24 h (a and b) 
and from 1.0 to 1.5 h (c and d). 

 

Figure 7.6 - Energy release curves obtained with CEM I (a) and CEM II/A-L (b) sprayed mortars from 
accelerator addition to 24 h. 
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Table 7.3 - Analysis of the heat flow curves obtained with sprayed mortars. 

Mortar 

Slope - 
accel. 
peak 

(mW/g.h) 

Energy 
released - 

accel. peak 
(J/g) 

Maximum 
heat flow - 
accel. peak 

(mW/g) 

Induction 
period 

(h) 

Slope 
acceleration 
- main peak 
(mW/g.h) 

Energy 
released - 
main peak 

(J/g) 

Maximum 
heat flow - 
main peak 

(mW/g) 

Energy 
released 
until 24 
h (J/g) 

I_REF - - - 4.16 0.56 207.7 3.72 244.1 
I_AKF 
0.38 7% 1168 37.14 54.0 1.43 0.87 220.5 5.42 244.4 

I_AKF 
0.42 11% 1574 49.10 72.1 1.45 0.99 225.8 5.86 246.1 

I_AKF 
0.61 5% 1115 32.65 45.5 1.26 0.76 199.0 4.26 228.7 

I_AKF 
0.61 7% 1113 37.90 50.0 1.30 0.78 196.2 4.30 229.0 

I_ALK 
3% 653 27.32 31.1 1.52 0.91 172.5 4.67 220.9 

II_REF - - - 4.07 0.40 173.7 2.66 185.3 
II_AKF 
0.38 7% 911 36.86 45.9 1.62 0.60 173.9 4.03 212.4 

II_AKF 
0.42 11% 1616 55.23 72.4 1.95 0.38 141.8 3.36 186.2 

II_AKF 
0.61 5% 793 30.76 39.0 1.34 0.54 157.1 2.85 194.5 

II_AKF 
0.61 7% 1185 38.38 52.5 1.41 0.53 152.4 2.81 193.1 

II_ALK 
3% 718 18.25 26.7 1.59 0.72 155.6 3.37 198.1 

Results obtained by isothermal calorimetry of sprayed mortars are similar to the heat 
flow and energy release curves obtained with hand-mixed and sprayed pastes (figures 3.9 and 
3.10 from section 3.3.4 and figures 6.6 and 6.7 from section 6.3.3). Because of that, the kinetics 
and mechanisms of hydration observed in pastes will be adopted in this section to explain the 
behavior of mortars, which will not be discussed further. The main difference in the behavior 
of pastes and mortars is the intensity from the accelerator peak, which is smaller in mortars due 
to the dilution of cement and accelerators caused by the aggregates.  

7.3.2. Needle penetration resistance 

Figure 7.7 presents the average results of needle penetration resistance from 15 to 120 
min after accelerator addition in sprayed mortars. Reference mortars (without accelerator) were 
not evaluated because this period covers the induction period in these samples and no evolution 
of detectable penetration resistance was observed.  
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Figure 7.7 - Average values of needle penetration resistance obtained with CEM I (a) and CEM II/A-L (b) 
sprayed mortars from 15 to 120 min after accelerator addition. 

The initial evolution of mechanical strength depends on accelerator type and dosage and 
is independent on cement type. As observed in in situ XRD (section 3.3.3) and isothermal 
calorimetry (sections 3.3.4, 6.3.3 and 7.3.1), the amount of ettringite formed in matrices 
produced with alkali-free accelerators is directly proportional to Al3+ content in the admixture. 
Such observation is corroborated by the penetration test, because increasing amounts of Al3+ 
added to the mortar provide higher initial strengths and higher rates of strength evolution. 
Therefore, mortars SP_I_AKF 0.42 11% and SP_II_AKF 0.42 11% present the highest values 
of penetration resistance, as accelerator AKF 0.42 11% is the most reactive. On the contrary, 
mortars SP_I_AKF 0.61 5% and SP_II_AKF 0.61 5% present the lowest mechanical strength 
since this accelerator used at 5.0 % bcw provides the lowest amount of Al3+ ions. 

This may also be observed in the determination of initial and final setting times. Mortars 
containing AKF 0.38 7%, AKF 0.42 11% and AKF 0.61 7% presented initial setting times 
before 15 min, whereas initial setting times with matrices SP_I_AKF 0.61 5% and SP_II_AKF 
0.61 5% were 56 and 60 min, respectively. Until the end of the test, final setting was only 
observed in mortars SP_I_AKF 0.42 11% and SP_II_AKF 0.42 11%, both at 100 min. 

The penetration resistance of mortars SP_I_ALK 3% and SP_II_ALK 3% is only higher 
than the equivalent mortars produced with AKF 0.61 5%. They presented initial setting at 25 
min. This difference is based on the aluminum content incorporated by these accelerators (table 
3.5). As observed in in situ XRD and isothermal calorimetry, the rate of ettringite formation in 
alkaline accelerated pastes is the lowest because it is limited by gypsum dissolution. Therefore, 
initial mechanical strength evolution occurs at the lowest rate.  
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7.3.3. Indirect compressive strength 

Figure 7.8 shows the average results of indirect compressive strength from 4 to 24 h 
after accelerator addition in sprayed mortars. Reference mortars were not evaluated because 
little evolution of mechanical strength was observed until 12 h of hydration due to the retarding 
effect of the superplasticizer. Compressive strength of mortar SP_II_ALK 3% at 4 h was below 
the detection limit of the equipment (1.2 MPa) and, therefore, is not shown. 

 

Figure 7.8 - Average values of indirect compressive strength obtained with CEM I (a) and CEM II/A-L (b) 
sprayed mortars from 4 to 24 h after accelerator addition. 
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acceleration period obtained with CEM I mortars (figure 7.5 and table 7.3). Mortars produced 
with AKF 0.61 5% and AKF 0.61 7% present a lower rate of strength evolution, as less sulfate 
is left to control C3A hydration, decreasing the rate of alite consumption.  

Results obtained with mortars containing the alkaline accelerator are also in agreement 
with the calorimetric curves. In mortar SP_I_ALK 3%, a fast rate of strength evolution is 
observed until 12 h, due to the elevated reaction rate in the main hydration peak. However, 
between 12 and 24 h, strength gain is minimal, as the degree of hydration in this mortar does 
not increase considerably during this period. As mortar SP_II_ALK 3% presents a wider main 
hydration peak than the equivalent CEM I mortar, a continuous evolution of mechanical 
strength until 24 h is achieved. 

7.3.4. Compressive strength 

In order to provide additional data for the discussion of the results of compressive 
strength, the water accessible porosity of sprayed mortars is analyzed initially. Figures 7.9.a 
and 7.9.b show the average results of water accessible porosity of CEM I and CEM II/A-L 
sprayed mortars, respectively, with cores extracted from sprayed panels tested at 7 and 28 days. 
Reference mortars were also evaluated. 

 

Figure 7.9 - Average values of water accessible porosity in CEM I (a) and CEM II/A-L (b) sprayed mortars at 7 
and 28 days.  
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A significant difference in the values of water accessible porosity of reference and 
accelerated mortars is observed. Mortars I_REF and II_REF present the lowest values of water 
accessible porosity at both ages. Accelerated mortars have higher values of water accessible 
porosity due to the fast setting caused by accelerators and the inclusion of air during the 
spraying process. Fast setting does not allow enough time for the matrix to consolidate properly 
and eliminate the entrapped air, leading to higher porosities. As observed in figure 6.9.e, large 
pores are observed in sprayed pastes due to its poor consolidation. 

Water accessible porosity depends on accelerator type and dosage in both cement types. 
As setting time is directly proportional to ettringite amount formed by accelerator reaction, the 
higher the accelerator reactivity and dosage, the higher the water accessible porosity of the 
matrix. The descending order of water accessible porosity is AKF 0.42 11% > AKF 0.38 7% > 
AKF 0.61 7% > ALK 3% > AKF 0.61 5% > REF. 

The reduction in water accessible porosity from 7 to 28 days is more significant in 
reference mortars due to the lower amount of pores in the matrix. As alite hydration is inhibited 
in accelerated matrices (sections 3.3.4, 6.3.3 and 7.3.1), lower amounts of hydration products 
are formed. Because of that, the filling of pores occurs at a lower extent, leading to lower 
reductions in porosity.  

Moreover, the reduction in water accessible porosity is lower in CEM I mortars, because 
the conversion of ettringite to monosulfoaluminate by C3A and C4AF hydrations is associated 
with increases in porosity (AFt has lower density and higher molecular volume than 
monosulfoaluminate [16,68]). In CEM II/A-L mortars, limestone filler controls C3A hydration 
and leads to the formation of hemi and monocarboaluminate, which indirectly stabilize 
ettringite [45]. Consequently, larger reductions in porosity are obtained when limestone filler 
is employed.  

Figure 7.10 presents the average compressive strength determined at 1, 3, 7, 28 and 98 
days with reference and accelerated mortars. As observed in the evaluation of water accessible 
porosity, compressive strength varies significantly in mortars with and without accelerators. 
For a certain age, compressive strength of reference mortars are always higher than in 
accelerated mortars. Since compressive strength is inversely proportional to porosity [148], the 
use of accelerators causes a reduction in mechanical strength in part due to the poorer 
consolidation of the fast setting matrix and the inclusion of air during spraying. The faster the 
setting time (more reactive accelerators), the lower the compressive strength from 1 day on. 
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Figure 7.10 - Average values of compressive strength obtained with CEM I (a) and CEM II/A-L (b) sprayed 
mortars from 1 to 98 days. 

Compressive strength at 1 day in mortars produced with alkali-free accelerators is 
inversely proportional to the final C3A/SO3 ratio of the matrix and follows the opposite order 
found for the evolution of penetration resistance (AKF 0.38 7% > AKF 0.61 5% > AKF 0.61 
7% > AKF 0.42 11%), with the exception of AKF 0.42 11%. The higher amount of sulfate left 
after accelerator addition in mortar SP_I_AKF 0.38 7% controls C3A reactions and alite 
hydration proceeds normally. Although AKF 0.42 has a low Al2O3/SO42- ratio, it is the most 
reactive accelerator and produces the largest amount of ettringite. Therefore, it increases water 
accessible porosity and reduces compressive strength. This fact was also observed by [1] in 
experiments conducted with sprayed concrete.  

Compressive strengths in CEM I mortars at 98 days present the same tendency as the 
results at 1 day. Mortar SP_I_AKF 0.38 7% presents the highest compressive strength among 
all accelerated mortars evaluated because alite hydration is not negatively affected by 
undersulfated C3A reactions. Mortar SP_I_AKF 0.42 11% has the lowest compressive strength 
due to the elevated water accessible porosity. 

A similar trend is observed with CEM II/A-L mortars at 1 day. However, at the age of 
98 days, mortars SP_II_AKF 0.61 5% and SP_II_AKF 0.61 7% showed higher compressive 
strength than the equivalent CEM I mortars. Limestone filler contained in CEM II/A-L controls 
and retards C3A reactions, avoiding the negative effects on silicate hydration and leading to 
higher degrees of hydration. 
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On the contrary, mortars SP_II_AKF 0.38 7% and SP_II_AKF 0.42 11% did not present 
the expected strength evolution, since compressive strength presents a low increase from 7 days 
on. As the conversion of ettringite to monosulfoaluminate occurs with a reduction in volume 
[16,68], this processes leads to increases in porosity. This increase in porosity may explain the 
low values of compressive strength in these matrices at 98 days, since the amounts of ettringite 
formed by AKF 0.38 and AKF 0.42 determined by in situ XRD (section 3.3.3.2) are the highest 
in the group of accelerators evaluated. 

Regarding alkaline accelerated mortars, compressive strength of mortar SP_I_ALK 3% 
at 1 day is similar to mortars containing alkali-free accelerators, while SP_II_ALK 3% presents 
a higher value than the other accelerated matrices produced with CEM II/A-L. Since mortars 
produced with the alkaline accelerator have the highest C3A/SO3 ratios, C3A hydration is 
advanced. This may be beneficious at early ages due to the densification of the matrix with 
aluminate hydrated products, resulting in improved compressive strengths at 1 day. 

However, the early formation of AFm phases fills up the space available in the matrix 
quickly and the precipitation of these phases on the surface of cement grains reduces their 
solubility. Consequently, the rate and extent of alite hydration at later ages is reduced, resulting 
in lower ultimate compressive strengths. As presented in figure 3.7, pastes I_ALK 3% and 
II_ALK 3% have the highest content of unreacted alite at 98 days. Reductions in mechanical 
strength at late ages in sprayed concrete accelerated with sodium aluminate were also reported 
by [1].  

7.4. Multivariate regression analyses 

Multivariate regression analyses were performed to identify the relation between 
chemical processes occurring during hydration and the mechanical properties of the matrix. In 
this study, the mechanical properties (needle and pin penetration resistance and compressive 
strength) of the sprayed mortars were considered as dependent variables. As water accessible 
porosity influences mechanical strength, it was also considered as a dependent variable in the 
analysis. The independent variables correspond to the chemical properties of cement and 
accelerators and the phase composition of pastes determined by in situ and powder XRD.  

In total, 29 parameters of each of the 12 mortars analyzed were evaluated (more than 10 
different combinations for each regression). The most statistically significant independent 
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variables are shown in table 7.4. They were selected through analyses of variance adopting a 
confidence level equal to 95 % (only the independent variables that presented p-values below 
0.05 were accepted). The influence of limestone filler was also analyzed, but results did not 
show a significant dependence on this variable. 

Table 7.4 - Selection of statistically significant variables to model each test. 

Dependent variable Independent variables 

Needle penetration resistance Time, ettringite content in paste, aluminum content in accelerator 

Pin penetration resistance Alite, portlandite and amorphous phases contents in paste, final 
C3A/SO3 ratio, porosity 

Compressive strength Time, amorphous content in paste, aluminum content in accelerator, 
final C3A/SO3 ratio, porosity 

Water accessible porosity Time, maximum ettringite content, aluminum and sulfate contents 
in accelerator 

Results are presented from sections 7.4.1 to 7.4.5. The correlations obtained are a simple 
useful tool to evaluate in a quantitative way how the mechanical behavior of the matrix is 
affected by the chemical characteristics of its starting materials. These correlations provide a 
reference for the selections of the components, depending on the application requirements. It is 
important to emphasize that these analyses are valid for the time interval studied here. 

7.4.1. Needle penetration resistance (up to 2 h from casting) 

Table 7.5 presents the parameters used to model the needle penetration resistance, their 
coefficients and p-values. Equation 7.2 represents the best-fit model and figure 7.11 shows a 
plot of the penetration resistance determined experimentally versus the values predicted by the 
model. 

Table 7.5 - Parameters selected to model needle penetration resistance. 

Parameter Abbreviation Coefficient P-value 

Time (min) t - 0.232 < 0.001 

Ettringite content in paste (%) E 0.283 < 0.001 
Time·Aluminum content in accelerator (mmol/g 

cement) t·Al 1.98 < 0.001 
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PR (MPa) = - 0.232·t + 0.283·E + 1.98·t·Al  Equation 7.2 
 

 

Figure 7.11 - Plot of measured versus predicted needle penetration resistance. 

Despite the big difference in terms of the accelerators used, R2 equal to 0.976 was 
achieved, demonstrating that the model proposed provides a statistically significant prediction 
of the measured results. It indicates that penetration resistance increases with time, depends 
majorly on accelerator reactivity and is not influenced by cement type, in accordance with the 
discussion in section 7.3.2.  

Furthermore, the correlation demonstrates that penetration resistance is a function of the 
amount of ettringite produced by accelerator addition. Since ettringite is the main product that 
leads to initial mechanical strength in the sprayed mortars evaluated, the larger the amount of 
ettringite formed by accelerator addition, the higher the penetration resistance of the matrix. 
The use of high dosages of accelerators and formulations containing high concentrations of 
aluminum contribute to form ettringite, reducing setting times and increasing the rate of initial 
strength development. 

7.4.2. Indirect compressive strength (from 4 to 24 h) 

Table 7.6 summarizes the parameters adopted to model the indirect compressive 
strength determined by the pin penetration test, their coefficients and p-values. Equation 7.3 
presents the final model obtained and figure 7.12 represents a plot of the measured versus the 
predicted indirect compressive strength. 
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Table 7.6 - Parameters adopted to model indirect compressive strength. 

Parameter Abbreviation Coefficient P-value 

Constant - 311.8 < 0.001 

Alite content in paste (%) C3S - 6.84 < 0.001 

Portlandite content in paste (%) CH - 4.65 0.025 

(Portlandite content in paste)2 CH2 - 0.128 < 0.001 

Amorphous phases content in paste (%) Am 0.810 0.012 

Final C3A/SO3 ratio C/푆̅ - 50.7 < 0.001 

Porosity (%) P - 5.22 < 0.001 

Alite content in paste·Porosity C3S·P 0.122 < 0.001 

Portlandite content in paste·Final C3A/SO3 ratio CH·C/푆̅ 3.93 < 0.001 

Portlandite content in paste·Porosity CH·P 0.115 0.003 

 

Ifc (MPa) = 
311.8 - 6.84·C3S - 4.65·CH - 0.128·CH2 + 0.810·Am - 50.7·C/푆̅ 

- 5.22·P + 0.122·C3S·P + 3.93·CH·C/푆̅  + 0.115·CH·P 
 Equation 7.3 

 

 

Figure 7.12 - Plot of measured versus predicted indirect compressive strength. 
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and C-S-H, compressive strength increases. The correlation also confirms that systems with 
high C3A/SO3 ratios tend to present reductions in the pin penetration resistance, because 
undersulfated C3A reactions occur before the onset of the main hydration process. The 
precipitation of AFm phases on the surface of cement grains reduce their solubility and 
reactivity, suppressing alite hydration. 

7.4.3. Compressive strength (from 24 h to 98 days) 

Table 7.7 shows the parameters used to model the compressive strength, their 
coefficients and p-values. Equation 7.4 represents the best-fit model obtained and figure 7.13 
shows a plot of the measured versus the predicted compressive strength.  

Table 7.7 - Parameters adopted to model compressive strength. 

Parameter Abbreviation Coefficient P-value 

Time (days) t 0.0467 0.005 

Amorphous phases content in paste (%) Am 0.397 < 0.001 

Aluminum content in accelerator (mmol/g cement) Al - 42.6 < 0.001 

(Final C3A/SO3 ratio)2 (C/푆̅)2 - 67.3 < 0.001 

Final C3A/SO3 ratio·Porosity C/푆̅·P 1.56 < 0.001 

 

fc (MPa) = 0.0467·t + 0.397·Am - 42.6·Al - 67.3·(C/푆̅)2 + 1.56· C/푆̅·P  Equation 7.4 
 

 

Figure 7.13 - Plot of measured versus predicted compressive strength. 
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The high coefficient of determination obtained (R2 equal to 0.989) indicates that the 
model proposed predicts accurately the experimental results. Compressive strength increases 
with time and with the degree of hydration. The correlation confirms that the larger the content 
of amorphous phases, the higher the compressive strength of the matrix. This is consistent with 
the fact that C-S-H (indirectly quantified by the amorphous content) is the hydrated phase that 
presents the highest strength-contributing potential.  

Furthermore, the use of high dosages of accelerator and formulations containing high 
aluminum concentrations tend to reduce the compressive strength, since the massive 
precipitation of ettringite leads to fast setting and to a poor consolidation of the matrix. As 
described in the previous section (section 7.4.2), systems characterized by elevated C3A/SO3 
ratios contribute to the early formation of aluminate hydrates. This suppresses alite hydration, 
reduces the degree of hydration of the matrix and, consequently, reduces its ultimate 
compressive strength. Such situation is reflected in equation 7.4, since the final C3A/SO3 ratio 
and aluminum content in accelerator appear with a negative sign. 

7.4.4. Water accessible porosity (from 7 to 28 days) 

Table 7.8 presents the parameters selected to model water accessible porosity, their 
coefficients and p-values. Equation 7.5 represents the final model obtained and figure 7.14 
shows a plot of the water accessible porosity determined experimentally versus the values 
predicted by the model.  

Table 7.8 - Parameters used to model water accessible porosity. 

Parameter Abbreviation Coefficient P-value 

Time (days) t - 0.0855 < 0.001 

(Time)2 t2 0.000570 < 0.001 

Maximum ettringite content (%) Emax 1.88 < 0.001 

(Maximum ettringite content)2 Emax2 - 0.0610 < 0.001 

Sulfate content in accelerator (mmol/g cement) 푆̅ - 86.4 < 0.001 

(Sulfate content in accelerator)2 푆̅2 - 194.4 < 0.001 
Time·Aluminum content in accelerator (mmol/g 

cement) t·Al 0.150 < 0.001 

Maximum ettringite content·Sulfate content in 
accelerator Emax·푆̅ 6.40 < 0.001 
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Wp (%) = 
- 0.0855·t + 0.000570·t2 + 1.88·Emax - 0.0610·Emax2 - 86.4·푆̅ 

- 194.4·푆̅2 + 0.150·t·Al + 6.40·Emax·푆̅ 
 Equation 7.5 

 

 

Figure 7.14 - Plot of measured versus predicted water accessible porosity. 

Again, a high correlation between experimental and predicted data was obtained (R2 
equal to 0.998). The model indicates that water accessible porosity decreases with time, as 
expected. The degree of hydration of cement increases as time passes, filling up the pores with 
hydration products and reducing porosity. 

As mentioned in sections 3.3.3 and 7.3.4, accelerators containing high aluminum 
concentrations tend to form large amounts of ettringite that compromise the consolidation and 
compaction during the spraying process, leading to increases in porosity. This is consistent with 
descending order of water accessible porosity presented in section 7.3.4 (AKF 0.42 11% > AKF 
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On the contrary, accelerators containing high amounts of sulfate contribute to reduce 
porosity because the conversion from ettringite to monosulfoaluminate, which occurs with 
reductions in volume, is reduced. In addition, the early formation of AFm phases is avoided. 
Therefore, alite hydration proceeds normally and pores are filled by the precipitation of C-S-H 
and portlandite. Both observations are present in equation 7.5 since the aluminum and sulfate 
contents in accelerators appear with positive and negative signs, respectively. 
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7.4.5. Summary of results 

Table 7.9 presents a summary of the parameters studied and their influence on the 
development of properties of sprayed mortars. Ascending arrows indicate an increase in the 
parameter analyzed and descending arrows, a decrease. The number of arrows in each cell is 
directly proportional to the influence of the parameter analyzed, taking into account their 
coefficient obtained in each regression from sections 7.4.1 to 7.4.3.  

Table 7.9 - Summary of the variables evaluated and their influence on mechanical strength. 

Parameter Change Refer to 
Effect on mechanical strength 

0 - 2 h 4 - 24 h 24 h - 98 d 

Al3+ in accelerator or 
accelerator dosage  

Section: 7.3.2 
Figure: 7.7  -  

Ettringite amount 
formed by accelerator  

Section: 7.3.2 
Figure: 7.7  -  

Alite consumption  
Sections: 7.3.3, 7.3.4 

Figures: 7.8, 7.10 -   

Amorphous (C-S-H) 
content  

Sections: 7.3.3, 7.3.4 
Figures: 7.8, 7.10 -   

Final C3A/SO3 ratio  
Sections: 7.3.3, 7.3.4 

Figures: 7.8, 7.10 -   

Porosity  
Sections: 7.3.3, 7.3.4 

Figures: 7.8, 7.10 -   

7.5. Concluding remarks 

Chapter 7 presented the characterization of mechanical properties of accelerated sprayed 
mortars and their relation with the chemical processes occurring during hydration. The 
following conclusions may be drawn from the experimental results:  

 The characterization of the hydration behavior of accelerated matrices by in situ and powder 
XRD and isothermal calorimetry explain the trends observed regarding the evolution of 
mechanical properties of sprayed matrices. 
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 Penetration resistance depends majorly on accelerator reactivity. High Al3+ contents 
incorporated in cement matrices will result in a fast and highly exothermic ettringite 
formation. This leads to fast setting and an elevated early strength gain. However, the large 
amounts of aluminate hydrated products formed by accelerator reaction suppresses alite 
hydration, reducing the mechanical strength at late ages.  

 Strength development from 4 h on does not depend solely on porosity. Cement and 
accelerator types, the compatibility between them and the final C3A/SO3 ratio of the matrix 
play an important role on strength evolution.  

 In properly sulfated systems (low final C3A/SO3 ratios), sulfate depletion occurs shortly 
after the acceleration period of the main hydration process. This retards C3A reactions and 
avoids the early formation of AFm phases. Therefore, alite hydration proceeds normally, 
leading to higher degrees of hydration and higher compressive strength.  

 In undersulfated systems (high final C3A/SO3 ratios), accelerated C3A reactions occur 
before or during the acceleration period of silicate hydration. This process fills up the pores 
with aluminate hydrated products and reduce the solubility of cement phases. Consequently, 
it decreases the rate and extent of alite hydration and leads to lower degrees of hydration 
and mechanical strength at late ages. 

 Water accessible porosity is mainly influenced by accelerator reactivity. When large 
ettringite amounts are formed, the matrix stiffens quickly due to the increase in its 
solid/liquid ratio, does not consolidate properly and entraps air during spraying. As a 
consequence, water accessible porosity increases in accelerated matrices, reducing 
compressive strength. 

 Correlations between the mechanical strength evolution of mortars and their chemical 
properties and phase composition were established. All regressions were higher than 0.976, 
indicating that the models developed provide statistically significant predictions of the 
experimental results, despite the wide range of mixes evaluated. 

 As a recommendation, the selection of materials for an adequate evolution of mechanical 
strength should be based on the chemical composition of cement and accelerators. In order 
to achieve a balance between short and long term properties, aluminum content added to the 
matrix, controlled by Al3+ concentration or accelerator dosage, should be the minimum 
necessary for an adequate spraying and consolidation consistency. Furthermore, its 



Mechanical characterization of sprayed mortars 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Renan Pícolo Salvador 173 
 

Al2O3/SO42- molar ratio should be similar to that of ettringite (0.33), so that sulfate balance 
of cement is not negatively altered. The most adequate final C3A/SO3 ratio of the accelerated 
matrix is the one to obtain properly sulfated systems. 

 Finally, as a general analysis of the procedure employed, the small-scale spraying process 
is a good alternative to real sprayed concrete testing. It is better controlled, requires lower 
amount of material and is less expensive and labor intensive than field trials. It can be used 
successfully to evaluate accelerator reactivity, compatibility between cement and 
accelerator and the resulting mechanical properties of mortars.  
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8. Conclusions and future perspectives 

8.1. General conclusions 

As mentioned previously, sprayed concrete is a widely used technique that requires 
several further studies. The current work aimed at the characterization of hydration behavior, 
microstructure development and mechanical strength evolution of cementitious matrices 
produced with alkali-free and alkaline accelerators. This section presents the general 
conclusions obtained from each general objective defined in chapter 1.  

Regarding the first general objective, kinetics and mechanisms of hydration and the 
microstructure development of accelerated cement pastes were characterized. This part focused 
on elucidating the main chemical processes occurring during accelerator reaction and further 
cement hydration. Accelerators alter mainly C3A hydration, due to the consumption of sulfate 
ions from the liquid phase. The acceleration of C3A reactions in undersulfated systems reduces 
the rate and extent of alite hydration and limits the development of mechanical strength of the 
matrix. 

The second general objective comprised the parametrization of the early age hydration 
of accelerated cement pastes. The main chemical properties of cements and accelerators were 
evaluated and their influence on accelerator reactivity and further cement hydration was 
explained. Combinations of compatible materials for a proper hydration behavior were 
recommended.  
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Concerning the third general objective, ultrasound measurements were successfully 
employed to characterize the setting and hardening of cement pastes and mortars containing 
accelerators. A continuous evaluation of these processes was obtained and the main properties 
that influence microstructure development until 24 h were defined. Correlations between 
ultrasound propagation velocity and the chemical properties and phase composition of the 
matrix were obtained, providing a clear definition of the main parameters that influence US 
velocity. 

The kinetics and mechanisms of hydration of sprayed pastes were characterized, 
according to the fourth general objective. The influence of the mixing process on accelerator 
reactivity and on further cement hydration was determined. Although several changes in 
hydration kinetics were observed when alkali-free accelerators were used, the fundamental 
reaction mechanisms did not change. However, when alkaline accelerators were employed, C3A 
reactions were accelerated, affecting alite hydration negatively. 

The last general objective, regarding the evaluation of the mechanical properties of 
accelerated cementitious matrices, was also accomplished. The main chemical processes 
influencing the evolution of mechanical strength at early and late ages were determined. 
Correlations between mechanical strength and the chemical properties and phase composition 
of the matrix were obtained. To finish, recommendations for the selection of materials for an 
adequate evolution of mechanical strength were given. 

8.2. Specific conclusions 

Chapter 1 outlines some specific objectives for each of the five general objectives 
proposed in this thesis. In each chapter corresponding to the experimental campaign, several 
results and conclusions were detailed. In order to provide a general idea of the results obtained, 
the main specific conclusions are presented subsequently. 

Hydration and microstructure development of accelerated cementitious matrices 

 Accelerator reactions lead to a fast formation of sulfoaluminate hydrates and their rate is 
directly proportional to the Al3+ content added to the matrix. When alkali-free accelerators 
are used, the main hydrate formed is ettringite, which precipitates as hexagonal needle-like 
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crystals with flat terminations in an ordered structure in hand-mixed pastes. However, in 
pastes accelerated with alkaline formulations, plate-like crystals of AFm phases are 
observed. 

 The consumption of sulfate ions by accelerator reactions plays a major role on C3A and alite 
hydrations. In properly sulfated systems, renewed C3A hydration occurs after the 
acceleration period of alite hydration, which proceeds normally. However, in undersulfated 
systems, accelerated C3A reactions occur, with consequent formation of AFm phases before 
the onset of alite hydration. This process limits the rate and extension of alite dissolution 
and further hydration. 

 The early precipitation of aluminate hydrates formed by accelerator reaction fills up the 
space available in the matrix and suppresses alite hydration. This process is intensified when 
high dosages of accelerators are employed, since the Al3+ content added to the matrix is 
higher. 

 Several parameters influence the early age hydration behavior of accelerated cement pastes. 
Regarding the chemical composition of cements, the rate of accelerator reaction increases 
when gypsum content is above 4 %, when hemihydrate is the setting regulator, if cements 
contain low C3A contents and if limestone filler is used as an addition. Moreover, further 
cement hydration is enhanced when the final C3A/SO3 ratio of the matrix ranges between 
0.67 and 0.90. In these systems, undersulfated C3A reactions are avoided and alite hydration 
proceeds normally, achieving higher degrees of hydration until 24 h. 

Characterization of setting and hardening by ultrasound measurements 

 The setting and hardening processes of cement pastes and mortars containing accelerators 
were evaluated continuously by ultrasound propagation velocity. This technique is more 
precise than standard test methods (Vicat and penetration tests) commonly used to 
determine the mechanical strength of cementitious matrices at early ages. It is sensitive to 
changes in the mix composition, providing an interesting evaluation of the compatibility 
between cement and accelerators.  

 Variations in kinetics of hydration may be analyzed by ultrasound measurements. The 
increase in ultrasound velocity during accelerator reaction is directly proportional to the 
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Al3+ content added to the matrix. The larger the ettringite amount formed by accelerators, 
the faster ultrasound waves will propagate through the matrix, due to the improvement in 
the interconnectivity in the solid phase. 

 Ultrasound propagation during the acceleration period depends on the amount of C-S-H and 
AFm phases formed by alite and C3A hydrations. Since the elastic modulus of AFm phases 
is 2 and 3.5 times higher than the elastic modulus of ettringite and C-S-H, respectively, 
undersulfated systems present higher ultrasound velocities during the deceleration period 
than properly sulfated ones. This is due to the larger amounts of AFm phases formed by 
accelerated C3A hydration in matrices where low sulfate contents remain after accelerator 
reaction. 

Influence of spraying on hydration 

 Spraying increases the rate of accelerator reaction, which is transport-controlled, due to the 
optimized diffusion and homogenization of accelerators in the matrix. Due to this reason, 
sulfate consumption from the liquid phase is also accelerated, leading to faster C3A reactions 
and the consequent precipitation of AFm phases before the onset of the main hydration 
process. Consequently, alite dissolution and further hydration are suppressed, reducing the 
degrees of hydration from 12 h on. 

 The morphology of ettringite formed in sprayed pastes differs considerably from that in 
hand-mixed pastes. This hydrate is more uniformly distributed throughout the matrix, but 
the crystals precipitate in a disarranged microstructure and are characterized by shorter and 
less-regularly formed needles. The high shearing conditions achieved during spraying does 
not provide enough time for ettringite crystals to nucleate and orientate properly.  

 Spraying provides a higher sensitivity in the analysis of different accelerators and is 
recommended especially in the case of alkaline formulations. However, the evaluation of 
different cementitious systems with the same accelerator by isothermal calorimetry may be 
performed effectively in hand-mixed pastes.  

 XRD, TGA and SEM should be preferentially conducted in sprayed pastes in order to obtain 
a more representative quantification of the phases formed and to analyze variations in 
hydration mechanisms caused by the mixing process. 
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Mechanical behavior of accelerated cementitious matrices 

 The mechanical strength evolution until 2 h of hydration depends majorly on accelerator 
reactivity and is directly proportional to the amount of Al3+ ions added to the matrix. The 
higher the amount of sulfoaluminate hydrates formed by accelerator reaction, the higher the 
strength of the matrix.  

 The compatibility between cement and accelerator and the sulfate amount left after 
accelerator reaction play a major role on the development of mechanical properties from 4 
h on. In properly sulfated systems, higher degrees of hydration and higher mechanical 
strength are obtained because uncontrolled C3A reactions are avoided. However, the early 
formation of AFm phases in undersulfated systems decreases alite dissolution and leads to 
lower degrees of hydration and mechanical strength at late ages. 

 When accelerators containing high Al3+ concentrations are used at high dosages, the matrix 
stiffens quickly due to the large amount of sulfoaluminate hydrates formed. Consequently, 
the matrix does not consolidate properly and entraps air during spraying, resulting in high 
porosities and low mechanical strength at late ages.  

 Correlations between the chemical and mechanical properties of the matrix were established 
and the main chemical parameters affecting the development of mechanical strength and 
their relative importance were determined. All regressions presented R2 higher than 0.976, 
indicating that the models developed provide statistically significant predictions of the 
experimental results, despite the wide range of mixes evaluated. The correlations obtained 
provide a simple and useful tool to predict the mechanical behavior of the matrix based on 
the chemical composition of cement and accelerators. 

Small-scale spraying process 

 The small-scale spraying process employed in chapters 6 and 7 may be used successfully to 
evaluate accelerator reactivity, compatibility between cement and accelerator and the 
resulting mechanical properties of mortars. It is a good alternative to real sprayed concrete 
testing, because it is easier to control, requires lower amount of material and is less 
expensive and labor intensive than field spray trials. 
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8.3. Future perspectives 

Despite the contribution reported in the previous section, further research on the subjects 
addressed in this doctoral thesis is required. For that reason, several suggestions for future 
research and experimental programs are proposed below. 

Chemistry of accelerator and cement hydration 

 The addition of accelerators at different times should be evaluated because the ionic 
concentration in the liquid phase changes as hydration progresses. Therefore, different 
kinetics of hydration may be observed. 

 The influence of temperature on accelerator reactivity and further cement hydration should 
be analyzed, since sprayed concrete is employed in diverse environmental conditions.  

 The microstructure development of accelerated cement pastes should be analyzed in situ to 
avoid the influence of sample preparation on the morphology hydrated phases.  

 The change in pH in the pore solution caused by different accelerators and its influence on 
hydration kinetics need to be further analyzed. 

 Sprayed pastes should be prepared with different w/c ratios to analyze the effects on 
hydration kinetics. 

 The compatibility of accelerators with other admixtures used to improve concrete 
performance, such as nanosilica, should be evaluated. 

 Investigation on the influence of belite and ferrite phases on the early hydration of 
accelerated cementitious matrices should be considered. 

 The hydration behavior and mechanical strength development of cementitious matrices 
accelerated with formulations containing fluoric acid should be analyzed. Nowadays, these 
formulations are common in countries from Asia in applications where the substrate for 
concrete spraying contains water infiltrations. As calcium fluoride presents a very low 
solubility, the precipitation of this phase on the surface of cement grains may limit alite 
hydration and the evolution of mechanical strength of the matrix.  
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Characterization of accelerated cementitious matrices 

 The phase evolution of cement pastes containing accelerators should be characterized by 
high-resolution synchrotron X-ray powder diffraction. By using this technique, the radiation 
penetrates deeper in the sample and improves particle statistics, which increases the quality 
of the refinements. In addition, as an X-ray diagram is obtained in approximately 50 µs, a 
more detailed analysis of the evolution of aluminate hydrates generated by accelerator 
reaction may be obtained. 

 A thermodynamic analysis of the hydration of accelerated cement pastes may be performed 
to obtain more information about the hydrate assemblage in these matrices. By using this 
tool, several formulations of accelerators may be analyzed theoretically, without numerous 
experimental tests. Furthermore, the hydration behavior of each mix may be predicted based 
on the chemical composition of cements and accelerators. 

 Ultrasound measurements should be employed in sprayed matrices. In the equipment used 
in chapter 5, only hand-mixed matrices could be analyzed, due to the small size of the molds 
(140 mL). A special panel with transducers coupled to its base or the introduction of 
transducers on the surface of the sprayed material right after spraying may be feasible 
options for this evaluation. By doing so, an in situ characterization of setting and hardening 
in sprayed matrices could be assessed. In addition, this system could be employed in the 
construction site for the quality control of sprayed concrete, avoiding the use of penetration 
tests. 

 The characterization of the pore size distribution of accelerated cementitious matrices by 
mercury intrusion porosimetry may provide valuable information about the compaction and 
consolidation of the matrix containing different accelerator types. This evaluation may help 
understand how the fast setting caused by reactive accelerators affects compressive strength. 

 The durability of cementitious matrices containing different types of accelerators to external 
sulfate attack should be evaluated. As the sulfoaluminate hydrates formed by alkali-free and 
alkaline accelerators and further C3A hydration depend on the sulfate balance of the matrix, 
the deleterious expansion reactions caused by the external sulfate attack may have different 
damaging effects depending on the accelerator used. 
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 The hydration behavior and microstructure of sprayed concrete should be evaluated because 
the stronger shearing conditions achieved by the equipment employed in concrete spraying 
may alter accelerator reactivity and hydration rates. In addition, coarse aggregates generate 
a high impact energy during spraying, which improves the consolidation of the matrix and 
alters the microstructure formed. 

 Since the small-scale spraying process made use of cores measuring 25 mm in diameter and 
50 mm in length, it is important to evaluate if cores of larger size are more adequate for the 
determination of compressive strength of sprayed mortar. 
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Appendix A 

The structure models used for Rietveld refinement of X-ray diagrams obtained with 
anhydrous clinkers, cements and pastes are presented in table A.1.  

Table A.1 - References of phase structures used for Rietveld refinement. 

Phase Formula Crystal system PDF number ICSD codes Reference 

Alitea,b Ca3SiO5 Monoclinic 01-070-8632 94742 [149] 

Belitea,b Ca2SiO4m Monoclinic 01-083-0460 79550 [150] 

Belitea Ca2SiO4o Orthorhombic 01-086-0399 81097 [151] 

Calcium aluminatea,b Ca3Al2O6c Cubic 00-038-1429 1841 [152] 

Calcium aluminatea Ca3Al2O6o Orthorhombic 00-032-0150 1880 [153] 

Ferritea,b Ca2AlFeO5 Orthorhombic 01-071-0667 9197 [154] 

Limea CaO Cubic 00-043-1001 75785 [155] 

Portlanditea,b Ca(OH)2 Rhombohedral 01-072-0156 15741 [156] 

Calcitea,b CaCO3 Rhombohedral 01-083-0577 79673 [157] 

Periclasea MgO Cubic 00-045-0946 104844 [158] 

Dolomitea CaMg(CO3)2 Trigonal 01-075-1761 31335 [159] 

Gypsuma,b CaSO4·2H2O Monoclinic 00-033-0311 151692  [160] 
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Table A.1 - References of phase structures used for Rietveld refinement (continued). 

Phase Formula Crystal system PDF number ICSD codes Reference 

Hemihydratea CaSO4·0.5H2O Monoclinic 00-041-0224 380286 [161] 

Arcanitea K2SO4 Orthorhombic 01-070-1488 2827 [162] 

Thenarditea Na2SO4 Orthorhombic 01-070-1541 2895 [163] 

Syngenitea K2Ca(SO4)2·H2O Monoclinic 00-028-0739 157072 [164] 

Ettringiteb Ca6Al2(SO4)3· 
(OH)12·26H2O Hexagonal 00-041-1451 155395 [165] 

Monosulfoaluminateb Ca4Al2(OH)12· 
SO4·6H2O Rhombohedral - 24461 [166] 

Hemicarboaluminateb Ca4Al2(OH)12· 
OH·0.5CO3·4H2O Rhombohedral 00-041-0221 263124 [167] 

Monocarboaluminateb Ca4Al2(OH)12· 
CO3·5H2O Triclinic 01-087-0493 59327 [168] 

Hydrogarnetb Ca3Al2O6·6H2O Cubic 01-077-0240 38279 [169] 

Alumina (standard)a,b Al2O3 Rhombohedral 01-081-2267 73725 [170] 

a Used for the quantification of anhydrous clinkers and cements. 
b Used for the quantification of cement pastes. 

The strategy for Rietveld refinement was based on [171] and is presented subsequently. 

a) Background adjustment, due to the use of Kapton® film, for in situ measurements. 
b) Scale factor of all the phases. 
c) Flat background. 
d) Zero shift. 
e) Polinomial background (second and fourth order polynomials for in situ and powder 

measurements, respectively). 
f) Unit cell parameters (a, b, c and β) of all the phases to a maximum variation of ± 1 % of 

the standard values. 
g) Peak full width at half maximum (W) when phase content is above 5 %. 
h) Preferred orientation of alite, gypsum, calcite, ettringite and portlandite ([-1 0 1], [0 2 0], 

[1 0 4], [1 0 0] and [0 0 1], respectively). 
i) Peak shape (η) and Caglioti parameters (U and V) of alite when its content is above 40 % 

and only peak shape when it is below 40 %. 
j) Peak shape of portlandite when its content is above 10 %. 
k) Atomic coordinates were not refined.
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Appendix B 

Heat flow curves of all the pastes evaluated by isothermal calorimetry in chapter 4 
(discussions from section 4.3.2.1 to 4.3.2.6) are shown from figure B.1 to B.8, grouped by 
cement type. Figures identified by ‘a’ represent the curve from 0 to 24 h and figures identified 
by ‘b’ show a zoom of the heat of hydration curve from 1.0 to 1.5 h, corresponding to the 
accelerator peak. The characteristic points of the heat flow curves are summarized in table B.1. 
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Figure B.1 - Heat flow curves obtained with pastes OPC 98_G 2 from 0 to 24 h (a) and from 1.0 to 1.5 h (b). 
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Figure B.2 - Heat flow curves obtained with pastes OPC 96_G 4 from 0 to 24 h (a) and from 1.0 to 1.5 h (b). 
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Figure B.3 - Heat flow curves obtained with pastes OPC 94_G 6 from 0 to 24 h (a) and from 1.0 to 1.5 h (b). 
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Figure B.4 - Heat flow curves obtained with pastes OPC 96_H 3.38 from 0 to 24 h (a) and from 1.0 to 1.5 h (b).  
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Figure B.5 - Heat flow curves obtained with pastes OPC 96_G 4_F from 0 to 24 h (a) and from 1.0 to 1.5 h (b). 
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Figure B.6 - Heat flow curves obtained with pastes OPC 94_G 6_F from 0 to 24 h (a) and from 1.0 to 1.5 h (b). 
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Figure B.7 - Heat flow curves obtained with pastes OPC 96_H 3.38_F from 0 to 24 h (a) and from 1.0 to 1.5 h 
(b).  
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Figure B.8 - Heat flow curves obtained with pastes SRC 96_G 4 from 0 to 24 h (a) and from 1.0 to 1.5 h (b). 
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Table B.1 - Analysis of the heat flow curves obtained with accelerated pastes. 

Paste 

Final 
C3A/SO3 

molar 
ratio 

Slope - 
accelerator 

peak 
(mW/g.h) 

Energy 
released - 

accelerator 
peak (J/g) 

Induction 
period (h) 

Slope 
acceleration 
- main peak 
(mW/g.h) 

Energy 
released - 
main peak 

(J/g) 

Energy 
released 
until 24 
h (J/g) 

OPC 98_G 2_ 
AKF 0.33 5% 0.85 1544 18.25 3.00 0.66 154.7 210.3 

OPC 98_G 2_ 
AKF 0.33 7% 0.85 2072 27.10 2.45 0.84 156.7 217.0 

OPC 98_G 2_ 
AKF 0.60 5% 1.35 2437 28.57 8.74 0.42 152.0 187.2 

OPC 98_G 2_ 
AKF 0.60 7% 1.77 2887 42.64 9.65 0.36 153.9 180.9 

OPC 98_G 2_ 
AKF 0.74 5% 1.95 2131 34.67 13.54 0.30 161.3 123.6 

OPC 98_G 2_ 
AKF 0.74 7% 4.03 1721 46.02 20.54 0.17 157.7 86.2 

OPC 98_G 2_ 
ALK 3% 7.57  469 10.75 1.93 1.02 154.5 233.0 

OPC 96_G 4_ 
AKF 0.33 5% 0.56 1702 18.79 7.61 0.51 154.8 202.3 

OPC 96_G 4_ 
AKF 0.33 7% 0.56 2087 26.49 5.26 0.59 168.7 227.6 

OPC 96_G 4_ 
AKF 0.60 5% 0.75 2134 31.78 3.70 1.05 128.4 218.3 

OPC 96_G 4_ 
AKF 0.60 7% 0.87 3550 44.55 3.35 1.00 142.9 236.1 

OPC 96_G 4_ 
AKF 0.74 5% 0.91 2078 37.13 3.61 0.82 115.4 207.4 

OPC 96_G 4_ 
AKF 0.74 7% 1.21 2302 50.93 9.24 0.25 124.7 197.2 

OPC 96_G 4_ 
ALK 3% 1.41 577 12.11 2.02 1.87 131.4 240.7 

OPC 94_G 6_ 
AKF 0.33 5% 0.42 1294 16.14 7.86 0.46 166.3 196.5 

OPC 94_G 6_ 
AKF 0.33 7% 0.42 1613 26.54 4.69 0.63 180.9 236.3 

OPC 94_G 6_ 
AKF 0.60 5% 0.51 2766 34.28 3.85 0.77 136.9 236.8 

OPC 94_G 6_ 
AKF 0.60 7% 0.57 5112 47.28 3.49 0.82 144.4 256.5 

OPC 94_G 6_ 
AKF 0.74 5% 0.59 3930 41.78 4.02 0.72 116.7 225.2 

OPC 94_G 6_ 
AKF 0.74 7% 0.70 3185 51.59 3.67 0.86 127.6 231.6 

OPC 94_G 6_ 
ALK 3% 0.76 717 13.56 1.98 1.40 160.3 255.5 
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Table B.1 - Analysis of the heat flow curves obtained with accelerated pastes (continued). 

Paste 

Final 
C3A/SO3 

molar 
ratio 

Slope - 
accelerator 

peak 
(mW/g.h) 

Energy 
released - 

accelerator 
peak (J/g) 

Induction 
period (h) 

Slope 
acceleration 
- main peak 
(mW/g.h) 

Energy 
released - 
main peak 

(J/g) 

Energy 
released 
until 24 
h (J/g) 

OPC 96_H 3.38_ 
AKF 0.33 5% 0.56 1738 18.95 6.16 0.38 132.6 176.8 

OPC 96_H 3.38_ 
AKF 0.33 7% 0.56 2603 27.73 4.17 0.42 154.7 209.5 

OPC 96_H 3.38_ 
AKF 0.60 5% 0.75 2679 33.25 3.26 0.61 131.0 231.0 

OPC 96_H 3.38_ 
AKF 0.60 7% 0.87 4498 47.40 7.97 0.26 120.6 204.4 

OPC 96_H 3.38_ 
AKF 0.74 5% 0.91 2445 38.83 7.87 0.22 124.2 198.8 

OPC 96_H 3.38_ 
AKF 0.74 7% 1.21 3819 56.75 10.64 0.19 129.7 168.4 

OPC 96_H 3.38_ 
ALK 3% 1.41 891 10.33 1.72 1.16 112.0 217.0 

OPC 96_G 4_ 
F_ AKF 0.33 5% 0.56 1693 20.27 5.22 0.32 133.1 181.8 

OPC 96_G 4_ 
F_ AKF 0.33 7% 0.56 2511 28.75 3.44 0.44 148.3 211.7 

OPC 96_G 4_ 
F_ AKF 0.60 5% 0.79 2551 31.76 3.85 0.79 113.6 199.4 

OPC 96_G 4_ 
F_ AKF 0.60 7% 0.95 3660 45.62 3.38 0.82 121.7 210.2 

OPC 96_G 4_ 
F_ AKF 0.74 5% 1.00 1522 30.90 3.93 0.63 102.7 190.0 

OPC 96_G 4_ 
F_ AKF 0.74 7% 1.46 3428 51.05 8.28 0.26 107.9 194.6 

OPC 96_G 4_ 
F_ALK 3% 1.82 655 9.18 2.10 1.64 119.0 227.6 

OPC 94_G 6_ 
F_ AKF 0.33 5% 0.42 1532 20.03 4.82 0.29 136.6 170.4 

OPC 94_G 6_ 
F_ AKF 0.33 7% 0.42 1484 26.25 3.41 0.45 164.4 209.8 

OPC 94_G 6_ 
F_ AKF 0.60 5% 0.53 2523 32.45 3.61 0.66 131.4 220.4 

OPC 94_G 6_ 
F_ AKF 0.60 7% 0.60 4275 50.14 3.56 0.67 121.6 242.8 

OPC 94_G 6_ 
F_ AKF 0.74 5% 0.62 2324 37.77 3.76 0.66 115.0 213.4 

OPC 94_G 6_ 
F_ AKF 0.74 7% 0.78 3979 52.42 3.61 0.73 116.5 227.9 

OPC 94_G 6_ 
F_ALK 3% 0.87 544 10.21 2.28 1.37 158.8 257.6 
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Table B.1 - Analysis of the heat flow curves obtained with accelerated pastes (continued). 

Paste 

Final 
C3A/SO3 

molar 
ratio 

Slope - 
accelerator 

peak 
(mW/g.h) 

Energy 
released - 

accelerator 
peak (J/g) 

Induction 
period (h) 

Slope 
acceleration 
- main peak 
(mW/g.h) 

Energy 
released - 
main peak 

(J/g) 

Energy 
released 
until 24 
h (J/g) 

OPC 96_H 3.38_ 
F_ AKF 0.33 5% 0.56 1118 15.67 6.88 0.30 108.1 152.6 

OPC 96_H 3.38_ 
F_ AKF 0.33 7% 0.56 1897 23.97 3.41 0.37 136.9 192.2 

OPC 96_H 3.38_ 
F_ AKF 0.60 5% 0.79 1913 27.63 3.18 0.49 97.1 180.4 

OPC 96_H 3.38_ 
F_ AKF 0.60 7% 0.95 3049 45.22 7.87 0.31 110.5 191.7 

OPC 96_H 3.38_ 
F_ AKF 0.74 5% 1.00 1458 33.51 9.09 0.24 92.9 158.7 

OPC 96_H 3.38_ 
F_ AKF 0.74 7% 1.46 3303 48.25 9.87 0.17 98.7 156.5 

OPC 96_H 3.38_ 
F_ALK 3% 1.82 512 8.08 2.35 1.03 107.5 206.4 

SRC 96_G 4_ 
AKF 0.33 5% 0.17 2264 21.83 16.17 0.24 131.1 83.0 

SRC 96_G 4_ 
AKF 0.33 7% 0.17 2339 28.61 9.78 0.27 145.0 159.0 

SRC 96_G 4_ 
AKF 0.60 5% 0.24 2460 35.39 3.85 0.49 86.8 181.5 

SRC 96_G 4_ 
AKF 0.60 7% 0.28 3858 45.58 3.85 0.61 99.1 207.0 

SRC 96_G 4_ 
AKF 0.74 5% 0.30 1954 46.0 3.99 0.65 107.1 201.8 

SRC 96_G 4_ 
AKF 0.74 7% 0.41 3736 52.40 3.44 0.43 123.0 204.9 

SRC 96_G 4_ 
ALK 3% 0.49 716 4.66 5.59 1.31 104.5 197.8 
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Appendix C 

In order to compare how the w/c ratio influences the hydration of accelerated hand-
mixed pastes, heat flow curves of pastes containing w/c ratios of 0.45 and 0.32 are compared 
in figure C.1. All the materials used and admixtures dosages are described in section 3.2.1. 

 

Figure C.1 - Heat flow curves obtained with hand-mixed pastes using w/c ratios of 0.32 and 0.45 with CEM I (a) 
and CEM II/A-L (b). 

Pastes produced with the w/c equal to 0.32 present a small reduction in induction periods 
and in the maximum intensity of the main hydration peak for both types of cement and 
accelerators. However, no difference in hydration mechanisms were observed. For this reason, 
the differences in hydration behavior seen in sprayed and hand-mixed pastes may be associated 
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exclusively to the mixing process, disregarding the effect of the lower w/c ratio of sprayed 
pastes.  
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