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ABSTRACT 

The objective of this study is to evaluate the early age hydration of accelerated CEM I 

pastes. Liquid phase analysis, conductimetry, isothermal calorimetry, in situ XRD and 

SEM were performed on cement pastes produced with 3.0% of an alkaline accelerator 

(sodium aluminate solution) and 7.0% of an alkali-free accelerator (aluminum sulfate 

solution). Results showed that the addition of these chemicals first changes the ionic 

equilibria of the medium by the consumption of Ca2+ and SO4
2- ions from the liquid phase. 

The alkali-free accelerator contributes to the rapid formation of ettringite, as well as to a 

faster rate of alite dissolution and hydration. The aluminate accelerator leads to AFt and 

AFm formation, rapidly depleting gypsum and forming a large deposit over the surface 

of the grains that inhibiting alite hydration. According to the results, variations in cement 

hydration mechanisms caused by accelerators with different chemical compositions are 

explained.  
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1. Introduction 

Sprayed concrete is a construction technique widely used as a structural support 

method for tunnels and mines excavation fronts (GALOBARDES, 2013). In underground 

job sites, excavation is under way while the ground is transferring increasing loads to the 

sprayed concrete linings, making rock-fall a safety issue. In order to prevent dangerous 

and costly fallouts of large masses of fresh material from walls and overhead areas, 

sprayed concrete must present a rapid setting and a high early strength development. In 

addition, the matrix must have an adequate consistency to enable the build-up of layers 

with proper thickness (PRUDENCIO JR, 1998; FIGUEIREDO, 1999). These properties 

are mainly achieved by the incorporation of set accelerating admixtures. 

Set accelerators comprise a range of chemicals that influence the rate of cement 

hydration, thereby shortening setting time and, in most cases, increasing the rate of early 

strength development (HEWLLET, 2004). The main classes of accelerating admixtures 

used in sprayed concrete are either alkaline or alkali-free. Depending on their chemical 

composition, different impacts on the early age hydration kinetics are observed (DiNOIA; 

SANDBERG, 2004; XU; STARK, 2005). Mechanical properties are also influenced, with 

the tendency of obtaining higher ultimate strengths when alkali-free accelerators are used 

(GALOBARDES et al, 2014). 

Alkaline accelerating admixtures are composed mainly by sodium aluminate or 

sodium silicate. In the particular case of aluminate based accelerators, Na+ and [Al(OH)4]- 

ions are incorporated in the cement matrix. Then, [Al(OH)4]- ions react with Ca2+ and 

SO4
2- ions present in the liquid phase, forming AFm and AFt phases, which contribute to 

reduce the setting times of the matrix. As C3A hydration proceeds in the absence of sulfate 

ions, C-A-H phases might also be formed (TAYLOR, 1997; XU; STARK, 2005). 

Depending on Na+ concentration, the formation of U-phases (sodium-calcium aluminate 

hydrated phases) has already been reported (MALTESE et al, 2011).  

The main component present in alkali-free accelerators is aluminum sulfate, 

which is usually stabilized in aqueous solution by the addition of an inorganic or organic 

acid (LOOTENS et al, 2008). When this type of admixture is used in cement matrices, 

the mixing water is enriched with Al3+, SO4
2- and H+ ions. Due to the elevated pH in the 

paste, Al3+ ions are converted into [Al(OH)4]-, which then reacts with calcium and sulfate 

ions present in the solution. As this admixture also contributes to increase sulfate 
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concentration in the liquid phase, ettringite is the main product formed in the matrix. 

Formation and growth of ettringite nanocrystals are the main processes that reduce setting 

times and increase the rate of strength development (MALTESE et al, 2005).  

The most probable reactions that occur in a cement paste with the accelerators 

mentioned previously are represented by the equations shown in Table 1 (TAYLOR, 

1997; XU; STARK, 2005). The variation in free energy of each process were obtained 

from LOTHENBACH et al (2008a). Comparing the variation in free energy of each 

reaction, formation of ettringite is the most thermodynamically favorable process. 

However, the aluminate hydrate formed is also dependent on sulfate availability. If any 

carbonate is present in the cement, hemicarbonate might also be formed. 

Table 1 – Possible reactions of [Al(OH)4]- in cement pastes at room temperature and their related Gibbs 

free energy (TAYLOR, 1997; XU; STARK, 2005; LOTHENBACH et al, 2008a). 

Reactions Equation 
ΔrGo

298 

(kJ/mol) 

Al3+ + 3OH- ⇌ Al(OH)3 + OH- ⇌ [Al(OH)4]- 1 ([Al(OH)4]-formation) - 

2[Al(OH)4]- + 3Ca2+ + 4OH- ⇌  

C3AH6 
2 (hydrogarnet formation) -5019.34 

2[Al(OH)4]- + 6Ca2+ + 4OH- + 3SO4
2- + 26H2O ⇌ 

C3A.3CaSO4.32H2O 
3 (ettringite formation) -15207.02 

4[Al(OH)4]- + 6Ca2+ +8OH- + C3A.3CaSO4.32H2O 

⇌ 3(C3A.CaSO4.12H2O) + 8H2O 

4 (monosulfoaluminate 

formation) 
-8011.78 

2[Al(OH)4]- + 4Ca2+ + 4OH- + SO4
2- + 6H2O ⇌ 

C3A.CaSO4.12H2O 

5 (monosulfoaluminate 

formation) 
-7739.60 

2[Al(OH)4]- + 4Ca2+ + 5OH- + 0.5CO3
2- + 5.5H2O ⇌ 

C3A.0.5Ca(OH)2.0.5CaCO3.11.5H2O 

6 (hemicarboluminate 

formation) 
-7339.51 

The choice of working with a determined type of accelerator depend on the 

requirements of the project. However, due to their high alkali content, alkaline 

accelerators might present some safety issues for workers and their use is limited in some 

countries. To overcome that problem, alkali-free admixtures have been mandatorily 

specified in some guidelines (OBV, 2013), since their alkali content is lower than 1.0% 

(expressed as Na2O equivalent content). 

The main objective of this paper is to elucidate how the different chemical 

compositions of the two types of accelerators influence the early hydration of cement, 

focusing on hydration mechanisms and kinetics. The general experimental procedure 

consists on the evaluation of the hydration in cement pastes with and without setting 

accelerators. In order to achieve the proposed objective, liquid phase analysis, 
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conductimetry, isothermal calorimetry, in-situ X-ray diffraction and SEM imaging were 

performed.  

Although some works have been published about the subject (DiNOIA; 

SANDBERG, 2004; MALTESE et al, 2005; XU; STARK, 2005), it is still necessary to 

compare the effect of each type of accelerator on the early hydration of cement by the use 

of more recent techniques. In addition, the influence of early age hydration of accelerated 

pastes on ultimate mechanical strength has not been totally elucidated yet, so that 

continued research on the subject is necessary to optimize sprayed concrete technology. 

2. Experimental methodology 

The experimental program was performed at the Laboratory of Technology of 

Structures Luis Agulló at Universitat Politècnica de Catalunya (UPC) and at the Scientific 

and Technological Center from Universitat de Barcelona (CCIT-UB).  

2.1.Materials 

An ordinary type I portland cement (CEM I 52.5R) was used in this study. Its 

mineralogical composition, determined by XRD-Rietveld analysis, and its chemical 

composition, determined by XRF, are given in Table 2. The total sulfate content was 

determined by dissolving 1.00 g of cement with 10.00 g of concentrated HNO3 (65%), 

according to UNE-EN 196-2:2006. The resulting solution was diluted in a 250 mL 

volumetric flask using deionized water (Mili-Q, 18 ohm.s) and analyzed by ion 

chromatography. The physical properties of this cement are shown in Table 3. 

Table 2 – Mineralogical and chemical compositions of the cement. 

Mineralogical composition Chemical composition 

Compound Content (%) Compound Content (%) 

C3S 58.6 LOI 2.88 

C2S 13.4 Fe2O3 3.26 

C3Ac 4.7 TiO2 0.22 

C3Ao 0.5 CaO 62.62 
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C4AF 11.5 K2O* 0.99 

CaO 1.1 P2O5 0.10 

Ca(OH)2 1.4 SiO2 19.89 

CaCO3 1.4 Al2O3 4.74 

CaSO4.2H2O 1.7 MgO 1.95 

CaSO4.0.5H2O 3.7 Na2O* 0.13 

K2Ca(SO4)2.H2O 1.8 SO3 3.53  

Total sum 100.2 Total sum 100.31 

*The quantity of K2O and Na2O readily soluble, present as potassium and sodium sulfates, are 0.98 and 

0.02% by cement weight, respectively. Their concentration were determined by ion chromatography from 

a solution extracted from a cement suspension with a/c equal to 9 (LOTHENBACH et al, 2008b).  

Table 3 – Cements properties. 

Property Result 

Total heat of hydrationa (J/g) 438.0 

Molar ratio SO3 / C3Ab 1.85 

Insoluble residue (%) 2.74 

Specific surface BET (m2/g) 2.96 

d50 (µm) 11.4 

aThe total heat of hydration was estimated from the mineral composition of the cement, determined by 

XRD, as the relative sum of the heats of hydration of the individual phases (C3S: 510J/g; C2S: 260J/g; 

C3A: 1100J/g; C4AF: 410J/g (TAYLOR, 1997). 

b Also determined by XRD. 

A superplasticizer based on a polycarboxylate solution (34% of solid content) was 

used. In order to prepare accelerated cement pastes, two different types of set accelerators 

were used. One of them is an alkaline solution, based on sodium aluminate, and the other 

one is composed by an alkali-free aluminum sulfate solution. Their generic composition 

and properties are listed on ¡Error! La autoreferencia al marcador no es válida.. 

Table 4 – Accelerators compositions and pH. 

Property Alkaline Alkali-free 

Solid content (%) 43.0 47.6 

Al2O3 content (%) 24.0 13.5 
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SO4
2- content (%) - 21.0 

Na2O content (%) 19.0 - 

pH (20 oC) 12.0* 3.0 

* Solution at 1.0% 

2.2.Cement pastes compositions 

The cement paste compositions used in this experimental program are shown in 

Table 5. The alkaline and the alkali-free accelerators were added in the dosages of 3.0 

and 7.0% by cement weight (% bcw), respectively. Those contents were determined 

according with the procedure described by GALOBARDES (2013) to assure equivalent 

mechanical performance in pastes. Notice that these dosages also correspond to the 

generally applied in practice of sprayed concrete construction. The water contents present 

in the superplasticizer and in the accelerators were deducted from the water added to the 

mix, in order to keep the w/c ratio constant. The reference pastes (without accelerator) 

are composed by cement, water and superplasticizer.  

Table 5 – Cement paste compositions for each accelerator used. 

Material Reference paste 
Alkaline 

accelerated paste 

Alkali-free 

accelerated paste 

Cement (g) 100.00 100.00 100.00 

Deionized water (g) 44.34 42.63 40.67 

Superplasticizer (% bcw) 1.00 1.00 1.00 

Alkaline accelerator (% bcw) - 3.00 - 

Alkali-free accelerator (% bcw) - - 7.00 

The pastes produced with the compositions from Table 5 were used for all test 

methods, except for liquid phase analysis, which was carried out in diluted cement 

suspensions (w/c ratio equal to 9, with the total mass og 1000g). By doing so, all the 

samples destinated for ion chromatography could be extracted from the same suspension. 

Due to the high a/c, superplasticizer was not used for this test to avoid retarding effects. 

2.3.Test methods 
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Liquid phase analysis was performed to quantify the concentrations of Ca2+, SO4
2- 

and [Al(OH)4]- ions in solution during the first 9 hours of hydration. The objective is to 

determine the influence of each accelerator on the solution ionic equilibrium, which is 

closely related with key changes in the hydration kinetics. The diluted cement 

suspensions were prepared by adding water to cement and mixing for 5min using a 

magnetic stirrer, followed by accelerator addition. 

Samples containing 2.00 g of the liquid phase were obtained by extracting and 

filtrating approximately 3.5 g of the suspension in a 0.20 µm nylon syringe-filter.  

Extractions were performed right before accelerator addition (5 minutes after mixing 

water and cement) and 15 min, 1 h, 3 h, 6 h and 9 h after accelerator addition. To avoid 

precipitation of solids and carbonation, 200 µL of concentrated HNO3 were added to these 

extractions. 

The concentrations of calcium and sulfate ions were determined by ion 

chromatography (Dionex ICS3000), while aluminum was quantified by atomic 

absorption spectrometry (Analytic Jena ContrAA 700). During the whole test, the 

suspensions were kept under constant stirring, at the room temperature of 26 oC. In order 

to complement this test, conductimetry and pH were also measured in the suspensions. 

Isothermal calorimetry was performed to determine how accelerators influence 

the initial kinetics of hydration of cement pastes. Heat flow curves were measured during 

48 hours at 26 oC with 15.0 g of cement paste using a commercial I-cal 4000 isothermal 

calorimeter from Calmetrix. Cement pastes were prepared in the exclusive 125mL cups 

used in this calorimeter. The mixing procedure consisted of pre-mixing water and 

superplasticizer, adding the resulting solution to cement and homogenizing with a vortex 

external mixer for 45 s. Then, accelerator was added and hand-mixed for 15 s with a 

spatula. The samples were introduced in the calorimeter right after the accelerator 

homogenization.  

In-situ X-ray measurements of accelerated cement pastes were used to obtain a 

time resolved determination of the phase composition in the hardening pastes 

(SCRIVENER et al, 2004). A PANalytical XPert PRO MPD θ/θ powder difractometer in 

reflection Bragg-Brentano geometry, with Ni filtered CuKα radiation (λ = 1.5418 Å) and 

a PIXcel detector (active length of 3.347º) was used. Sample holders were cylindrical, 

with a 32mm-diameter and a 3mm-depth, containing approximately 3.7 g of paste. X-ray 

powder diagrams were obtained from 5 o2θ to 55 o2θ, using a step width of 0.026 o2θ and 

20.9 seconds per step. Under these data acquisition conditions, it is possible to record a 



8 

powder diagram in approximately 3.3 minutes. For each sample, the first diagram was 

obtained 5 minutes after accelerator was mixed with the paste and, then, every 15 minutes, 

for 48 hours.  

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. The diagrams obtained were 

analyzed semi-quantitatively by Rietveld analysis using the software X’Pert from Bruker. 

To quantify the amorphous content of the pastes, alumina (NIST) was added at 10.00% 

by cement weight as an internal standard. All structure models used for Rietveld 

refinement are shown in ¡Error! No se encuentra el origen de la referencia.. Samples 

were prepared by the same method used for isothermal calorimetry.  

Table 6 – References of the different phase structure used for Rietveld analysis. 

Phase Formula Crystal system PDF codes 
ICSD 

codes 
Reference Year 

Alite Ca3SiO5 Monoclinic 
01-070-

8632 
94742 de la Torre et al 2002 

Belite  Ca2SiO4 

Monoclinic (β) 
01-083-

0460 
79550 Tsurumi et al 1994 

Orthorhombic 
01-086-

0399 
81097 Mumme et al 1995 

Calcium 

aluminate 

Ca3Al2O6 Cubic 
00-038-

1429 
1841 Mondal, Jeffery 1975 

Ca8.5NaAl6O18 Orthorhombic 
00-032-

0150 
1880 Nishi, Takeushi 1975 

Ferrite Ca2AlFeO5 Orthorhombic 
01-071-

0667 
9197 Colville, Geller 1971 

Gypsum CaSO4.2H2O Monoclinic 
00-033-

0311 
151692  de la Torre et al 2004 

Ettringite 
Ca6Al2(SO4)3. 

(OH)12.26H2O 
Hexagonal 

00-041-

1451 
155395 

Goetz-

Neunhoeffer, F., 

Neubauer 

2006 

Portlandite Ca(OH)2 Rhombohedral 
01-072-

0156 
15741 Petch 1961 

Hemicarbonate 
Ca4Al2(OH)12. 

OH.0.5CO3.4H2O 
- - 263124 Runcevski et al 2012 

Monosulfate 
3CaO.Al2O3. 

CaSO4.12H2O 
- - 24461 Allmann 1968 

Hydrogarnet 3CaO.Al2O3.6H2O Cubic 
01-077-

0240 
38279 Flint et al 1941 

Alumina 

(standard) 
Al2O3 Rhombohedral 

01-081-

2267 
73725 Maslen et al 1993 

The C-S-H could not be detected in this experiment due to its low degree of 

crystallinity. However, it may be assumed that the precipitation of this phase occurs 

synchronously with the alite dissolution and the formation of portlandite, also increasing 
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the content of amorphous phases. Therefore, an indirect assessment of C-S-H content was 

obtained by the quantification of amorphous phases. 

Scanning electron microscopy was carried out to analyze the changes in the 

microstructure of the paste caused by accelerators. This analysis was performed in a JEOL 

JSM 7100F microscope, at the voltage of 20 kV using freeze-dried samples. 

Backscattered electron images and energy dispersive X-ray analysis were obtained using 

this configuration.  

Cement pastes for this analysis were prepared using a conventional mortar mixer. 

The procedure consisted in six steps. Firstly, cement and water were mixed for 90 s at 

low speed (rotation and planetary movement of 140 and 62 rpm, respectively). Secondly, 

the mixer was stopped for cleaning and homogenizing the paste manually for 30 s. 

Thirdly, superplasticizer was added and mixed for 60 s at low speed. Fourthly, the mixer 

was stopped again for cleaning during 30 s. Then, the paste was mixed for 60 s at high 

speed (rotation and planetary movement of 285 and 125 rpm, respectively). Finally, 

accelerator was added and mixed for 20 s more at high speed. 

Approximately 20.0 g of the pastes obtained were transferred to 20 mL plastic 

sealable cups, which were stored in a climatic chamber at the temperature of 26 oC. 

Samples of each paste were frozen using liquid nitrogen 15 min, 3 h and 12 h after 

accelerator homogenization and, then, lyophilized during 48 hours in vacuum. For SEM-

EDS microanalysis, samples were covered with carbon.  

3. Results and discussion 

3.1.Liquid phase analysis 

In cement suspensions (w/c equal to 9), the addition of the alkali-free accelerator 

in the dosage of 7.0% provides an increase of 19.77 mmol/L, 16.32 mmol/L and 17.41 

mmol/L in the concentrations of Al3+, SO4
2- and H+ ions, respectively. When the alkaline 

accelerator is used in the dosage of 3.0%, the concentrations of 15.11mmol/L of 

[Al(OH)4]-, 19.68 mmol/L of Na+ and 4.57 mmol/L of OH- are provided to the suspension.  

The concentration evolution of Ca2+ and SO4
2- ions during hydration are 

represented in Figure 1. Initial calcium concentration (0 – 15 min of hydration) in the 

reference paste is the highest. During the period between 1 and 6 hours, calcium 
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concentration increases steadily, mainly due to gypsum and alite continuous dissolutions. 

From 6 hours on, calcium is consumed, due to the precipitation of hydrated phases. 

 

Figure 1 – Ionic concentration of cement suspensions with accelerators. 

In the case of the suspensions with accelerators, the inclusion of these admixtures 

contributes to an initial calcium consumption, leading to a smaller concentration at 15 

minutes of hydration. From 15 min to 3 hours, the rate of calcium formation increases. 

Such effect is stronger for the alkali-free accelerator, due to its acidic content, which 

favors alite dissolution (JULLIAND, 2009). After 3 hours, calcium starts to be consumed, 

due to the precipitation of C-S-H hydrates. 

Sulfate concentration in the reference suspension decreases throughout the whole 

experiment. A similar trend is observed for the suspension with the alkaline accelerator 

up to 3 hours, although a higher rate of sulfate consumption is observed during the first 

minutes. As this admixture does not contain any sulfates, gypsum is the main source of 

these ions for the formation of AFt and AFm phases by the reaction with aluminate ions 

from the accelerator. Due to the high amount of aluminates available, sulfate depletion 

occurs faster, between 3 and 6 hours of hydration. 

Sulfate concentration in the suspension with the alkali-free accelerator remains 

between the values obtained for the reference and the alkaline accelerator suespensions, 

being depleted between 6 and 9 hours. Sulfates contained in the alkali-free accelerator 
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help balance gypsum dissolution, although sulfate concentration in solution is always 

lower than in the reference paste. Such observation indicates that a fast reaction occurred 

between cement and accelerator right after accelerator addition, consuming sulfate ions. 

By the results obtained, it becomes evident that both accelerators instantly 

consume calcium and sulfate ions from the suspensions, according with equations 3 and 

4 from Table 1. This favors the dissolution of cement compounds, mainly gypsum and 

alite, in order to increase calcium concentration in the chemical equilibrium. 

Aluminate ([Al(OH)4]-) concentrations in all the solutions were in the range of 

(0.020 ± 0.005) mmol/L, which corresponds to 0.10-0.13% of the quantity added with 

each accelerator. Such low concentration indicates that the whole content of aluminate 

provided by the accelerators is consumed as soon as the admixture is added. In this 

context, aluminate ions act as the limiting reactant in the process. 

Conductivity and pH measurements during hydration are represented in Figure 2. 

The conductivity value obtained at 5 minutes is the result of a rapid formation of Ca2+, 

Na+, K+, SO4
2- and OH- ions by the dissolution of gypsum and soluble alkali sulfates. A 

regular increase in conductivity and pH until 6 hours of hydration in the reference 

suspension is observed, corresponding to the continuous dissolution of gypsum and alite. 

After 6 hours, conductivity of the reference suspension starts to drop due to the 

precipitation of calcium-containing hydrated phases. 

 

Figure 2 – Conductivity (a) and pH (b) of cement suspensions with accelerators. 

In the suspension with the alkaline accelerator, a sudden drop in conductivity is 

observed a few minutes after the addition of the admixture. This is caused by the 

precipitation of insoluble compounds that leads to a decrease in the ionic content in 
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dissolution of cement compounds for balancing the chemical equilibria disturbed by the 

accelerator.  

The maximum conductivity in the suspension with the alkaline accelerator is 

observed at 3 hours. After that, conductivity starts to drop again, indicating the occurrence 

of a process that consumes ions from the media. Conductivities in this suspension present 

the highest values among all samples due to the incorporation of NaOH, which is a strong 

electrolyte, increasing the ionic media concentration and maintaining a higher pH. 

Regarding the suspension with the alkali-free accelerator, the initial drop in 

conductivity is accompanied by a drop in pH. The decrease in hydroxide concentration is 

attributed to the incorporation of H+ ions provided by this admixture and to the conversion 

from Al3+ to [Al(OH)4]-, according to equation 1 (Table 1). After 15 minutes of hydration, 

conductivity increases continually until 4 hours, due to the dissolution of cement 

compounds. After that, it starts to drop due to the precipitation of hydrated phases. 

3.2.Isothermal calorimetry 

Heat of hydration curves until 48 hours are shown in Figure 3. In the reference 

paste, the first exothermic peak, generated by the initial contact of cement and water, 

reaches 20.77 mW/g of cement. The induction period lasts for 12 hours. The maximum 

heat flow observed during the main hydration peak reaches 4.50 mW/g of cement. In 

addition, a shoulder corresponding to a secondary formation of ettringite is observed at 

approximately 19 hours. Another shoulder related to the formation of mosulfoaluminate 

by the reaction between C3A and ettringite can be observed around 36 hours of hydration. 
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Figure 3 – Heat flow curves of the hydration of cement pastes obtained at 26 oC. 

The heat flow in the first peak of accelerated pastes is very similar to each other, 

being approximately 3 times larger than the observed for the reference paste. Values of 

65.77 and 61.84 mW/g of cement were obtained in the pastes with the alkaline and alkali-

free accelerators, respectively. The higher heat generated in this process corresponds to 

the rapid formation of AFt and AFm phases, according to equations 3 and 4 (Table 1).  

Induction periods in the accelerated pastes are greatly shortened. As calcium and 

sulfate ions are constantly being consumed, gypsum and alite dissolutions are favored, 

accelerating the onset of the main hydration peak. This was already observed in the results 

from liquid phase analysis (section 3.1). Not only the acceleration period starts earlier, 

but also the maximum intensities reached are higher than in the reference paste. The 

maximum heat flow observed in pastes with alkaline and alkali-free accelerators are 

respectively 1.52 and 0.77 mW/g higher than for the reference paste.  

Regarding the paste with the alkaline accelerator, a small shoulder can be 

observed between 30 and 90 minutes of hydration, as indicated by the arrow. It may be 

associated with the formation of an AFm phase, due to the fast sulfate depletion caused 

by this type of admixture. As presented in equations 5 (Table 1), monosulfoaluminate 

may be formed by the reaction of [Al(OH)4]- when sulfate concentration is not enough to 

form ettringite. In addition, hemicarboaluminate may also be formed when small amounts 

0 12 24 36 48
0.0

2.0

4.0

6.0

8.0
 Reference paste

 Alkali-free accelerator

 Alkaline accelerator

 

Hydration time (h)

N
o
rm

al
iz

ed
 h

ea
t 

fl
o
w

 (
m

W
/g

 c
em

en
t)

AFm

formation

0.0 0.1 0.2 0.3 0.4 0.5
0

20

40

60

80

 

 

H
ea

t 
fl

o
w

 (
m

W
/g

 c
em

en
t)

Hydration time (h)



14 

of calcium carbonate are present in cement (equations 6, Table 1). Notice that sulfate 

depletion was first observed in the suspension with alkaline accelerator (Figure 1), 

suggesting that this accelerator should present the earliest formation of AFm.  

By the integration of the heat flow curves, the energy released by cement 

hydration during the first 48 hours were calculated and depicted in Figure 4. The degree 

of hydration was determined from the calorimetric curve as the ratio of the heat released 

at a certain time to the total theoretical heat of hydration of cement, presented in Table 3. 

 

Figure 4 – Energy released during the first 48 hours of hydration of cement pastes at 26 oC. 

It can be seen that the pattern of energy released by both accelerated pastes is very 

similar until 24 hours, with slightly higher values for the paste with alkaline accelerator 

up to 12 hours. From 24 hours on, the opposite is observed, that is, the paste with alkali-

free accelerator presents higher degree of hydration than the paste with alkaline 

accelerators. This observation may be associated to the lower impact in compressive 

strength obtained in concrete sprayed with alkali-free accelerators at long ages 

(GALOBARDES, 2013).  
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pores more quickly, inhibiting normal cement hydration due to a lack of space, as 

described by Julliand (2009). 

3.3.In situ X-ray diffraction 

The evolution of phase composition measured by in situ X-ray diffraction and the 

associated heat flow curves are presented altogether. Figure 5, Figure 6 and Figure 7 

correspond to the reference paste, paste with the alkaline accelerator and paste with the 

alkali-free accelerator, respectively. In order to simplify the interpretation of the graphs, 

only the reacting phases (alite, gypsum, portlandite, ettringite and AFm) are presented. 

Slow reacting phases (belite and ferrite) were not plotted. Moreover, the period between 

water addition and 6 hours of hydration was not considered in the reference paste due to 

uncertainties in the measurements caused by the high content of free water in this period. 

The main changes observed with the in-situ DRX during the hydration of the pastes are 

summarized on ¡Error! No se encuentra el origen de la referencia.. 

 

Figure 5 – Evolution of phase composition in the reference cement paste during the first 48 hours of 

hydration. 
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Figure 6 – Evolution of phase composition in the cement paste with 3.0% of the alkaline accelerator 

during the first 48 hours of hydration. 

 

Figure 7 – Evolution of phase composition in the cement paste with 7.0% of the alkali-free accelerator 

during the first 48 hours of hydration. 

Table 7 – Main changes occurring in phase composition during hydration. 
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Period (h) Reference paste Paste with alkaline accelerator 
Paste with alkali-free 

accelerator 

0 – 0.5 
Initial dissolution of alkali 

sulfates, gypsum and alite.  

Massive precipitation of 

ettringite due to accelerator 

reaction. AFm phases 

(hemicarboaluminate and 

mosulfoaluminate) are also 

formed. Calcium sulfate is 

detected in very small amounts 

(<0.2%). 

Massive precipitation of 

ettringite due to accelerator 

reaction. 

0.5 – 2 Induction period. 

Short induction period. Total 

gypsum (crystalline form) 

depletion occurs. 

Hemicarboluminate and 

monosulfoaluminate continue to 

be formed. 

Short induction period. 

2 – 12 

Dissolution of calcium 

sulfate occurs at a 

constant speed. Low 

amounts of portlandite are 

formed in the induction 

period. Ettringite and 

portlandite are formed 

during the acceleration 

period, being maintained 

constant after that. Fast 

alite consumption starts at 

around 10h. 

Ettringite concentration is 

reaches a maximum at 5 hours 

and starts to drop after that due 

to AFm formation. Alite is also 

consumed at a faster rate, 

forming portlandite and C-S-H. 

However, at 12 hours, the 

quantity of alite consumed is 

lower when compared to the 

alkali-free accelerator. As a 

consequence, portlandite and C-

S-H are formed at a lower 

extent. 

Calcium sulfate (crystalline 

form) is depleted at around 

4 hours. Ettringite is formed 

continuously up to 10 hours 

due to C3A hydration in the 

presence of sulfate. Alite is 

consumed at a faster rate 

and portlandite and C-S-H 

are precipitated.  

12 – 30 

Calcium sulfate is 

depleted. Alite is 

consumed mainly between 

12 and 18 hours. Massive 

precipitation of ettringite 

and portlandite.  

Ettringite concentration 

increases slightly from 18 

to 24 hours, as a shoulder 

(secondary formation od 

ettringite) is observed in 

the calorimetric curve. 

The rate of alite consumption 

and portlandite formation 

decrease and are lower than in 

the paste with alkali-free 

accelerator. At 24 hours, 25.9% 

of alite were consumed. 

Ettringite concentration starts to 

drop, with consequent formation 

of hemicarboaluminate, 

monosulfoaluminate. At 24 

hours, the concentration of these 

AFm phases starts to drop and 

hydrogarnet formation takes 

place. 

Alite continues to be 

consumed and portlandite is 

constantly formed, but at 

slower rates. At 24 hours, 

30.8% of alite were 

consumed. Ettringite 

concentration presents a 

slight decrease and 

hemicarbonate starts to be 

formed. 

30 – 48 

Concentrations of alite, 

portlandite and ettringite 

are maintained 

approximately constant, 

due to low rate reactions.  

Alite presents a constant 

consumption at a very low rate, 

as well as portlandite formation. 

Ettringite and AFm phases are 

consumed and hydrogarnet 

continues to be formed. 

Alite continues to hydrate 

and portlandite is constantly 

formed. Ettringite continues 

to be consumed for the 

formation of 

hemicarboaluminate.  

To facilitate the comparison of phase compositions in those three cement pastes, 

gypsum, ettringite and AFm contents evolution were plotted in ¡Error! No se encuentra 

el origen de la referencia.. Gypsum depletion takes place more quickly in the paste with 

the alkaline accelerator. No gypsum in crystalline form is observed after 20 minutes of 

hydration, although sulfate ions may be present in solution. That explains the constant 
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ettringite formation until 5 hours of hydration. After that, ettringite consumption starts to 

be noticed, with consequent increase in the amount of AFm (calcium hemicarboaluminate 

and monosulfoaluminate) in the paste. Hydrogarnet starts to be detected at 24 hours. 

 

Figure 8 – Evolution of gypsum, ettringite and AFm contents in the reference and accelerated pastes. 

Sulfate depletion in this paste causes an uncontrolled C3A hydration, forming 

mainly AFm and hydrogarnet phases at early ages. If these phases precipitate on the 

cement grains surface, it could block alite dissolution and hydration. This process may 

explain the lowest degrees of hydration observed in Figure 4 for pastes with alkaline 

accelerator. 

Conversely, sulfate ions contained in the alkali-free accelerator help balance the 

chemical equilibria involved in the dissolution of gypsum and the formation of ettringite. 

Gypsum in the crystalline form is depleted at 4 hours of hydration. Since gypsum remains 

in the paste after total consumption of the accelerator, further C3A reaction may still be 

controlled. This way, AFm and hydrogarnet formation are delayed and normal alite 

dissolution and hydration take place (the formation of hemicarbonate starts after 12 hours 

of hydration). Consequently, the inhibition of posterior alite hydration would not be as 

severe as in the case of pastes of alkaline accelerators. 

To evaluate this, the evolution of alite, portlandite and amorphous (C-S-H) 

contents are presented in Figure 9 for all cement pastes tested. It may be observed that 
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C3S consumption and portlandite formation present similar rates for both accelerators 

until 10 hours of hydration. However, after that period, the rate of alite hydration slows 

down in the paste with the alkaline accelerator. At 48 hours of hydration, the amount of 

alite consumed in this paste corresponds to 27.7% of the total mass, which is lower than 

the amounts consumed in the reference paste and in the paste with the alkali-free 

accelerator (31.6 and 32.2%, respectively). 

 

Figure 9 – Evolution of alite, portlandite and amorphous (C-S-H) contents in the reference and 

accelerated pastes. 

This observation is in agreement with aluminate hydrates contents presented in 

¡Error! No se encuentra el origen de la referencia., suggesting a competition between 

silicate and aluminate hydrations. The higher the quantity of aluminate hydrates (AFm 

and hydrogarnet) formed when accelerator is added, the lower is the rate of alite 

hydration.  

3.4.SEM and EDS microanalysis 

SEM images obtained with the reference paste freeze-dried at 15 min, 3 h and 12 

hours of hydration are shown in Figure 10. At 15 min, it is possible to observe a few 

deposits of hydrated phases on a cement grain. At 3 hours of hydration, the border of the 
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cement grain starts to present pitches caused by reaction with water and a higher density 

of hydration products can be observed. At 12 hours of hydration, cement surface presents 

a large area covered by hydration products. 

 

Figure 10 – SEM images of the reference paste at different hydration times: 15min (a); 3h (b, c); 12h (d). 

SEM images obtained with the paste with the alkaline accelerator at 15 min of 

hydration are presented in Figure 12. Aluminate hydrates are deposited on the surface of 

a cement grain (Figure 12 (a) and (c)). According to the EDS spectra obtained in the 

regions identified by a circle, the hydrate presents an elevated Al/S ratio, indicating it 

might be composed by C-A-H and AFm phases. Their formation occurs due to the fast 

reaction of the accelerator with calcium ions in a medium with limited sulfate content. 

This corroborates the data obtained in in situ XRD, which shows a fast sulfate depletion 

and formation of hemicarboaluminate and monosulfoaluminate as soon as accelerator is 

added. 

(a) (b)

(c) (d)
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Figure 11 – SEM images of the paste with the alkaline accelerator at 15 min of hydration. EDS analysis 

(b) corresponds to the circled area in figure (a). EDS (d) and (e), to figure (c). 

Figure 12 shows SEM images of alkaline paste samples at 3 hours of hydration. It 

is possible to observe portlandite plates together with ettringite needles. As presented on 

Figure 12 (d), AFm and AFt phases coexist on the surface of a cement grain. AFm and 

C-A-H phases are more thermodynamically stable and less soluble than alite 

(LOTHENBACH et al, 2008a). Due to their plate-like morphology, alite hydration may 

be inhibited due to a lower contact area with pore solution. This explains why pastes with 

alkaline accelerator present a lower degree of hydration when compared to the other 

pastes.  

(e)
(d)

(b)

(d)(c) (e)

(a) (b)
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Figure 12 – SEM images of the paste with the alkaline accelerator at 3 h of hydration. EDS analysis (b) 

and (c) correspond to the circled area in figure (a). EDS (e) and (f), to figure (d). 

Figure 13 shows SEM images obtained for pastes with alkali-free accelerator at 

15 min. In this case, a needle-like structure composed mainly by AFt phases is observed. 

Ettringite crystals measuring approximately 2µm bond cement grains together, which is 

responsible to increase early age strength and reduce setting times (as observed by 

Maltese et al, 2005).  

(b)

(c)

(a) (b) (c)

(f)
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Figure 13 – SEM images of the paste with the alkali-free accelerator at 15 min of hydration. EDS analysis 

(b) and (d) correspond to the circled area in figures (a) and (c), respectively. 

Hydration progressed largely until 3 hours of hydration and the surface of cement 

grains are covered by hydration products, as observed in Figure 14 (a). Ettringite and 

portlandite are the main phases found, as indicated in Figure 14 (b) and (d). It is also 

possible to observe that the space surrounding cement grains is filled by ettringite crystals, 

as presented in Figure 14 (e). 

(a) (b) (c)

(d)

(b) (d)

(e)
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Figure 14 – SEM images of the paste with the alkali-free accelerator at 3 h of hydration. EDS analysis (c) 

and (e) correspond to the circled area in figures (b) and (d), respectively. 

AFm and C-A-H hydrates were not found until 3 hours of hydration, which is in 

agreement with the fact that gypsum depletion does not occur as quickly as when alkaline 

accelerator are used. Then, further C3A hydration takes place in the presence of sulfate, 

forming mainly ettringite. Since no C-A-H is not formed until 48 hours of hydration and 

small amounts of hemicarbonate are only detected after 12 hours, the restrictions caused 

by cement grain coverage are not as significant as for pastes with alkaline accelerators. 

Consequently, a higher degree of hydration may be achieved. 

Comparing the reference and the alkali-free accelerator pastes at 3 hours of 

hydration, it is possible to observe that the amount of C-S-H precipitated on a cement 

surface is higher in the accelerated paste. This is caused by a faster solubility of alite 

grains to balance the calcium concentration in equilibrium and due to the acid contained 

in this accelerator (JULLIAND, 2009).  

The formation of hydration products observed by SEM imaging is totally 

compatible with the results obtained with in situ X-ray diffraction. Hence, these 

observations confirm the kinetics and mechanisms of hydration proposed for pastes with 

both admixtures and the differences between them and the reference paste. 

(c)

(a) (b) (c)

(e)(d) (f)

(e)
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4. Conceptual model of hydration mechanism 

According to the results obtained in this study, a conceptual model for the 

hydration of an ordinary Portland cement was developed, following the pattern used by 

SCRIVENER (1984). It is represented in Figure 15 and shows the evolution of phase 

composition and microstructure during the hydration of a reference paste, a paste with an 

alkaline accelerator and a paste with an alkali-free accelerator. The main changes 

presented are based on the results described on Table 7. 

 

Figure 15 – Conceptual model for the hydration of an ordinary portland cement: (a) reference paste; (b) 

paste with an alkaline accelerator; (c) paste with an alkali-free accelerator. 

5. Conclusions 

This study evidences how early age hydration and microstructure of a type I 

cement paste is influenced by accelerators with different chemical compositions. 
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Alkaline accelerators, composed mainly by a sodium aluminate solution, consume 

calcium and sulfate ions present in the liquid phase of the cement paste quickly. 

[Al(OH)4]- ions, which are very reactive with cement, are totally consumed as soon as the 

accelerator is mixed with the paste. Calcium sulfate is depleted before 20 minutes of 

hydration and further C3A hydration takes place in the absence of sulfates. The main 

aluminate hydrates found in the paste are ettringite, hemicarboaluminate, 

monosulfoaluminate and hydrogarnet. It was observed that mainly AFm and C-A-H 

hydrates, which are less soluble and more thermodynamically stable than alite, inhibit 

C3S dissolution and further hydration. As observed by isothermal calorimetry and in situ 

XRD, this leads to a lower consumption of alite and, hence, a lower degree of hydration 

at 48 hours.  

Alkali-free accelerators are based on an aluminum sulfate solution. As sulfate ions 

are present in their composition, ettringite is the main hydrate formed when this type of 

admixture is used. The rate of gypsum depletion is lower and enough sulfate remains for 

controlling C3A hydration. Analyzing the in situ XRD patterns, C-A-H hydrates were not 

found until 48 hours of hydration and, then, alite hydration could progress normally. The 

degree of hydration of the alkali-free accelerated paste at 48 h was the highest, when 

compared with the other pastes. 

Results obtained in this experimental study explain the differences in performance 

that occur when sprayed concrete is accelerated with different types of admixtures. When 

sodium aluminate accelerators are used, ultimate compressive strengths present lower 

values when compared to alkali-free accelerators (GALOBARDES, 2013). 
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