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Abstract 

Interest in exploring the use of seawater as the mixing water for preparing concrete is 

increasing due to the lack of freshwater in some coastal regions and remote islands, where 

seawater is more accessible. However, up to now, the mechanism of accelerating effects of 

seawater on the hydration of portland cement (PC) remains unclear. In this study, alite, a 

major clinker phase in PC, was hydrated with common salt solutions (NaCl, Na2SO4 and 

MgCl2) in seawater to explore the mechanism of acceleration. The heat release peaks of 

the salt-added systems shifted to an earlier hydration time with a higher peak value, which 

indicated the faster hydration rate of alite pastes compared to the DI water system. The 

addition of the single salts was found to increase the concentration of Ca species in 

solutions, contributing to the increased formation of Calcium-Silicate-Hydrates (C-S-H) 

and portlandite at early ages. In the Na2SO4 system, gypsum was the new hydration product, 

while brucite was formed in MgCl2 systems, which caused the sharp decrease of Mg 

species in the solution. The morphology of the early formed C-S-H was changed with the 

addition of the salts, and the C-S-H were characterized as thinner and longer fibres. At later 

ages, the incorporation of the single salts lowered the polymerization degree of C-S-H, but 

no noticeable morphology change was observed.   
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Introduction 

From 2013 to 2020, over 4 billion tonnes of cement was produced annually worldwide, 

making it one of the most consumed materials in human society.1 During the processing of 

cement to concrete, freshwater is needed.  However, with the increasing demand for 

construction projects, a freshwater shortage could be a problem, especially for regions like 

the Middle East, North Africa, and some remote islands.2 To meet the water requirement 

in these regions, seawater is being considered as an alternative to freshwater. 

In recent years, increasing interest has grown towards research on seawater concrete.3-

5 However, seawater use is limited in concrete applications due to its high chloride content, 

which can cause corrosion of steel bars,6-8 which would have a deleterious effect on the 

mechanical properties of the reinforced concrete structures. However, with the introduction 

of fibre-reinforced polymer (FRP) as reinforcement, there may be opportunities to use 

seawater to produce reinforced concrete, according to recent research on the performance 

of FRP in seawater.9 It was found that FRP had a better corrosion resistance to seawater 

than steel,10-11 and showed no significant long-term durability reduction (mainly tensile 

strength) under saline environment compared to that under freshwater environment.12 

Apart from the reinforced structures, seawater can also be applied in plain concrete mixing, 

which can be traced to more than 2000 years ago.13 That provides another evidence for the 

potential to adopt seawater as the concrete mixing water.  

At present, a number of studies have focused on the mechanical properties and chloride 

immobilization of concrete prepared with seawater. 5, 14-17 However, only a limited amount 

of studies was focused on the hydration process and mechanism of cement in seawater. 

One of the most commonly conducted tests to assess the effect of seawater on cement 

pastes is the calorimetry test. Most test results showed that the hydration of cement at an 

early age is significantly accelerated by adopting seawater as the mixing water, which is 

indicated by the higher heat release within a shorter period than freshwater-based mixing 

cement pastes.5, 14-15 As a result, the early-age strengths of the concrete mixed with seawater 

were also enhanced. However, few studies have tried to explore the mechanisms behind 

the acceleration in the process of hydration observed in seawater mixed cement systems.  

Li et al. tried to explain the accelerating mechanism with the dissolution theory based on a 



geochemical approach. According to their research, the formation of Friedel’s salt was 

considered to be the reason for the accelerated reaction of C3A and C4AF, as it would 

consume a large amount of calcium, aluminate, and ferrite in the pore solution. The 

acceleration of C3S was also attributed to the presence of Cl- in seawater. However, no 

further discussion was provided on the influence of other abundant ions in seawater.18 

Younis et al. attributed the accelerating effects to the existence of NaCl in seawater, which 

would react with Ca(OH)2 to form CaCl2, one of the main accelerating admixtures. 

However, the effects of other salts in seawater were not discussed.14 Wang et al. stated that 

Cl-, Ca2+, Mg2+, Na+ and SO4
2- in seawater contributed to the hydration of alite, which was 

the main phase in PC, so the hydration of PC was accelerated. But, no in-depth explanation 

was given.5 Yassen et al. explored the effects of seawater on the morphology of hydration 

products of C3S pastes. It was found that the addition of seawater contributed to the 

formation of gypsum with sharp rod-like morphology.19  However, the research mainly 

focused on the effects of SO4
2-, and the effects of each single salt in seawater were not 

further studied.    

Since seawater is a complex system with a variety of inorganic and organic phases, 

researchers tried to simplify the effects of seawater by using single inorganic salt in their 

studies. A ranking of the effect of different cations and anions was proposed by Edwards 

et al.;20 however, they did not explain the underlying mechanism of the accelerating effect. 

Chloride is the most abundant anion in seawater. Kondo et al.21 indicated that chloride 

could control the dissolution of OH-  by affecting the precipitation rate of the cement 

hydration products. Another possible explanation of the acceleration effect was that the 

ions in seawater changed the structure of the early formed C-S-H layer around the cement 

particle, making it more flocculated. Through the loose structure of the layer, ion exchange 

became more accessible, and the reaction was expedited.22 Nevertheless, the ‘layer’ theory 

has been proven to be a less plausible reason by some researchers since there was no direct 

evidence of forming a continuous layer on the surface of alite.23-25 At least, it was not the 

only reason for the beginning and the ending of the induction period. Brown et al. studied 

the effect of Ca2+ on the hydration of C3S, and concluded that the excessive Ca2+ in solution 

would promote the precipitation of Ca(OH)2 and the hydration of C3S.26 However, their 

theory could not fully apply to explain the acceleration mechanism of seawater since the 



concentration of Ca2+ in seawater was less than those of Na+ and Mg2+ in seawater. Thus, 

the mechanisms for the acceleration phenomenon is not yet fully understood and more 

fundamental work needed to be done.  

This paper tries to provide a more in-depth understanding of the effects of seawater on 

cement hydration. A subsystem was first evaluated to simplify the complex compositions 

of PC and seawater by first limiting the study to single salt solutions and alite, which is the 

major clinker phase in PC.  

Materials and methods 

Materials  

The alite used in this study was purchased from DMT Materials Technology Company, 

China. The commercial alite was characterized, and the details are shown in Table 1 and 

Fig.1a. shows the X-ray fluorescence (XRF) measurement performed on the commercial 

alite with a Supermin200 instrument (Rangaku Corporation, Japan). The commercial alite 

powder was pressed into a flat pellet before the XRF test. The Ca/Si ratio of the raw 

material was measured to be 2.74, less than the theoretical value 3, indicating the presence 

of impurities. The crystalline composition of alite was analyzed by Quantitative X-ray 

Diffraction (Q-XRD). The results showed that the purity was about 89.3 wt.%, and the 

remaining phase was β-C2S. The hydration products of C3S and β-C2S were similar.27  β-

C2S would dissolve slowly as C3S hydrated due to the higher solubility of C3S.28 So the 

impurity had limited on the hydration kinetics of C3S at early ages.  Fig. 1b shows the 

particle size distribution of alite powder measured on a Malvern MS3000 laser particle 

analyzer. The wet dispersion method was adopted in this study with isopropanol as the 

dispersing agent. Three repeated tests were conducted; each test lasted for 15 s. The string 

rate was set to be 3000 rpm. The average particle size (D[4,3]) is 13.1 μm. NaCl (NC), 

MgCl2 (MC), and Na2SO4 (NS) are the main inorganic salts in seawater, according to 

ASTM D1141-98.29 Therefore, in this study, the single salt (AR grade) solutions with the 

same concentration as those present in the ASTM standard (0.42 mol/L NC, 0.055 mol/L 

NS and 0.029 mol/L MC) were prepared and used. 

 



 

Table 1 Oxide compositions of alite.  

Composition CaO SiO2 MgO Al2O3 P2O5 SO3 K2O Fe2O3 SrO ZrO2 

wt.% 72.4 26.4 0.0866 0.912 0.114 0.0234 0.0473 0.0224 0.0142 0.0238 
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Fig. 1. (a) Crystalline phase compositions and (b) particle size distribution of alite used 

in this study. 

 

Experimental procedures 

In this study, the same high water-binder-ratio (10) was adopted as the previous study.19 

With such a high ratio, the complete reaction of alite would be promoted, and the hydration 

products could be easily characterized.30   

For the isothermal calorimetry test, Samples of 5 g alite were mixed thoroughly with 

50 g of the prepared salt solutions for 1 min by hand before the samples were put into the 

isothermal calorimeter (I-Cal 4000, Calmetrix), which was placed at room temperature of 

20 ± 2℃. The measurement was monitored for 48 h.  



Separately, alite was mixed thoroughly with deionized water (DI) and the different salt 

solutions at the same water-binder-ratio of 10. 2 g of alite was mixed with 20 g salt 

solutions in a plastic tube and the setups were shaken in an oscillator for 5 min before being 

stored in an N2 filled container. After the selected curing period (6 h to 28 d), The samples 

were first centrifuged at 4000 rpm for 10 minutes, and then the separated solutions were 

filtered via 0.45 µm mixed cellulose esters membrane filters. The solid phase was washed 

with isopropanol twice for stopping further hydration, and to avoid the decomposition of 

hydration products due to the high temperature, the samples were dried in a vacuum 

desiccator at room temperature 20 ± 2℃ for 24 h for later testing.31  The solutions were 

kept in a N2 filled container before analysis. 

Characterization techniques 

For X-ray diffraction analysis (XRD Rigaku Smartlab), the powder samples were 

mixed with 20 wt.% α-Al2O3 (as internal standard) before characterization. The internal 

standard was mixed with the respective sample using a pestle and mortar gently to achieve 

better homogeneity and avoid over-grinding. The measurement was operated under the 

Bragg-Brentano geometry mode at 40 kV and 30 mA. The data collection range was 7° - 

70° 2θ for CuKα radiation with a step size of 0.02° (0.5 s for each step). After collecting 

the data, the Rietveld method was used to quantify the phase compositions of the hydration 

products by GSAS Ⅱ software.32 The global refinement parameters for Rietveld refinement 

included in this study were background coefficients, sample displacement, phase scale 

factor, Lorentz polarisation factor, and cell parameters. The ICSD database was used in 

this study with the phases C3S (ICSD no. 4331, space group P-1), C2S (ICSD no. 81099, 

space group P63/mmc) , Ca(OH)2 (ICSD no. 202220, space group P-3m), and Al2O3 (ICSD 

no. 77810, space group R-3c). The morphology development of the hydration products was 

studied by scanning electron microscopy (SEM, Tescan MAIA3) and transmission electron 

microscope (TEM, JEOL Model JEM-2100). Before SEM tests, the samples were coated 

with gold. In the TEM experiment, the hydrated alite samples were first ground into a 

powder and then immersed in ethanol. Ultrasonic dispersion was used as a pre-treatment. 

1 mL of the suspension liquid was transferred on a carbon microgrid support membrane. 

Then, the morphologies of C-S-H were characterized. At the same time, (Energy-dispersive 



X-ray spectroscopy) EDX measurement was used to analyze the elemental compositions 

of the amorphous C-S-H phase. To study the polymerization of the reaction products, 29Si 

nuclei was scanned on a solid-state NMR spectrometer (JEOL ECZ 500MHZ). More than 

2000 scans were conducted before getting the spectra, which were then deconvoluted, and 

the contents of different silicate tetrahedra phases were calculated. Inductively coupled 

plasma - optical emission spectrometry (ICP-OES, Spectro Blue) and Ion chromatography 

(IC, Thermo Scientific Dionex Integrion HPIC) were used to determine the ion 

concentrations of the collected filtrates after the hydration period. The filtrates were 

digested by concentrated nitric acid before testing.33 

Thermodynamic modelling 

Thermodynamic modelling was carried out using the Gibbs free energy minimization 

program (GEMS).34-35 The effects of NaCl, Na2SO4 and MgCl2 in the mixing water on the 

hydration of alite were studied. PSI-Nagra36 and Cemdata 1837 databases were adopted in 

this system. C-S-H is described by a solid solution of  C-S-H-JenD, C-S-H-JenH, C-S-H-

TobD, C-S-H-TobH and NaSiOH, as the end members modified from the C-S-H presented 

by D. Kulik.38 The activities of different species were calculated from the measured total 

concentrations at respective temperatures using GEMS. The activity coefficient of aqueous 

species was calculated based on the built-in extended Debye-Hückel equation 

(Helgeson).39 The activity correction is thought to be applicable for solutions with up to 

about 1 mol/L ionic strength. In the highest concentration NC solution, the ionic strength 

is 0.42 mol/L. The distance of closest approach was 3.67 for KOH, and the semi-empirical 

parameter was 0.123 for KOH at 25℃.  

Results and discussion 

Hydration kinetics of alite at the early age 

The isothermal calorimetry test results for the early hydration of alite are shown in Fig. 

2. In the initial period, the heat release in our study was higher than conventional alite 

pastes, with a maximum heat release of about 84 J/g within 1 h. That was due to more 

dissolution of alite in a higher amount of liquid. The starting point of the acceleration period 

was shifted to earlier ages with the addition of the salts. At about 3 h, the acceleration 

period of NC, NS and MC systems started to occur, while the starting time for DI system 



was about 6 h. This indicates that the induction period for salt-added samples was shorter 

than the reference group. This was consistent with the acceleration effect of seawater19 and 

indicated that all these three main salts in seawater would contribute to the acceleration 

effect. During the acceleration period, the reaction rate was different for each group. 

Overall, the reaction rates for the salt-added systems were higher compared to the reference 

DI system. The reaction rate of MC system was faster than the other groups before 4 h 

according to the cumulative heat release (Fig. 2b). At about 7.5 h, the NC group showed 

the highest reaction rate compared to other systems. The maximum reaction rate of DI 

system was far lower than the other systems. 
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Fig. 2. (a) Heat flow and (b) Cumulative heat release for the alite pastes with the 

incorporation of varied salt. 

 

At the same time, GEMS modelling was applied to study the solution and solid-phase 

composition as shown in Fig. 3. Before the end of the induction period, the primary reaction 

is the dissolution of alite into solution. In this period, calcium species (e.g. Ca2+, CaOH-) 



were formed and continually increased as indicated by the GEMS modelling results (Fig. 

3a). With the addition of the single salts, the induction period was shortened compared to 

DI system (Fig. 2a). This was due to the increasing dissolution rate of alite and the high 

calcium species concentration shown in Fig. 3a. At the same time, for DI and NC system, 

a small amount of C-S-H started to form. While for NS added system, there was CaSO4 

formed and dissolved in the solution. 

Moreover, as the reaction progressed, gypsum started to precipitate before the 

formation of portlandite.  That caused the early ending of the induction period compared 

to other systems. It was also why the cumulative heat release for NS system was higher 

than the NC system in the induction period. For MC systems, the early hydration products 

were M-S-H and brucite. Due to the severe heat release of brucite formation, the cumulative 

heat release of the MC system was the highest, as shown in Fig. 2b. However, portlandite 

formation was delayed. So, the induction period for the MC system was prolonged 

compared to NC and NS system. As the hydration progressed, the cumulative heat release 

for the MC system became the highest because a large amount of brucite was formed.   
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Fig. 3.  GEMS modelling results for (a) the concentration of calcium species and (b) the 

solid phase composition. 

 

 

Ion concentration variation in solutions  

The changes in concentrations of different individual cations with time in the filtrates 

are shown in Fig. 4. The results showed that the dissolution of alite in the salt solution was 

accelerated by adding the individual seawater salts. The concentration of Ca species for the 

DI system was 0.016 ± 0.001 mol/L at 6 h and lower than those in salt added systems. That 

was consistent with the isothermal calorimetry test results and the GEMS modelling that 

at the early age of the hydration, alite dissolved quickly in the salt solutions and reached a 

higher Ca species concentration compared to DI system. As a result, the hydration rate was 

accelerated. As for the salt-added groups, the concentration of Ca species for NS system 

increased sharply to  0.066 ± 0.006 mol/L in the first 6 h, which was consistent with the 

early starting of the acceleration period. At the same time, gypsum was formed as detected 

by XRD results. As hydration proceeded, the concentration of Ca species decreased to a 



level similar to that in DI. The concentration of Na species showed an inverse trend of the 

Ca species, that during the sharp increase of Ca species in the solution, the Na species 

decreased to 0.01 ± 0.001 mol/L at 6 h. While after 1 d, the concentration of Na species 

recovered to the initial level at around 0.050 mol/L. A similar trend can be seen in the 

results for the NC system, but the time to reach the maximum Ca species concentration 

(0.053 ± 0.002 mol/L) was about 12 h. As for Na species in the NC system, the 

concentration decreased to 0.058 ± 0.004 mol/L at 6 h, while after 1 d, the concentration 

recovered to about 0.41 mol/L. However, according to GEMS modelling (Fig. 6a), the 

concentrations of Na species for NC and NS systems remained at a stable value during the 

whole hydration process. That means the sharp decrease of Na species in the solution was 

not due to the formation of a stable new phase but to the surface complexation reaction40-

41 or the attraction by the surface charge42-43. So, at later ages, the Na species were 

rereleased to the solution, only resulting in a small reduction of the initial concentrations, 

consistent with the GEMS modelling. A noticeable trend was observed for the MC system, 

where the concentration of Ca species increased continually to 0.047 M before 1 d, after 

which it stabilized to a constant value, which was higher than any other system. At the 

same time, a large amount of Mg species was consumed, and the concentration of Mg 

species in the solution decreased from 0.055 M to almost zero after 6 h. That was due to 

the quick formation of brucite. Similar results were also obtained in the thermodynamic 

modelling (Fig. 3). The apparent increase of Ca species in the solution can be attributed to 

the leaching of portlandite, and the OH- tends to combine with Mg species to form brucite.    
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Fig. 4.  Variation of cations in filtrates. 

 

The variation of the anions with time is shown in Fig. 5. Both Cl species and S species 

concentrations decreased with time. The concentration of Cl species in the NC solution 

decreased from 0.42 mol/L at 0 h to 0.36 mol/L at 28d, while that for the MC group 

decreased from 0.11 mol/L to 0.04 mol/L. The level of reduction of Cl species 

concentration was similar for these two groups. However, according to the GEMS 

modelling, the concentrations of Cl species remained at a stable value, as shown in Fig. 6b. 

That indicates that the decrease of Cl species was mainly due to C-S-H absorption.44-45 As 

for S species, the decrease trends are consistent between the test results and GEMS 

modelling because of the formation of gypsum.  
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Fig. 6. GEMS modelling results for the concentrations of (a) cations and (b) anions in 

solutions.  

Phase assemblages in hydration products 



The phase assemblages in the hydration products were characterized by XRD tests as 

shown in Fig. 7. At 12 h the main hydration products for the DI system were portlandite 

and C-S-H. There was no new crystalline phase formed with the addition of NC. However, 

the addition of NS caused the formation of gypsum, which was consistent with the GEMS 

modelling results (Fig. 3b).  For the MC system, because of the presence of Mg species, 

brucite was formed during the whole process of hydration. That caused the noticeable 

concentration decrement of Mg species in solutions, as shown in Fig. 4.  The XRD tests 

results provide another evidence for GEMS modelling and the ion concentration variations 

results. With the addition of NC, no new phase was formed, but a higher concentration of 

Ca species was obtained in this system. So only the formation rate of C-S-H and portlandite 

was accelerated. For the NS system, because of the presence of S species, gypsum was 

formed as the hydration product and a part of it was dissolved in the solution. This also 

caused the increase of the Ca species concentration in the solution. This was found to be 

consistent with the previous study on alite pastes mixed with seawater. The abundant SO4
2- 

in seawater would contribute to the formation of gypsum in alite pastes.19 Brucite was 

found to be the main new hydration products in the MC system. Owing to the quick 

formation rate of brucite and the higher Ca species concentration limitation, the hydration 

of alite in the MC solution was accelerated.  
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Besides the qualitative analysis of the XRD results as shown above. The Rietveld 

method was applied to calculate the amount of alite that remained after partial hydration in 

different salt solutions, as shown in Fig. 8. The degree of hydration (DoH) of alite can be 

calculated using Eq. 1, where P is the percentage of alite in the raw material and R is the 

remaining content of alite.   

DoH = (P(alite) – R(alite)) / P(alite) * 100%                                   (1) 

The results show DoH of alite was enhanced with the addition of the single salts within 

1 d, and about 40% of alite was hydrated within 6 h in the salt added solutions while the 

DoH for the DI water case was about 20%. The results were consistent with the calorimetry 

tests, as alite was still in its induction period in DI while the addition of the single salts 

contributed to the dissolution of alite and accelerated the hydration, leading to the early 

initiation of the acceleration period. At 28 d, most alite was consumed in all groups. It 

means that the salt solutions exerted their major impacts at an early age within 1 d. This 



was consistent with the ion variation test results described and indicated that the dissolution 

rate of alite dominated the hydration rate of alite. It was noteworthy that the hydration 

kinetics of alite in dilute solutions was faster than that of alite pastes, so it still needed 

further study on the alite pastes with low water-binder-ratio.  
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Fig. 8. Percentage of alite remained calculated by XRD-Rietveld method and DoH 

calculated according to alite consumption. 

 

Morphology analysis 

Considerable research results showed that C-S-H is formed in a fibrillar structure.31, 46-

47 Fig. 9 shows the TEM micrographs of the alite samples hydrated for 12 h. The needle-

like fibrillar products were confirmed to be C-S-H gel by EDX results. Apart from the DI 

group, EDX showed the C-S-H was able to absorb a small portion of the cations and anions 

in the salt solution, which was the reason for the concentration of Na and Cl species 

decrease as shown in Fig. 4 and Fig. 5, but the GEMS modelling showed no apparent 

change. This is because the GEMS modelling can only model the chemical bonding of the 

hydration products, but part of anions is physically bound to hydration products in the 

actual results.48-49  In the TEM images, the average length of C-S-H fibres was about 150 

nm, while the average C-S-H fibre lengths of salt added systems were over 200 nm. That 



is caused by the faster hydration rate of alite at early ages. The longer C-S-H fibres in the 

salt-added solutions contributed to a looser structure. This was also verified by the SEM 

results (Fig. 10). As for the composition of early hydration products, the Ca/Si ratio of C-

S-H in DI was significantly higher than that of other groups because, for DI system, there 

were mainly inner C-S-H around the alite particles, which have a higher Ca/Si ratio. For 

salt-added systems, more outer C-S-H formed, which caused the reduction of the measured 

Ca/Si ratio. The penetration depth of the electron in the EDX test was about 2 μm.50 Thus, 

the Ca/Si ratio calculated results might be slightly higher due to the intermix of C-S-H with 

anhydrous phase and portlandite. To weaken this effect, we chose the region mainly 

occupied with C-S-H.   

 

Fig. 9.  Morphology and EDX analysis of C-S-H at 12 h in TEM. 

 



 

Fig. 10. Morphology and EDX analysis of C-S-H at 12 h in SEM. 

 

To study the single salts’ effects on the morphology of C-S-H at later ages, the 

morphology of the hydration products at 28 d was characterized. Fibrillar C-S-H grew 

together to form plates and foil-like clusters, as shown in Fig. 11 and Fig. 12. Both TEM 

and SEM showed the Ca/Si ratio was about 1.5 except for the MC group, where the ratio 

was slightly lower. That was due to the co-presence of C-S-H and brucite. TEM results 

(Fig. 11) showed that the later hydration product in DI was a more compact foil-like matrix. 

In comparison, although the matrix of the hydration products in the salt-added groups was 

looser in the TEM image, as shown in Fig. 12, the SEM images showed no apparent 

difference between the different groups of samples. The fibres formed in the early 

hydration merged. As a result, thicker fibres and plates were observed. Since high water-

binder-ratio was adopted in this study, more space was available for C-S-H to grow than 

alite pastes. That might affect the morphology development of C-S-H. Thus, the 

morphology evolution of alite pastes would be investigated in further studies.  

 



 

Fig. 11. Morphology and EDX analysis of C-S-H at 28 d in TEM. 

 

 

Fig. 12.  Morphology and EDX analysis of C-S-H at 28 d in SEM. 

 

29Si solid-state MAS NMR 

The deconvolution results of the acquired 29Si MAS NMR spectra of the samples 

hydrated for 6 h and 28 d are shown in Fig. 13.  The NMR results can provide information 

on the amount of Qn, where n indicates the number of bridging oxygen atoms around one 

Si atom,51 and for example, alite has nine Q0 positions because of the different crystal 



structures in the range -60 to -75 ppm.52 Fig. 13a shows that, besides the  Q0 peaks, there 

are also two more peaks at around -79 and -85 ppm, corresponding to Q1 and Q2 units 

formation in C-S-H gels. Q1 denotes two conditions: the end silica tetrahedra for a C-S-H 

chain or the silica tetrahedra in a dimer and Q2 represents the interchain silica tetrahedra in 

C-S-H gel.53  

The NMR spectra were deconvoluted to calculate the mean chain lengths (MCL), and 

polymerization degrees (PD) by using Eqs. 2 to 3 and the results are shown in Table 2.  

 

MCL = 2 × (Q1 + Q2) / Q1                                                                                 (2) 

PD = Q2 / Q1                                                                                                             (3) 

 

Table 2 29Si MAS NMR spectrum analysis.  

Paste 
Qn/% 

MCL PD 
Q0 Q1 Q2 

DI-6h 88.6 11.4 0.0 2 0 

NC-6h 21.3 51.7 27.0 3.04 0.52 

NS-6h 36.1 55.9 8.0 2.29 0.14 

MC-6h 43.1 44.9 12.0 2.53 0.26 

DI-28d 0.0 61.6 38.4 3.25 0.62 

NC-28d 0.0 68.2 31.8 2.93 0.47 

NS-28d 0.0 63.8 36.2 3.13 0.57 

MC-28d 0.0 66.7 33.3 2.99 0.49 

 

Fig. 13a and Table 2 show that Q1 and Q2 were more predominant in the salt-added 

groups compared with the reference group. For the DI water group, there was no Q2 

detected, and this suggested a predominant C-S-H dimer structure. That was the initial 

status of the early formed C-S-H. Less Q0 and a higher percentage of Q2 in salt-added 



groups indicated the fast hydration of alite and the quick polymerization of C-S-H. Since 

Q0 only existed in alite and C2S. The higher polymerization of C-S-H also caused the longer 

fibres observed in the TEM tests. These results were also consistent with the calorimetry 

test result, where the addition of single salt contributed to the alite dissolution and the 

polymerization of hydration products. As a result, the MCL and PD of DI system were 

lower than that of the salt-added systems at the early age.      

At 28d, most of the alite was hydrated. The polymerization degree and the mean chain 

length decreased with the addition of the single salts. However, the difference of MCL at 

28 d was not as evident as that at 6 h. That could be the reason why no significant 

morphology change was detected in the TEM and SEM testings. 
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Fig. 13. 29Si MAS NMR spectra of (a) 6h and (b) 28d samples. 

At the early period of hydration, the main reaction driving process was the dissolution 

of alite and polymerization of silicates. The silicates in alite were isolated in the Q0 status. 

As the hydration proceeded, silicates tended to combine to form the chain structure, and 

more Q1 and Q2 were found in the NMR results. Since the salt-added samples hydrated 

faster than DI samples, the polymerization of the salt-added groups was higher, 

contributing to the growth of C-S-H fibres and producing longer and thinner fibres, as 

indicated by Fig. 9 and Fig. 10. That caused the formation of a looser structure and 

facilitated the ion exchange between alite and the hydration solutions. This also contributed 

to the faster hydration reaction.  



After almost complete hydration of alite at 28 d, the structure of C-S-H tended to be 

stable. However, the polymerization degree and average chain length of C-S-H were 

reduced with the addition of the single salts. The depolymerization of the silicate chain 

mechanism is likely due to the excessive Ca species present in the salt solutions, which is 

verified by both the Ion concentration test and the GEMS modelling. As shown in Fig. 14, 

the larger amount of Ca Species in salt solutions would cause the breaking of the silicate 

chain of the C-S-H structure.54-55 As a result, the long silicate chain would be divided into 

several short chains. Since the MCL of C-S-H  did not change significantly at 28 d,  no 

noticeable morphology difference was observed. The found plates and foil-like clusters 

were associated with the merging of C-S-H fibres. 

 

 

Fig. 14. The Schematic for the breaking of silicate chain by Ca2+. 

 

Conclusion  

Alite was hydrated in DI water and three soluble salt solutions (NaCl, Na2SO4, MgCl2) 

to understand the effects of the common salts in seawater on hydration. Based on the results 

of this study, the following conclusions can be drawn: 

⚫ The addition of the single salts was observed to increase the Ca species 

concentration in the solution compared to the DI system, contributing to the 

formation of portlandite and C-S-H. Thus, higher early age hydration rates were 

obtained for the salt systems.  



⚫ In the Na2SO4 system, gypsum was characterized as the new hydration product. 

While for the MgCl2 system, brucite formed quickly in a short period, consuming 

a large amount of Mg species in the solution.  

⚫ At the early age of hydration, the C-S-H fibres around alite grew faster in the salt 

solutions than DI, causing a looser microstructure and facilitating ion exchanges. 

This was another reason for accelerating the hydration. However, no noticeable 

difference in C-S-H morphology between the DI and salt solution samples was 

detected at the age of 28 days.  

⚫ The polymerization degree of C-S-H in the salt-added systems was lower than that 

of the DI system due to the excessive Ca species present in solutions.  
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The main inorganic salts in seawater increase the saturated Ca concentrations in solutions, 

contributing to the hydration of alite. This research will help the usage of seawater in construction 

as a sustainable material. 




