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Abstract 

Interest in investigating seawater concrete is increasing in recent years, but the 

strength degradation mechanism of seawater mixed concrete is still poorly understood. 

In this study, alite, the main phase in ordinary Portland cement, was hydrated with 

different salt solutions (NaCl, MgCl2, CaCl2 and simulated seawater) with a solution-

to-binder ratio of 0.5, aiming to explore the effects of common cations in seawater on 

the micro-mechanical performance of alite pastes. Nanoindentation-energy dispersive 

X-ray spectroscopy analysis, porosity analysis, and phase evolution tests were carried

out to reveal the microstructure of salt-added alite systems. The results showed that in 

addition to the acceleration of alite hydration by the salt solutions, more low-density 

(LD) C-S-H in the hydration products was formed. All the cations used in this study 

were able to enter the mesopores (2 – 5 nm) in the C-S-H particles, which contributed 

to improving the micro-mechanical performance of alite pastes. However, the 

deleterious effects of simulated seawater on the modulus and hardness of C-S-H were 

found, which were mainly attributed to the formation of Mg(OH)2 due to the presence 

of Mg2+ in seawater.  
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1. Introduction 

Concrete is the most commonly used construction material in human society as it 

has a variety of excellent properties such as reasonable price, high mechanical 

properties and robust durability, etc. [1, 2]. Within the constitutes of concrete, the 

mixing water is an essential component. It was estimated that about 1.5 billion tons of 

water was used annually for the production of concrete  [3, 4]. Freshwater is the main 

mixing water. However, the freshwater shortage problem is increasing in some regions 

of the world like Middle East, North Africa and some remote islands [5-7]. According 

to the estimation of World Meteorological Organization (WMO), 700 million people 

will suffer the intense scarcity of freshwater by 2030 [8]. Thus, the possible replacement 

of freshwater by seawater in concrete industry has been concerned in recent years.  

The application of seawater in preparing concrete can be traced back to the ancient 

Roman concrete sea walls built more than 2000 years ago [9]. However, with the 

introduction of steel bars in concrete, serious problems occurred due to the corrosive 

effect of seawater on steel bars [10-12]. Therefore, mixing seawater in concrete can 

only be applied in limited conditions, such as in plain concrete [13, 14]. The use of 

fiber-reinforced polymer as reinforcement has opened up renewal interest in seawater 

concrete. Thus, the possibility of using seawater as the mixing water is actively 

discussed in recent years [3].  

Previous studies related to seawater concrete mainly focused on evaluating the 

mechanical performance, the durability and the corrosion of steel reinforcement [3, 15-

19]. Most researchers agreed that the use of seawater as the mixing water could yield a 

higher early-age strength than that of freshwater [3, 14, 15, 20, 21], which was resulted 

from the accelerated hydration of seawater cement pastes [14, 22]. However, the long-

term compressive strength of seawater-mixed concrete was found to decrease by 5% to 

7% at 28 d compared to that of the freshwater-mixed concrete [19]. For the strength 

degradation caused by seawater, some explanations have been proposed. Islam et al. 

attributed the strength reduction to the leaching of hydration products [23]. Wegian et 

al. suggested that the lower long-term mechanical performance was the result of salt 

crystallization and expansion of Mg(OH)2 and CaSO4·2H2O [19]. Zhang et al. [24]  



suggested that the formation of Friedel’s salt and a lower polymerization of the 

hydration products were two main causes for the strength degradation. But, up to now, 

limited research tried to explain the strength degradation from the perspective of micro-

mechanical property evolution of hydration products in the seawater concrete.   

Nanoindentation is an effective and powerful tool to explore the micro-mechanical 

properties of solid materials and has been applied in cement and concrete studies [25-

28]. According to previous nanoindentation studies on cement pastes, the main 

hydration product in cement pastes, namely calcium silicate hydrates (C-S-H), can be 

divided into low-density (LD) C-S-H and high-density (HD) C-S-H based on their 

intrinsic properties (Er: modulus and H: hardness) [29]. These two C-S-H phases have 

significant influences on the overall mechanical performance of the cement pastes.  

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

chloride is the most abundant element. Chloride ion is known to be the main contributor 

for the accelerated hydration of cement [30, 31]. Apart from chloride ion, other major 

ions in seawater are Na+, Mg2+ and Ca2+. The early research on the effects of common 

cations in seawater on the hydration of cement was conducted by Edwards at al. [32], 

and the accelerating effects of these cations were ranked as Ca2+ > Mg2+ > Na+ > H2O. 

The research by Kondo et al. came up with a similar result and attributed it to the 

mobility of the ions. However, there is no direct research on comparing the effects of 

these cations on the hydration of cement.     

This study adopted the nanoindentation technique to study the effects of common 

cations in seawater on the micro-mechanical properties of cement pastes, with a view 

to revealing the underlying meahcnisms of the strength degradation by using seawater 

in preparing concrete. A subsystem was used to simplify the complex compositions of 

ordinary Portland cement and seawater by mixing single salt solutions in the seawater 

with alite (major clinker phase in ordinary Portland cement). 

 

2. Materials and methods 

2.1 Materials and sample preparation 

The alite used in this study was synthesized in the laboratory by calcium carbonate 



and silica fume, following the method by Li et al. [33] The synthesized alite was 

characterized, and the details are shown in Fig.1. The crystalline phases of the sample 

were analyzed by X-ray Diffraction (Rigaku Smartlab, Japan) with Rietveld refinement 

method. The results showed that the purity of alite was about 94.1 wt.% and the 

remaining phase was β-C2S. Fig. 1b shows the particle size distribution of the alite 

powder measured on a Malvern MS3000 laser particle analyzer. The average particle 

size was 16.9 μm.  

AR grade NaCl (NC), MgCl2 (MC), CaCl2 (CC) were used to prepare the salt 

solutions with the same concentration at 0.42 mol/L to compare the effects of the 

different cations. Simulated seawater (SW) was prepared according to ASTM S-98 

(2013), and its composition is shown in Table 1. The concentration of NaCl in SW was 

also 0.42 mol/L.          

Alite was mixed with deionized water (DI), NC, MC, CC and SW solutions at the 

same solution-to-binder ratio of 0.5. The pastes were sealed in plastic membranes and 

kept at 25 ± 2℃. At 1 d and 28 d, the pastes were demolded and analyzed with a variety 

of characterization techniques.   
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Fig. 1 (a)Crystalline phase composition by Rietveld analysis and (b) Particle size 

distribution of the synthesized alite. 

 



Table 1 Chemical compositions of simulated seawater 

Component NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3 KBr 

Concentration (g/L) 24.53 5.20 4.09 1.16 0.695 0.201 0.101 

 

2.2 Characterization techniques 

For the nanoindentation test, the samples were first mounted into epoxy in a 

vacuum environment for 1d before polishing. To obtain a smooth surface, the samples 

were first coarsely polished with polishing papers (180, 240, 600, 800 and 1200 grit). 

Because of the hydration characteristics of C3S, ethanol was used instead of water as 

the polishing fluid. After the coarse polishing process, the fine polishing process was 

conducted on polishing papers (3, 1 and 0.25 μm) with corresponding oil-based 

diamond suspensions for 30 min per paper. Finally, the samples were cleaned in an 

ethanol bath by ultrasond for 30 min to remove debris and suspension on the surface. 

After these procedures, the RMS roughness of samples was examined by Scanning 

probe microscopy (SPM) as shown in Fig. 2, and the average RMS for all samples were 

less than 30 nm over a 100 μm2 area. It met the standard that the average RMS was less 

than 1/5 of the average indentation depth (300 nm) over the 200 times the average 

indentation depth (60 μm) [34]. After the examination of the surface, The micro-

mechanical properties were characterized on a Nano-indenter (Hysitron TI Premier, 

Bruker) equipped with a three-sided pyramid Berkovich tip. Before testing, the 

equipment was calibrated on the standard fused quartz sample.  

 



 

Fig. 2 SPM and 3D plotting of the polished surface 

 

The trapezoidal loading function adopted in this study is shown in Fig. 3a, the 

maximum loading (2000 μN) was reached at 10 s and hold for 5 s, then the unloading 

was finished in 10 s. From the typical load-depth curve (Fig. 3b), two micro-mechanical 

parameters can be obtained, indentation modulus (M) and hardness (H) [29]. 10 × 10 

grids with the grid spacing of 10 μm (Fig. 3c) were applied for each area and the surface 

after indentation is shown in Fig. 3d. For each sample, three distinct areas were selected, 

so 300 data points were collected for each sample.     

   



 

Fig. 3 (a) The loading function for nanoindentation; (b) A typical load-depth curve of 

the nanoindentation test; (c) Grid technique arrangement; (d) A representative surface 

indented.  

 

The elemental composition of the hydration products was characterized by a Field 

emission scanning electron microscope (FESEM, MAIA3, Tescan) equipped with an 

energy dispersive X-ray spectroscopy (EDX, Essence, Oxford) detector. The EDX 

testing was conducted in the same area for the nanoindentation test, and 100 data points 

were collected. The testing condition was controlled at the accelerating voltage of 

20 kV and the magnification of 2000×. For each point, the dwell time was 60 s. The 

compositional data were then correlated with the micro-mechanical results to elucidate 

the mechanical property change of the alite pastes due to the addition of the salt 

solutions. 

The ASAP 2020 Micromeritics Accelerated Surface Area and Porosimetry 

instrument was used to examine the pore distribution of the hydration products. The 

bath temperature was −196 °C. The sample powders were firstly preheated at 60 °C for 

24 hours. Nitrogen adsorption and desorption data were collected and further analyzed 

by Barrett-Joyner-Halenda (BJH) analysis to obtain the pore size distribution. 

Thermogravimetric analysis (TGA, Rigaku Thermo Plus EVO2) was used to 



characterize the portlandite and total combined water contents of the hydrated solid 

powder samples. The heating was programmed to start at 30 ℃ and end at 1000 ℃ with 

a heating rate of 10 ℃/min. The tangent method was adopted to quantify the phase 

compositions [35]. For X-ray diffraction analysis (XRD Rigaku Smartlab), 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. Transmission electron 

microscope (TEM, JEOL Model JEM-2100) was used to observe the morphology of 

hydration products. Before 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 hydration products were characterized. 

At the same time, EDX measurement was used to analyze the elemental compositions. 

29Si nuclei was scanned on a JEOL ECZ 500 MHZ solid-state NMR spectrometer. More 

than 2000 scans were conducted before getting the spectra. 

 

3. Results  

3.1 Homogenized Micro-mechanical Properties 

The homogenized micro-mechanical properties provide an estimation of the global 

micro-properties of the alite pastes. It depends on the contributions of each phase in the 

matrix (i.e., a high percentage of hard phases increases the total hardness). Based on 

the studies of Vandamme et al. [36] and Wilson et al. [37], the homogenized modulus 

Erhom and hardness Hhom of a composite can be estimated using the Reuss bound, and 

the Voigt bound (uniform strain) as indicated in (1) and (2), assuming an identical 

Poisson’s ratio for the N nanoindentation measurements randomly distributed in the 

material. The homogenized properties were obtained from the average of the bounds.  
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As shown in Fig. 4, both the homogenized modulus and hardness of the DI samples 

increased from 1 d to 28 d. This was due to the continuous hydration of alite, and more 

C-S-H was formed in the matrix, which would densify the microstructure of alite pastes 

However, the mechanical performance of the salt-added samples showed a different 

trend. At 1 d, the modulus and hardness of all salt-added samples were higher than those 

of DI samples. When CC solution was used as the mixing water, the alite pastes had the 

best micro-mechanical performance at 1 d. The homogenized modulus and hardness of 

the alite pastes mixed with CC were increased by 29% and 84% respectively compared 

to those of the DI group. That was due to the strong acceleration effect of CC, which is 

a common acceleration admixture used in concrete preparation [38, 39]. But at 28 d, 

the results diverged when compared to the DI sample. With the incorporation of NC 

and CC, the modulus and hardness were still higher than that of DI samples. While MC 

and SW had negative effects on the overall properties. This suggests that Mg2+ in SW 

would have a prominent influence on the micro-mechanical properties of alite 

pastesThe differences in micro-mechanical properties were associated with the varying 

fundamental properties of C-S-H, the percentage of each phase present and the porosity 

of the alite pastes. These influencing factors are further discussed in the following 

sections.         

 



 

Fig. 4 Homogenized mechanical properties for (a) the indentation modulus Er and (b) 

the indentation hardness H. 

 

3.2 Coupled chemo- micro-mechanical statistical analysis  

The combination of Grid nanoindentation and elemental distribution (EDX) 

techniques was a common method to study heterogenous composite materials [40]. 

Based on a large number of test data, a multivariate cluster modeling approach was 

introduced to process these data. Statistical cluster analysis was based on the maximum 

likelihood estimation [41]. The micro-mechanical property distribution of the alite 

pastes was assumed as a Gaussian Mixture Model (GMM). Each phase in the alite 

pastes was treated as two-dimensional Gaussian distribution. Fig. 5a shows the 

representative cluster analysis results, which were grouped into four phases, viz Low 

Density (LD) C-S-H, High Density (HD) C-S-H, Ca(OH)2 (CH) and anhydrous alite. 

The average modulus and hardness of each phase were calculated according to the 

multivariate cluster analysis results. Together with the nanoindentation tests, EDX 

measurement was also conducted at the same region of the samples, and the multivariate 

cluster analysis technique as mentioned above was also used to analyze the EDX data 

as shown in Fig. 5b. The dimensions for EDX analysis are oxide total (the mass content 

of oxide) and Ca/Si ratio. Before the cluster analysis, data with Ca/Si ≥ 3 were separated 

and grouped as a mixture of alite and CH. The remaining data were divided into two 

phases: LD C-S-H and HD C-S-H. With the EDX data, the average Ca/Si ratio and the 

water content for each phase can be obtained.   



 

 

Fig. 5 Cluster analysis of alite pastes for (a) the indentation modulus Er versus the 

indentation hardness H; (b) Oxide totals versus Ca/Si ratio. 

 

The percentages of each phase present were calculated according to the statistical 

analysis of the test results  are showed in Fig. 6. At 1 d, there were still alite in the DI, 

NC and MC samples, while no anhydrous phase was detected in CC and SW. That 

indicated the stronger accelerating effect of the latter group of salts. Also, in the process 

of hydration, the amount of LD C-S-H continuously increased, especially for the 

samples prepared  with MC and SW, and all C-S-H phase detected was LD C-S-H at 

28 d. This is consistent with the homogenized analyses that the final homogenized 

modulus and hardness for MC and SW were lower than that of the DI reference group. 

As for the samples mixed with NC and CC, the percentage of HD C-S-H was higher 

than that of DI, the final homogenized micro-mechanical performance was thus 

improved. The percentage change also indicated that the LD C-S-H was produced not 

only from the hydration of alite, but also from the transformation of HD C-S-H. The 

CH and alite content detected by nanoindentation analysis was found to be lower than 

that detected by other methods, like XRD and TG. This was because part of CH and 

alite was intermixed with C-S-H [25]. 
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Fig. 6 Percentages of phases calculated according to nanoindentation analysis. 

 

The cluster analysis of the micro-mechanical performance of each group at 1 d and 

28 d are concluded in Fig. 7. For DI sample, the modulus of LD C-S-H was increased 

from 14.3 GPa to 15.4 GPa between 1 d and 28 d. The variation for hardness also 

showed a similar trend. This indicated that with the hydration of alite in DI water, both 

the micro-mechanical performance and percentage of LD C-S-H continually increased. 

This reinforcement of the LD C-S-H contributed to the homogenized micro-mechanical 

property enhancement of the alite pastes from 1 d to 28 d. The modulus and hardness 

of LD C-S-H for the other groups show similar trends with DI from 1 d to 28 d. On the 

contrary, the modulus of HD C-S-H in DI sample was reduced from 19.9 GPa to 

19.0 GPa, and similar changes were found in other groups. In MC and SW samples, no 

HD C-S-H were detected at 28 d. This trend demonstrated that with the hydration of 

alite pastes, the percentage and the micro-mechanical properties of LD C-S-H were 

steadily improved at the expense of the decomposition of HD C-S-H. With the 

incorporation of MC and SW, this decomposition process was significantly accelerated.   

At 1 d, the addition of NC increased both the modulus and hardness of LD C-S-H 

by 9% and 30% respectively compared to the reference group. Similarly, these two 

properties were enhanced by 33% and 46% due to the presence of CC. On the contrary, 

both MC and SW had deleterious effects on the micro-mechanical properties of LD and 

HD C-S-H. This suggests that SW and Mg2+ had a key degrading influence on the LD 



C-S-H. At 28 d, the additions of NC and CC still reinforced both LD C-S-H and HD C-

S-H. HD C-S-H decomposed completely in MC and SW, indicating that the 

incorporation of Mg2+ in mixing water contributed to the transformation from HD C-S-

H to LD C-S-H.  

 

 

Fig. 7 The modulus and hardness for samples at 1 d and 28 d.  

 

The H2O content within C-S-H ((includes liquid water trapped in the nanopores of 

C-S-H [42])) can be obtained based on the total values of oxide [25]. Similar to cluster 

analysis as mentioned above, the The Ca/Si ratio and the number of H2O molecules 

combined with LD C-S-H and HD C-S-H were calculated and the results are shown in 

Fig. 8. For DI sample, the average Ca/Si ratio of LD C-S-H was increased from 1.85 to 

1.93 between 1 d and 28 d, while the average Ca/Si ratio of HD C-S-H was decreased 

from 2.50 to 2.36. For other samples, a similar trend was observed, with the progress 

of hydration of alite, the Ca/Si ratio would increase for LD C-S-H and decrease for HD 

C-S-H. These results indicated that calcium was continuously leached out from HD C-

S-H and LD C-S-H was enriched by calcium during the hydration. H2O molecules were 



mainly present in mesopores of the C-S-H particles [43]. The ions in the salt solutions 

would enter the mesopores and substitute part of the H2O molecules [44]. The change 

of H2O molecule present can thus be an index for the ion substitution. For the reference 

system, the number of H2O molecules combining on the C-S-H of LD C-S-H at 1 d was 

3.59 and the value was reduced to 3.36 at 28 d. Similarly, the corresponding value for 

HD C-S-H was also decreased. At 1 d, the addition of NC had no apparent influence on 

the Ca/Si ratio of both LD C-S-H and HD C-S-H, but the combined H2O content was 

decreased from 3.59 ± 0.67 to 3.37 ± 0.38 as compared to the reference system. At 28 d, 

the trend was similar for NC added samples. The results indicated that the addition of 

Na+ mainly affected the mesopores of C-S-H particles, which would be further 

discussed in section 3.3. As for the incorporation of CC, The Ca/Si ratio of LD C-S-H 

and HD C-S-H both showed an increase compared with the DI group. The extra calcium 

content is the consequence of a deprotonation of the silanol groups in C-S-H [45]. Also, 

the excessive Ca2+ would also substitute part of H2O in C-S-H particles, inducing the 

decrease of combined H2O. The Ca/Si ratios of C-S-H in MC and SW groups were 

found to be lower than that of the reference system at 1 d. And at 28 d, all HD C-S-H 

disappeared in these two systems. This discalcification effect was due to the formation 

of M-S-H in the alite pastes with the prenence of Mg2+ [46, 47], which would compete 

with Ca2+ on the combination of silicate ions. According to the combined H2O analysis, 

the Mg2+ also replaced H2O molecules in C-S-H.        
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Fig. 8 The Ca/Si ratio and combined H2O of C-S-H in samples at 1 d and 28 d 

 

3.3 Pore size distribution analysis 

The pore size distribution was analyzed using Barret-Joyner-Halenda (BJH) 

method [48], which is suitable for the analysis of mesopores (2 nm to 50 nm). The 

details of the analysis results are shown in Fig. 9. Generally, the main pore network lied 

in the range of 2 nm to 5 nm [49], corresponding to the pores between C-S-H chains. 

With the addition of NC, the pore volume at this range decreased noticeably compared 

to that of DI group. Larger pores (5 nm to 50 nm), which corresponded to the pores 

between C-S-H particles, of the NC sample also decreased. The addition of CC had a 

similar effect on the pore distribution of alite pastes. These results were consistent with 

the improved micro-mechanical properties of alite pastes by the addition of NC and CC. 

A second maximum of the pore size distribution curves was observed in MC and SW 

pastes in the range of 5 nm to 50 nm, which indicated that the addition of Mg2+ 

contributed to the formation of more coarse pores, and as a result, the micro-mechanical 

properties degraded. The degradation mechanism would be further discussed in the next 

section.     



 

 

Fig. 9 BJH adsorption dV/dD pore volume analysis of each samples at 28 d. 

 

3.4 Phase evolution with the addition of Mg2+ 

 Mg2+ was noticed to have a prominent degradation effect on the micro-mechanical 

of alite pastes. Thus, the phase development of hydration products of MC system was 

further studied. The XRD and DTG results (Fig. 10) show that at 1 d, Mg(OH)2 can be 

detected. However, as the hydration of alite pastes progressed, Mg(OH)2 disappeared 

or decreased to a tiny amount, which was not identified by XRD and TG at 28 d. This 

was due to the dissolution of brucite and the formation of M-S-H [47]. The morphology 

test results (Fig. 11) also support this mechanism, that at the initial hydration period, 

the C-S-H fibers were surrounded by a mixture of Mg(OH)2 and Ca(OH)2, and these 

fluffy crystalline phases filled the pores among C-S-H particles. While, at 28 d, 

Mg(OH)2 was decomposed, leaving a large volume of pores among the C-S-H particles, 

which were thought to have negative effect on the micro-mechanical performance of 

C-S-H.  

 



 

Fig. 10 XRD and DTG analysis of alite pastes mixed with MC. 

 

 

Fig. 11 The decomposing process of Mg(OH)2 in MC- alite paste 

 

4. Discussion 

The SW-blended alite pastes were found to obtain a degraded micro-mechanical 

property compared with the one mixed with DI water. To exploit the mechanism for the 

degradation phenomenon, the common inorganic chloride salts were mixed with alite 

separately to compare the effects of different cations. The EDX analysis showed that 

there was no obvious decalcification effect by Na+. It mainly entered into the pores 

between C-S-H chains (2 – 5 nm) and the pores between C-S-H particles (5 – 50 nm) 

as illustrated in Fig. 9. With this filling effect, the modulus and hardness of C-S-H was 

improved. Furthermore, this contributed to the overall improvement of the mechanical 

properties of alite paste. Since the principal role of Na+ was a filler, the Ca/Si ratio of 

C-S-H in the NC group has no noticeable change compared to the reference group. The 

addition of excess Ca2+ was also found to enhance the micro-mechanical properties of 

alite pastes. Different from the effect of Na+, excessive Ca2+ addition increased the 



Ca/Si ratio of both LD C-S-H and HD C-S-H, which contributed to a more compact C-

S-H structure.  

The effects of Mg2+ can be divided into two aspects. Firstly, the filling function 

similar to Na+ as elucidated above. That was evidenced by the decrease of porosity at 

the range of 2 nm to 5 nm as compared with the reference system. This improved the 

micro-mechanical performance of the alite pastes. And also, the bounding water in C-

S-H was decreased due to the replacement of water by Mg2+. However, according to 

the nanoindentation test results, the final paste strength decreased with the addition of 

MC. This was due to the second effect of Mg2+. When alite was mixed with MC solution, 

a large amount of fluffy Mg(OH)2 crystals were formed quickly. These Mg(OH)2 would 

intermixed with the C-S-H fibers and occupied a lot of space, due to its expansive 

properties [50]. But, as Mg(OH)2 tended to decompose and more M-S-H was formed 

as the hydration progressed [51], pores were left within the particles of C-S-H. That 

induced the increase of the porosity in the rage from 5 nm to 50 nm. As a result, the 

homogenized modulus and hardness of MC pastes were lower than that of the reference 

group. The incorporation of Mg2+ also contribute to the decalcification of both LD C-

S-H and HD C-S-H, as the Mg2+ would combine with silicate ions to form M-S-H. 

Therefore, the leaching of Ca2+ from C-S-H also cause the degradation of C-S-H.    

Therefore, the different cations in seawater had distinct impacts on the hydration 

products of alite. Overall, the Mg2+ has a dominant deleterious effect on the micro-

mechanical properties of alite pastes, especially on the properties of C-S-H. However, 

the incorporation of the concerned cations contributed to the filling effect, which 

improved the mechanical performance.  

 

Conclusion 

Alite was mixed with DI water and four soluble solutions (NC, MC, CC, SW) to 

understand the effects of different cations in seawater on the hydration of alite. Based 

on the results, the following conclusions can be drawn: 

⚫ The addition of SW would contribute the degradation of alite pastes. The 

deleterious effect of SW on the alite hydration products was mainly attributed to 



the effects of Mg2+. 

⚫ All the studied cations could an enter the mesopores (2 – 50 nm) in C-S-H particles 

and act as fillers, which increased the micro-mechanical properties of C-S-H and 

hydrated alite pastes. 

⚫ Mg2+ reacted with OH- to form Mg(OH)2 initially, which was continuously  

decomposed as the hydration progressed . The decomposition left space for LD C-

S-H to form and generated more pores among C-S-H particles, which decreased 

the modulus and hardness of the alite pastes. 
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