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Abstract: Using seawater for concrete manufacturing promisingly provides significant economical 7 

and environmental benefits. In this study, ordinary Portland cement (OPC) hydration in distilled 8 

water and seawater and compares the evolution of solid phases was investigated by heat evolution, 9 

hydrated phase, hydration kinetics, and microstructure characterization. The results show that 10 

seawater can promote the early hydration of tricalcium silicate (C3S) during the hydration 11 

acceleration period. The hydrated phase assemblage was influenced by the dissolved ions in seawater. 12 

Friedel’s salt was detected as a specific hydration phase in seawater, which was formed by chemical 13 

combination between the aluminate ferrite monosulfate (AFm) phase and chloride ions. In addition, 14 

the monocarboaluminate can be converted into a stable phase as Friedel’s salt in the seawater, due to 15 

the reaction with chloride ions. Furthermore, the ettringite becomes more stable when coexists with 16 

Friedel’s salt than that with monocarboaluminate, and thus ettringite formed in seawater remains 17 

67% higher than that formed in distilled water at the later curing age. Moreover, additional 18 

unhydrated cement and less amorphous calcium silicate hydrate (C-S-H) were formed in seawater, 19 

which might be responsible for the slightly lower compressive strength of cement mortar prepared by 20 

seawater. Generally, a modeled evolution of the solid phase and pore solution have been established, 21 
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which agrees well with the characteristics of the dissolution of mineral phase, precipitation of 22 

hydration products and changes of pore solution. The related results can provide an insight into the 23 

applications of seawater and sea sand concrete for infrastructures.  24 

Keywords: Seawater; Cement hydration; Chloride ion; Mechanical strength; Microstructure 25 

1. Introduction 26 

The rapid development in urbanization and industrialization causes a heavy demand for new concrete 27 

infrastructures such as buildings, bridges, pavements, and ports, etc. [1]. Due to low cost and high 28 

durability requirements, concrete has become the most commonly used material of about 30 billion 29 

tons used annually [2]. However, concrete manufacturing is always accompanied by huge carbon 30 

emissions and results in harmful effects on the environment [3, 4]. In addition, large concrete demands 31 

lead to considerable consumption of the sand, clay, rock, and water, which severely threaten the 32 

ecology of the land, water resources, and air quality. In other words, concrete manufacturing inevitably 33 

causes a significant impact on the environment, such as contamination of groundwater and soil, 34 

riverbed erosion and biodiversity deterioration. Thus, it is essential to develop sustainable concrete 35 

with both economic and ecological benefits [5-13].  36 

Applications of seawater and sea sand in concrete is a promising option for easing resources crisis 37 

and construction cost, especially in the coastal and island regions. However, due to the excess chloride 38 

in seawater and sea sand, issues should be firstly solved on the aspect of physico-mechanical 39 

performance, durability reduction and rebar corrosion [14]. Investigations found that concrete using 40 

seawater can cause a 20% reduction in initial slump flow and a nearly 30% loss in initial setting time, 41 

compared with the freshwater-made concrete at the same water to bind ratio [15, 16]. In addition, using 42 
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seawater increases the early concrete strength by about 10 to 25% within 14 days, and makes limited 43 

influences on the later age strength [15-19]; the drying shrinkage of concrete made by seawater is 44 

approximately 15% lower than that of concrete with fresh water [20]. These property changes are 45 

mainly attributed to the introduced ions, such as sodium, magnesium and sulfate, etc, and the high 46 

concentration of chloride would significantly affect the cement hydration. It has been proposed that 47 

two main reasons are responsible for the stimulated hydration by chloride. Firstly, calcium hydroxide 48 

(CH) would react with calcium chloride (CaCl2) to form insoluble solid phase calcium oxychloride 49 

(CAOXY) when seawater is used as mixing water mixed with cement [21], as illustrated in Eq. (1). 50 

During the reaction process, chloride reduces the concentration of alkalinity and calcium in solution, 51 

which promotes the dissolution of cement particles for improving the hydration rate. Secondly, 52 

chloride can react with aluminates and ferrites [22, 23], forming insoluble phase as 53 

3CaO·Al2O3·CaCl2·10H2O, (or if iron presents, 3CaO·Al2O3·Fe2O3·CaCl2·10H2O), as described in 54 

Eq. (2). The phase has been named as Friedel’s salt [24], which belongs to the family of hydrated 55 

calcium aluminate phase (AFm phase) [25]. This group of compounds is formed as a lamellar 56 

structure related to M(OH)6 octahedral ions based on brucite-like layers, and become charged by 57 

one-third of divalent cations replaced by trivalent cation (e.g. aluminum and iron). As a result, the 58 

charged AFm phase attracts positive ions such as sulfate, carbonate, and chloride. The general 59 

formula of these compounds can be described as [Ca2(Al, Fe)(OH)6]·X·xH2O, where X represents 60 

the attracted monovalent anion or half of divalent anion bound [26-29]. Friedel’s salt is beneficial to 61 

densify the cement matrix [30], and can convert mutually with monosulfate by changing the 62 

concentration of sulfate and chloride ions [31]. Most studies have found that using seawater seems 63 
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not to introduce serious defects in concrete structure, but can improve physical and mechanical 64 

properties such as density, compressive strength and elastic modulus [15,17,32-34]. The 65 

contradictories are bascially the strength developments at later curing age in concrete with seawater, 66 

such as an one-year superiority of compressive strength in concrete with seawater [16], a 13% lower 67 

28-day compressive strength [35] or the comparable strength [15, 36]. Furthermore, concerns still68 

remain due to the issue of rebar corrosion and undetermined durability by chloride ions. 69 

O12H CaCl 3Ca(OH)O12H + 3Ca(OH) + CaCl 222222  (1) 70 

-+

223223 2(OH)+2Na+O10HClAC  O10H+Ca(OH)+2NaCl+AC  Ca     (2) 71 

Therefore, further studies are imperative to fundamentally investigate the properties of cement 72 

composites with seawater as mixing water including hydration mechanism, mechanical properties 73 

and druability. The aim of this study is to investigate the effect of seawater on the cement hydration 74 

and microstructure development, and to establish a correlation with the mechanical properties for 75 

Portland cement. This study applied the modern characterization methods to investigate the heat 76 

evolution of hydration, phase assemblages, kinetics, morphology, microstructure developmemnt and 77 

compressive and flextural strengths of cement paste with seawater, and conmpared the results with 78 

the ones mixed with distilled water. The measured and calculated changes of phase compositions are 79 

compared for the evolution of the effect of seawater on cement hydration and delivered an extensive 80 

experimental investigations on the effect of seawater in cement martor. The related results will 81 

provide an insight into the prospect of seawater concete design and application for concrete 82 

infrasctures with special consideration of mitigating the chloride induced steel reinforcement 83 

corrosion. 84 
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2. Experimental program 85 

2.1 Raw materials 86 

The cement used in the study was the OPC conforming to Australian standard AS 3972 (General 87 

purpose and blended cements). The oxide compositions of the cement measured by X-ray 88 

fluorescence (XRF) were summarized in Table 1. The contents of limestone and gypsum were 89 

provided by the cement supplier. After the XRF data was corrected by deducing the chemical 90 

composition of the two given minerals, the approximate mineral composition in OPC was obtained 91 

through Bogue calculation [38]. The minieral composition and physical properties are shown in 92 

Table 2. Two types of mixing water: (1) distilled water (D-water); and (2) natural seawater (S-water), 93 

were applied. The natural seawater was obtained from the Congwong Beach of Sydney coast in 94 

Australia. Table 3 shows the chemical composition of D-water determined by inductively coupled 95 

plasma mass spectrometry (ICP-MS), which is close to the world average concentrations of ions in 96 

surface seawater [39]. Natural river sand (R-sand) and washed sea sand (S-sand) are used in cement 97 

mortars, which contains few impurities such as clay and sea salt. The particle sizes distribution of the 98 

used R-sand and S-sand are shown in Fig. 1.  99 

2.2 Experimental methods 100 

2.2.1 Heat of hydration 101 

To investigate the effect of seawater on the hydration of OPC, an isothermal heat conduction 102 

calorimeter (TAM Air) was applied to measure the heat of hydration during the first 60 hrs. D-water 103 

and S-water were used as mixing water in samples. The water to binder (w/b) ratios of the samples 104 

are 0.5 and 0.7. Firstly, 30.00 g cement was weighed and mixed with weighted D-water or S-water 105 
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for 60 sec, followed by being injected into ampoules through a syringe. Afterward, the ampoules 106 

loaded with samples and those with references were capped and lowered into the calorimeter 107 

simultaneously. Due to the external premixing procedure, very early cement hydration cannot be 108 

measured from calorimeter, and the signal of heat flow became stable after approximately 60 mins. 109 

In order to reduce the experimental error, the references applied dry sand (quartz) and distilled water 110 

to respectively simulate the OPC and the certain water used in samples, with the same total heat 111 

capacity. The composition of the samples with S-water and D-water were summarized in Table 4. 112 

The samples were denoted by their “water type + w/b ratio”. For example, the “D-0.5” represented 113 

OPC with D-water at a w/b ratio of 0.5. The final exotherms were corrected by subtracting the 114 

baseline obtained before and after the measuring process. 115 

2.2.2 Phase and micromorphology 116 

Semi-quantitative X-ray diffraction (XRD), Thermogravimetry/Differential scanning calorimetry 117 

(TG/DSC) and Scanning electron microscope-Energy dispersive X-ray spectroscopy (SEM-EDS) 118 

were adopted to analyze the phase evolution during cement hydration in D-water and S-water. The 119 

samples were OPC pastes with D-water or S-water at w/b ratio of 0.5. The pastes were prepared in a 120 

Hobart mixer and cast in seated plastic molds at the size of 50 mm × 50 mm × 50 mm, then cured in a 121 

standard curing chamber with a temperature of 20 °C and 95% relative humidity. After 1 day of 122 

hydration, the samples were demolded and further cured at the previous condition. Afterward, the 123 

samples with different hydration ages were dried by two different treatments. For those hydrated less 124 

than 1 day, the samples were transferred into a vacuum freeze dryer to remove free water after 125 

reaching the specified ages; the drying process lasted for 2 days at -55 °C in vacuumed condition. 126 
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For those hydrated longer than 1 day, the hardened cement pastes were crushed into small pieces and 127 

the debris from the inside part of paste were collected, followed by being immersed into isopropanol 128 

for the hydration stoppage. In this way, the ongoing hydration process can be terminated. After 129 

immersed for 7 days, the debris was transferred and stored in a desiccator over silica gel for 3 days. 130 

Furthermore, some debris was ground to pass through a sieve with a screen aperture of 75 𝜇m, as the 131 

powder samples applied to TG and XRD measurement. 132 

In terms of TG/DSC analysis, the equipment STA449 F5 JUPITER was used to determine caloric 133 

effects and mass changes in the temperature-rise period. About 30 mg of dried powder sample was 134 

loaded into an alumina crucible, purged with nitrogen and heated from 25 °C to 1000 °C with the 135 

temperature increasing rate of 10 °C/min. With the increase of temperature, the decomposition of 136 

hydration products can be determined by mass loss from chemically bound water and carbonate, and 137 

thus the content of the corresponding hydrate phase can be determined. In addition, the endothermic 138 

peaks exhibited in DSC curves illustrated the enthalpies of transitions from decompositions of phase. 139 

As a result, the area of the endothermic peak can be converted into the value of enthalpy of transition, 140 

which helps determine the certain reaction, molar content of involved substance, and solid 141 

composition. Furthermore, some moist samples as contrast groups were also measured which were 142 

not terminated hydration, ground and dried before, to determine the content of pore solution. 143 

X-ray diffraction analysis was conducted by Bruker D8 Discover with the diffraction angle (2θ) 144 

ranged from 5° to 70° and the scan step size of 0.02°. Cu K(alpha) radiation (k = 1.54056 A°) was 145 

used as the X-ray source. Before measurement, the powder samples were blended with 10% titanium 146 

oxide as the special ingredients of the internal standard method. Semiquantitative analysis of mineral 147 
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solid phases was conducted through the peak heights and peak areas of the intensity of corresponding 148 

phases. Micromorphology analysis was conducted by applying the scanning electron microscope 149 

(SEM) Zeiss Supra 55vp combining with energy dispersive X-ray spectrometry (SEM-EDS). 150 

2.2.3 Mechanical strength 151 

Cement mortars were prepared for compressive strength measurements according to ASTM C109 152 

(Standard Test Method for Compressive Strength of Hydraulic Cement Mortars). For each group, 153 

three cubic specimens (50 mm × 50 mm × 50 mm) were prepared. The mix design of cement mortar 154 

was listed in Table 5. All specimens were cured for 1 day in the chamber before demolded and 155 

further cured in standard curing chamber (temperature of 25 °C and relative humidity of 95%). The 156 

cement mortars were tested at diffeent curing ages of 7, 14 and 28 days for compression test. The 157 

compression machine of UH500 was applied with a loading rate of 0.1 mm/min in stroke. Cement 158 

mortars were prepared for flexural strength measurements. For each group, three prismatic 159 

specimens (40 mm ×40 mm ×160 mm) were prepared. The curing condition and tested ages are as 160 

same as those for compressive strength. The flexural strength test in accordance with ASTM C348-18 161 

(Standard Test Method for Flexural Strength of Hydraulic-Cement Mortars). The cement mortars were 162 

tested at different curing ages of 7, 14 and 28 days.  163 

3. Results and discussions 164 

3.1 Heat evolution of hydration 165 

Hydration heat evolution of OPC was measured with w/b ratios of 0.5 and 0.7 hydrated in D-water 166 

and S-water, respectively. The exotherm of OPC in 60 hrs was shown in Fig. 2(a). The ordinates of 167 

the figure, normalized heat/heat flow, are the quantifiable exothermic units released per gram of 168 
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cement. At the early age of the hydration process, the period exhibiting insignificant heat flow was 169 

the induction period, which was caused by the restricted precipitation and the extremely slow rate of 170 

dissolution of cement [40-43]. It was observed that the duration of the induction period of hydration 171 

in D-0.5 and S-0.5 ranged from 1.54 to 1.56 hrs. Furthermore, increasing the w/b ratios from 0.5 to 172 

0.7 had a limited impact on the period of induction. It reveals that the dissolved ions in S-water do 173 

not have a great influence on the initial dissolution and precipitation process, although there might be 174 

a new solid phase formed. The initial hydration still subjected to the limited surface with low 175 

interfacial energy, which is consistent with the dissolution theory based on a geochemical approach 176 

to crystal dissolution [44, 45].  177 

In the acceleration period, it was observed that the duration to reach the hydration peak (Peak I) 178 

was greatly reduced by 36% for the OPC paste with S-water, in comparison to the OPC with D-water. 179 

Furthermore, the exotherm peak of paste in S-water exhibited 44% higher than that with D-water. 180 

Hence, it demonstrates that the dissolved ions in S-water can significantly promote cement hydration. 181 

According to the previous studies [21, 22], chloride was the dominator that can chemically bind with 182 

calcium, aluminate, and ferrite ions to form insoluble phases such as calcium oxychloride and 183 

Friedel’s salt. The involved chloride ions contribute to promoting the precipitation of the dissolved 184 

mineral ions in solution. Thus, according to the chemical equilibrium, the dissolution rate of 185 

unhydrated clinkers is promoted. The stimulating effect is a particular significance to the main mineral 186 

tricalcium silicate (C3S) [46].  187 

When the heat flow started to decrease, an exotherm with acromion presented from around 10 to 188 

15 hrs or later. The acromion was a part of another peak (Peak II), which was overlapped with Peak I. 189 
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The Peak II was formed from the heat of hydration of calcium aluminate (C3A) and calcium 190 

aluminoferrite (C4AF) [28]. During this hydration period, the concentration of sulfate in solution 191 

decreased over time since the gypsum has completely depleted before C3A and C4AF. Ettringite, 192 

therefore, became less stable with a lower sulfate solution and subsequently started to convert into 193 

the AFm phase [47]. In S-water, however, the hydration rate increased during this period, which was 194 

greatly affected by the various dissolved ions, especially under the condition with a high 195 

concentration of chloride. During the period, it was found from the following analysis of TG and 196 

XRD that Friedel’s salt was intensively formed after gypsum was completely consumed. Thus, the 197 

formation of Friedel’s salt promoted the hydration of aluminate and ferrite minerals. Furthermore, an 198 

extension of acromion appeared in samples at a high w/b ratio of 0.7, in which the mass diffusion 199 

and transformation were less restricted than the samples at a low w/b ratio. For the OPC with S-water 200 

at the w/b ratio of 0.7, more ions from seawater were involved in cement hydration, and thus the 201 

acceleration effect of hydration can be further improved, in comparison to the counterpart at w/b 202 

ratio of 0.5.  203 

In Fig. 2(b), the accumulated heat evolution shows that the gap of hydration heat released from 204 

S-0.5 and S-0.7 started to widen after 5 hrs, and S-0.7 released nearly 20% additional heat after 60 205 

hrs. As for D-0.5 and D-0.7, however, the two exotherms showed a limited difference, releasing less 206 

heat than those in S-water. It indicates that the dissolved ions in S-water can promote hydration, 207 

especially chloride which accounted for more than half of the ions in S-water. The following 208 

conclusions can be drawn through the comparison: the hydration rate of C3S is greatly affected by 209 

the concentration of chloride in solution, which is correlated with the equilibrium concentration of 210 
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CAOXY. If the involved chloride is increased but the concentration of chloride in mixing water is 211 

not changed, such as of S-0.5 and S-0.7, the hydration rate of C3S will not be obviously accelerated. 212 

Unlike C3S, the hydration of aluminate and ferrite can be stimulated with the increasing content of 213 

chloride involved, which is due to the further formation of Friedel’s salt. 214 

3.2 Thermogravimetric and X-ray diffraction analysis 215 

The compositions of OPC paste with D-water and S-water were determined by TG/DSC and XRD 216 

analysis. Fig. 3 shows the TG and the derivative thermogravimetry (DTG) results of OPC paste in 217 

D-water at various hydration times. The peaks of mass loss displayed in DTG curves indicate that the 218 

precipitation of ettringite and dissolution of gypsum took place earlier even in 1 hr of hydration. The 219 

other hydrated phases, such as C-S-H and portlandite, had hardly formed yet during the initial 220 

hydration period, which resulted in the DTG curves exhibited closer to zero significantly. After 8 hrs 221 

of hydration, it was observed that portlandite and C-S-H had formed and constituted the main part of 222 

the hydrated phase, indicating the hydration reaction of C3S happened rapidly during this period. The 223 

rapid reaction was consistent with the aforementioned characteristic of heat release in the 224 

acceleration period. 225 

After 12 hrs hydration, gypsum was completely dissolved and depleted. Due to the decreasing 226 

concentration of sulfate in the pore solution, the preformed ettringite had become unstable and 227 

gradually converted to the AFm-formed phase at a slow rate [48]. In DTG curves, it was found that 228 

the sample with a 12 hrs hydration had the largest peak at around 100 °C, compared to the samples 229 

with other lengths of hydration time. The peak indicated a maximum mass loss, which attributed to 230 

the dehydration of ettringite, water desorption and water loss from C-S-H gel layers. As an 231 
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amorphous solid phase, the dehydration reaction of C-S-H occurred continuously from 105 °C to 232 

1000 °C [49], and the amount of dehydrated water increased with the increasing temperature. In Fig. 233 

3, it was observed that the mass loss increased with the increasing hydration age, especially from 200 234 

to 400 °C, which illustrated an increasing content of C-S-H with ongoing hydration.  235 

The decomposition of portlandite took place at approximately 420 °C, followed by the 236 

decomposition of the carbonate phase at the temperature over 600 °C. As the main production of 237 

OPC, the content of CH and C-S-H increased with the hydration degree, and their growth rates 238 

gradually decreased at the later age. After 28-day hydration, the content of CH and C-S-H was nearly 239 

constant and hardly increased. Monocarboaluminate (carbo-AFm), instead of monosulfoaluminate 240 

(sulfo-AFm), was detected as the final hydration product of the residual aluminate phase, due to the 241 

excess of carbonate ions provided from limestone [50, 51]. Calcite is the major mineral phase of 242 

limestone added in OPC cement, which was found slightly decreased during the ongoing hydration 243 

period. The other type of carbonate, magnesite, was found increased at the later age, which 244 

decomposed at around 600 °C [52]  245 

The aforementioned TG analysis can be further confirmed by XRD analysis. Fig. 4 gives the 246 

representative diffraction patterns for the OPC paste with D-water. It was observed that the amounts 247 

of the four main OPC minerals decreased at different rates. Due to the high solubility, C3A and 248 

gypsum reacted rapidly to form ettringite which can be detected after 2 hrs of hydration. The 249 

hydration properties of C4AF was similar to that of C3A, but the rate was much slower. When 250 

gypsum was completely depleted after 12 hrs of hydration, the XRD showed no sulfo-AFm phase 251 

(characteristic peak 2-Theta at 9.895°) during the following hydration period. Instead, the content of 252 
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carbo-AFm (characteristic peak 2-Theta at 11.670°) was found increasing along with hydration. In 253 

terms of silicate minerals, a great amount of C3S was found dissolved in the first 2 days of hydration, 254 

and the further hydration rate gradually decreased with the hydration time. After 63 days, the extent 255 

of hydration of C3S was observed nearly unchanged in hardened OPC paste. For another OPC 256 

mineral, the C2S hydrated much slower, attributed to the less solubility than that of C3S. It could be 257 

found that some of the C2S remained unhydrated after 63 days of hydration.  258 

In Fig. 5, the cement paste with S-water shows a higher weight loss within 7 days than that of 259 

paste with D-water, which reveals the enhanced early hydration of OPC paste in S-water, due to the 260 

influences by salt ions such as sodium, sulfate, and especially chloride ions. As mentioned above, the 261 

presence of chloride could accelerate the precipitation of calcium ions, which was beneficial to the 262 

dissolution of minerals. In terms of the sulfate ions involved in hydration, 0.034 molar of sulfate 263 

could be supplied from the 5.84 wt.% of gypsum in 100 g of OPC, and 0.0014 molar of sulfate was 264 

introduced from S-water, which accounts for only 4% of that from gypsum. However, despite the 265 

small variation of sulfate content, Fig. 5 reveals a similar or less amount of ettringite formed in the 266 

S-water after 1 hr and 2 hrs of cement hydration. This is probably due to the formation of calcium 267 

oxychloride [21], which occupies the limited surface of cement particles and restricts the formation 268 

of ettringite [40]. As a result, the generation of ettringite was slightly retarded at the initial stage of 269 

cement hydration.  270 

The formation of Friedel’s salt was the most significant difference between pastes with D-water 271 

and S-water. The Friedel’s salt could be dehydrated at 120 °C [53], and thus cannot be distinguished 272 

with carbo-AFm from TG analysis. In the X-ray patterns of cement paste with S-water, the 273 
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characteristic peak (2-Theta at 11.192°) confirmed the presence of Friedel’s salt as shown in Fig. 6. 274 

In particular, the hydration products carbo-AFm was never formed in cement paste with S-water, 275 

which was quite different from cement paste with D-water. The results suggest that carbo-AFm was 276 

instable with chloride ions and could be converted into Friedel’s salt in seawater. Also, it was feasible 277 

to bind chloride ions by increasing the content of the AFm phase in OPC. Furthermore, it should be 278 

noted that more carbonate was observed decomposed over 600 °C in cement paste with S-water, 279 

which was due to the formed magnesite from the excess carbonate from the decomposition of 280 

carbo-AFm and the additional magnesium introduced from S-water.  281 

3.3 Modeling of hydration 282 

The evolution of the solid phase and pore solution was investigated by applying the quantitative 283 

analysis of TG/DSC results and semiquantitative analysis of XRD patterns. The peak areas in the 284 

DSC curve represented the enthalpy change, which reflected the energy transfer from a certain 285 

reaction of decomposition [54], to support the quantitative analysis from mass loss. Taking samples of 286 

cement paste with D-water in 2 hrs and cement paste with S-water in 12 hrs, as shown in Fig 7, the 287 

corresponding hydration phase could be quantified through methods combining TG and DSC. Based 288 

on these data, a linear regression was used to investigate the correlation between the TG and DSC. 289 

Fig. 8 demonstrates a reasonable agreement and close values to the linear relation for evaluating 290 

gypsum, portlandite, and calcite. Therefore, the data from DSC confirmed the TG results, which could 291 

be the supplementation and correction in the estimation of the solid phase. The extent of OPC 292 

hydration was evaluated based on the changes in the peak intensity of the crystalline phase in XRD 293 

patterns. The peak intensity was corrected by the intensity of TiO2, which was the calibration 294 
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substance. 295 

According to the result, a modeled evolution was set up regarding the various phases from OPC 296 

hydration in D-water and S-water as a function to the hydration time as shown in Figs. 9 and 10. It 297 

was observed that a small amount of gypsum dissolved in the first 1.5 hrs, along with the hydration 298 

of C3A minerals, and a small amount of ettringite was found precipitated. After 8 hrs of hydration, it 299 

was noted that 35% of C3S dissolved in S-water, which was 16% more than that in D-water, 300 

conformed to the aforementioned greater heat released from the hydration in S-water during this 301 

period. After 7 days of hydration, the total amount of hydrated C3S in D-water was nearly catch up 302 

with that of paste in S-water. At the later age of 63 days, the C3S minerals were almost completely 303 

hydrated in D-water. However, 8% C3S was detected remaining unhydrated in S-water, showing that 304 

S-water might decrease the later-age hydration rate of OPC. Furthermore, the total content of C-S-H 305 

in S-water was lower, although it was beneficial to form C-S-H rapidly in the early 7 to 15 days of 306 

hydration. Overall, the results showed that the amount of C-S-H decreased by nearly 10 wt.% in 307 

S-water after 63 days of hydration. The decreases might be due to the increasing proportion of other 308 

hydration products such as ettringite and Friedel’s salt, which led to a less negative effect on the later 309 

age strength of OPC. 310 

The gypsum in D-water and S-water was completely disappeared after 12 hrs hydration. At this 311 

moment, the content of ettringite was no longer increased but started to convert to the AFm phase. 312 

For the cement paste with D-water, the content of ettringite accounted for 12.7% of the total mass 313 

and then decreased to 6.6% after 63 days. With the presence of limestone in OPC, nearly 48% 314 

ettringite was converted to the carbo-AFm phase instead of sulfo-AFm after 63 days, since carbonate 315 
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could replace sulfate ions from AFm to form the stable phase [50, 51]. In comparison, ettringite in 316 

S-water increased by 7% compared to that in D-water after 18 hrs. However, only 22% of ettringite 317 

had decomposed after 63 days, indicating that the ettringite exhibited more stable in S-water. The 318 

reason is that the introduced chloride ions in S-water are more stable to combine the AFm phase than 319 

carbonate from limestone. Therefore, the formation of sulfo-AFm became more difficult, which 320 

resulted in more uncombined sulfate ions presented in pore solution to hinder the decomposition of 321 

ettringite.  322 

The hydration ratio of C3A and C4AF shows no significant discrepancy in D-water and S-water. 323 

Fig. 9 shows that C3A and C4AF were hydrated completely in 4 and 7 days, respectively. As for C2S, 324 

only a similar 53% of this mineral phase was hydrated after 63 days in both D-water and S-water, 325 

although S-water can accelerate the hydration of C2S by 5% in the first 3 days. The formation of 326 

Friedel’s salt can be detected after 1 day of hydration in cement paste with S-water, which gradually 327 

increased to nearly 7% of the total mass after 7 days and then kept unchanged in the further 56 days. 328 

Friedel’s is formed mainly from the residual unhydrated aluminate phase and chloride after ettringite. 329 

The result showed that ettringite formed early than Friedel’s salt, which can be due to the higher 330 

stability and insolubility of ettringite than Friedel’s salt [31, 53,55]. In other words, Friedel’s salt 331 

cannot be formed when gypsum exists because only ettringite precipitates during this period, which 332 

was confirmed by the evolution of the solid phase from experimental results, as shown in Fig. 9. It 333 

means that ettringite does not have the chloride-binding capacity in the concentration of seawater. 334 

The point can also be drawn that if aluminate or ferrite minerals were used for binding chloride to 335 

reduce chloride concentration in cement, adding gypsum would weaken the binding effect. 336 
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Compare to the solid phase from hydration in D-water, it was observed that no carbo-AFm formed 337 

in S-water. The significant differences revealed that the chloride in S-water can convert carbo-AFm 338 

to Friedel’s salt by replacing carbonate ions, to form Friedel’s salt which was more stable than 339 

carbo-AFm. Furthermore, the study found no carbo-AFm formed throughout the hydration of 63 340 

days, which illustrated that the involved chloride became beyond the binding capacity of aluminate 341 

and ferrite phase in OPC. Due to the replacement effect of carbonate in AFm, the S-water paste 342 

remained 1.5% more calcite and 2.3% more magnesite than those of D-water paste. The consumption 343 

volume of pore solution can represent the extent of hydration [56], from the reaction of free water 344 

converting into chemically combined water and hydroxyl. Throughout the entire hydration process, 345 

the amount of pore solution in S-water was always lower than that of D-water, particularly from 2 346 

hrs to 15 days of hydration. The rapid consumption in S-water can inevitably influence the early 347 

strength and workability and may affect construction efficiency [15]. 348 

3.4 Microstructural characterization 349 

The scanning electron microscopy (SEM) was conducted to morphologically describe the 350 

microstructure of the cement pastes with D-water and S-water in Fig. 11. After 12 hrs hydration, it 351 

could be observed that the C3S particles in D-water remained very smooth, with only a small number 352 

of C-S-H nucleus attached in the surface of C3S particles, as shown in Fig. 11(a). For the cement 353 

paste with S-water, however, the finer C-S-H nucleus precipitated intensively on the surface of C3S 354 

particles in Fig. 11(b), conformed to the accelerating effect in S-water on early hydration. After 2 355 

days of hydration, the hydration product of C-S-H, portlandite, and ettringite could be observed in 356 

OPC paste. The solid phase in D-water paste distributed randomly at the initial age of hydration, and 357 
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mutually overlapped and connected the nearby solid particles, as shown in Fig. 11(c). Due to the 358 

rapid hydration in S-water paste, a denser microstructure formed can be observed in Fig. 11(d), 359 

revealing the previous scattered phase has connected and converted to the plate-like forms. The rapid 360 

formation of the denser microstructure indicated S-water is beneficial to early strength.  361 

The elemental mapping of S-water paste after 4 days of hydration was displayed in Fig. 12, which 362 

was conducted by energy-dispersive X-ray spectrometry. By comparing the morphology of certain 363 

hydration products and the elemental composition, the formed hydration phases can be identified. It 364 

was found brucite or brucite-like layers hydrotalcite (Mg(Al, Fe) xH2O) in S-water paste from the 365 

hydration phase of magnesium [57]. Along with the interface between the hydrated phase of calcium 366 

and aluminate, Friedel’s salt can be identified with a higher content of chloride. The Friedel’s salt 367 

previously crystallized as flat hexagonal platelets [53] and subsequently stacked as a thicker form. In 368 

addition to the chloride binding capacity of the AFm phase, it showed that the chloride could be 369 

physically absorbed by C-S-H gels [58], which resulted in a wide distribution of chloride in cement 370 

paste.  371 

3.5 Mechancial strength 372 

The compressive strength of mortars prepared by D-water and S-water was investigated as illustrated 373 

in Fig. 13. It was found that S-water increased the early compressive strength of cement mortar at 7 374 

days by nearly 15% in both specimens with river sand and sea sand, compared with those with 375 

D-water. As for the later curing age, however, the compressive strength of the cement mortar with 376 

D-water increased considerably than those with S-water. Although the specimens with S-water had 377 

higher compressive strength at 14 days, they were subsequently exceeded by their counterparts with 378 
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D-water after 28 days. It conformed to the promoted early hydration and the slightly retarded 379 

hydration of C3S in S-water, which is the primary mineral phase in OPC contributing to compressive 380 

strength. In addition, river sand was better than sea sand regarding the growth of compressive 381 

strength, as a better grading distribution in river sand can obtain a denser structure. By contrast, the 382 

particle size distribution in sea sand is relatively concentrated, reducing the filling effect. Its smooth 383 

surface, furthermore, weakens the bound properties between cement and aggregates, thus gaining a 384 

relatively lower compressive strength. The difference between specimens with seawater and distilled 385 

water is less than 8% in flexural strength, as shown in Fig. 14. However, using sea sand reduces the 386 

flexural strength by nearly 25% from 7 days to 28 days, indicating that the ions in seawater present 387 

less impact but the flexural strength is greatly decreased by the poor particle size distribution of the 388 

aggregate. 389 

4. Conclusions 390 

In this study, the hydration properties of OPC in D-water and S-water have been investigated by 391 

analyzing the heat evolution, hydrated phase, hydration kinetics, and microstructures. The main 392 

conclusions can be drawn up as follows: 393 

(1) The hydration of OPC can be accelerated by S-water, which is mainly due to the chloride 394 

promoting the precipitation of calcium, aluminate, and ferrite. The accelerated hydration rate 395 

indicates the positive effect of S-water, especially in the stage of 2 to 48 hrs. The formation of 396 

Friedel’s salt led to the accelerated hydration of C3A and C4AF, and therefore the hydration rates 397 

of the two minerals were increased at high w/b ratios, with additional chloride involved in 398 

hydration.  399 
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(2) The hydration rate of C3S is greatly promoted in seawater especially at the early age of 1 day due 400 

to the involved chloride in hydration. At the same ion concentrations, the hydration rate of C3S is 401 

not significantly increased by mixing with more seawater. However, the hydration of aluminate 402 

and ferrite can be stimulated with the increasing amount of seawater involved, which may be due 403 

to the formation of Friedel’s salt. 404 

(3) Affected by the rapid hydration in S-water, the early compressive strength of OPC mortar 405 

increased rapidly. For the cement mortar with S-water at the w/b ratio of 0.4, the compressive 406 

strength of 7 days and 14 days increased by 15% and 5%, respectively compared to those of 407 

counterparts with D-water. However, the compressive strength of 28 days is nearly the same as 408 

that of specimens with D-water. Seawater can influence the flexural strength of less than 8% 409 

from 7 days to 28 days while using sea sand instead of river sand can decrease flexural strength 410 

by 25% due to the poor particle size distribution. 411 

(4) The chloride in S-water promoted the early hydration reaction and influenced the hydrate 412 

assemblage of the hydrating cement paste. In the presence of chloride, Friedel’s salt was more 413 

stable than carbo-AFm in OPC paste. Due to chemical equilibrium, the decomposition rate of 414 

ettringite at 63 days was reduced from 51% to 22%, and more carbonate was formed, such as 415 

magnesite from 2.3% to 4.6% of the total mass. As a result, the chloride binding capacity of 416 

OPC could be weakened by sulfate from gypsum, for that gypsum can react with aluminate to 417 

form stable phase ettringite, which has no chloride-binding capacity. 418 

(5) It was found that in the later age of 28 days, 8% C3S remains unhydrated in OPC paste with 419 

S-water, and the mass of C-S-H is 10% lower than that of OPC paste with D-water. The decrease 420 
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in mass might be due to the increasing proportion of other hydration products, such as ettringite 421 

and Friedel’s salt, and thus had a less negative effect on the later strength of OPC.  422 
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Table 1 Chemical composition of the OPC (oxide composites) 574 

Chemical CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O CO2 MnO P2O5 LOI* 

Component (wt.%) 62.9 20.3 4.5 4.6 1.2 2.6 0.3 0.3 2.0 — — 4.0 

Note: LOI* presents loss on ignition 575 

576 
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 580 

 581 

Table 2 Mineral composition of Portland cement and its physical properties 582 

Minerals C3S C2S C3A C4AF Limestone Gypsum 

Content (wt.%) 47.16 22.72 4.14 14.00 4.54 5.59 

Note: Specific gravity is 2800-3200; bulk density is 1200-1600kg/m3 and average particle size (d50) is 8 μm.  583 
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 589 

Table 3 Major chemical composition of seawater from Sydney Congwong Beach 590 

Dissolved ions Na+ K+ Ca2+ Mg2+ Cl- SO4
2- 

Concentration (mol/l) 0.47 0.01 0.01 0.05 0.54 0.03 

 591 

592 
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 595 

Table 4 Mix design of cement paste for hydration heat analysis 596 

Index W/b ratio 

Sample (g) Control sample (g) 

Total heat capacity 

(J/K·g) OPC D-water S-water 

Sand 

(Quartz) 

D-water S-water 

D-0.5 0.5 9.40 4.70 — 9.40 4.70 — 26.70 

S-0.5 0.5 9.40 — 4.70 9.40 — 4.70 26.70 

D-0.7 0.7 7.40 5.17 — 7.40 5.17 — 27.17 

S-0.7 0.7 7.40 — 5.17 7.40 — 5.17 27.17 

 597 

598 
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 601 

 602 

Table 5 Mix design of cement mortar 603 

Mix Cement (kg/m3) D-water (kg/m3) S-water (kg/m3) R-sand (kg/m3) S-sand (kg/m3) 

DR* 800 320 — 1600 — 

DS* 800 320 — — 1600 

SR* 800 — 320 1600 — 

SS* 800 — 320 — 1600 

Note: DR* presents the mortars prepared by D-water and R-sand; DS* represents the mortars prepared by D-water and S-sand; SR* is 604 

the mortars prepared by S-water and R-sand; SS* means the mortars prepared by S-water and S-sand. 605 

 606 

607 
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Fig. 1. Particle size distribution of S-sand and R-sand 
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Fig. 2. Heat evolution of OPC hydrated in D-water and S-water at w/b ratios of 0.5 and 0.7 
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(a) TG/DSC analysis of OPC hydrated in D-water for 2 hr 
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(b) TG/DSC analysis of OPC hydrated in S-water for 12 hr 

Fig. 7. Quantitative analysis of TG/DSC in OPC hydrated in D-water and S-water 
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Fig. 8. Fitting regression of the data from TG and DSC evaluation methods of gypsum, portlandite 

and calcite 
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(b) OPC hydrated in S-water

Fig. 9. Evolution of solid phases model and pore solution of OPC in D-water and S-water 
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(b) OPC hydrated in S-water 

Fig. 10. Phase evolution model of OPC hydrated in D-water and S-water 

 683 

684 



Revised CONBUILDMAT-D-19-09093 

44 

685 

686 

687 

(a) OPC paste hydrated in D-water in 12 hr (b) OPC paste hydrated in S-water in 12 hr

(c) OPC paste hydrated in D-water in 2 days (d) OPC paste hydrated in S-water in 2 days

Fig. 11. Microstructure of OPC paste hydrated in D-water and S-water in 12 hr and 2 days 
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Fig. 12. Elemental mapping of microstructures of OPC paste hydrated in S-water for 4 days 
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Fig. 13. Compressive strength of cement mortar with different types of water and sand 
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Fig. 14. Flexural strength of cement mortar with different types of water and sand 
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