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ABSTRACT 

Many countries are experiencing freshwater crises due to population growth and 

infrastructure construction aligned with the enormous freshwater demand. Using 

seawater (SW) for concrete manufacturing promisingly provides significant economic 

and environmental benefits, particularly in coastal areas where SW is more accessible. 

However, the dissolved chemical ions may significantly limit the scope of its 

application.  

In pursuit of a fundamental understanding of SW’s impact on the heterogeneous 

cementitious material structure and mechanical properties, a series of experimental and 

modelling studies for the hydration performance of Portland cement in SW was 

investigated in this thesis. Phase identification of the solid and liquid phases was 

performed by combining thermogravimetry, X-ray diffraction and inductively coupled 

plasma optical emission spectrometry technology. The Rietveld refinement approach 

has been adopted to characterize phase evolution quantitatively, which forms an 

experimental validation as a reference to develop kinetics modelling for cement 

hydration with SW. By combining the optimized kinetic and thermodynamic 

equilibrium models, the simulation and experiment results of hydrate phases achieve a 

good agreement. The use of SW not only increases the hydration rate of clinker 

significantly but also affects the evolution of phase assemblage. Both thermodynamic 

calculations and experimental determinations confirmed that Friedel’s salt (FS) forms 

instead of sulfo-AFm in hydrated cement by SW. Additionally, The formation of FS 

indirectly stabilized the ettringite (AFt) due to the higher concentration of sulfate from 

the conversion of sulfo-AFm.  
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Based on the characteristics of cement hydration in SW, the practical study of cement 

mortar with natural SW and sea sand was carried out. Macroscopic properties were also 

investigated, including heat evolution, compressive strength, and flexural strength. 

Although SW increases the early strength by its stimulating effect on cement hydration, 

the slightly lower compressive strength at the late stage may be due to the additional 

unhydrated cement and pores. 

The secondary electron and backscattered electron imaging technology were adopted to 

characterize the microstructure of cement paste. By combining SE and BSE images, The 

area for pores in the microstructure can be accurately segmented with lower data errors. 

Quantifying hydrated and unhydrated phases was performed by EDS mapping after the 

data processing of denoising, region segmentation, manual identification, and imaging 

calibration. The comparison between multiple results shows that the detailed 

distribution of the phases can be obtained with low data error. Therefore, it is feasible 

and promising to use EDS mapping to quantify the various cement phases for 

submicroscopic and microscopic characterization. 

 

 

Keywords: Seawater; Cement hydration; phase quantification; Thermodynamic 

modelling; Microstructure characterization; Pore; Compressive strength 
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CHAPTER 1.  INTRODUCTION 

1.1  Background 

With the world hurtling toward the urban future accompanying increased demand for 

infrastructure, concrete production has experienced unprecedented large-scale 

popularity worldwide (Doyle & Havlick 2009; Monteiro, Miller & Horvath 2017). 

Meanwhile, the tremendous amount of concrete production results in enormous 

greenhouse gas emissions (Miller & Moore 2020) and massive consumption of 

freshwater (FW), minerals, and energy (Dhondy, Remennikov & Shiekh 2019) 

(Malhotra 1999; Mehta 1999). It has been reported that in 2012, over two gigatons of 

FW was consumed only used as mixing water in concrete production (Miller, Horvath 

& Monteiro 2016), while there could be ten times more FW involved during the whole 

manufacturing process if the water for cooling, washing, energy, and transportation is 

considered (Miller, Horvath & Monteiro 2018). The unsustainability induced by such 

considerable resource consumption inevitably drives the revolution of the concrete 

industry (Dong et al. 2019; Mehta 2001; Mehta 2002, 2009; Peduzzi 2014; Sutherland 

et al. 2017; Torres et al. 2017; Truc & Van Vu 2018). In some island and coastal 

regions with limited access to FW, long-distance water transportation may significantly 

aggreviate the cost and energy consumption. Therefore, seawater (SW) is recommended 

as an alternative to FW for concrete mixing. While in practice, the presence of chloride 

ions in SW can render severe corrosion in reinforced concrete and subsequently cause 
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deterioration, limiting the practical implementation. Therefore, appropriate measures are 

needed in concrete mixtures to alleviate adverse effects of using SW directly.  

Although studies in this area have been elaborated and progressed significantly, 

divergent opinions still exist against using SW as mixing water (Nishida et al. 2015; 

Otsuki et al. 2014). Otsuki (1985) has proposed that the negative effect induced by SW 

mixing decreases with age. Therefore a comparable long-term performance can be 

presented in seawater concrete (SWC) (Japan Concrete Institute 2015). While Neville 

(2001) pointed out that using SW may cause significant safety issues, such as chloride 

corrosion that requires careful consideration. In addition, other chemical compositions 

in SW, such as sulfate and magnesium, may also affect the concrete mechanism 

properties and durability (Cai et al. 2021; Frias et al. 2013; Mohammed, Hamada & 

Yamaji 2004; Wang, Liu & Li 2018; Wang et al. 2020) (Khatibmasjedi 2018). 

However, the adverse effects do not hinder the application prospect of SW as concrete 

mixing water. Chloride corrosion can be avoided in plain concrete or those incorporated 

with noncorrosive reinforcement bars (Sena-Cruz et al. 2018) (Ahmed et al. 2020). 

Considering the possible environmental interest and economic benefits (Younis, Ebead 

& Judd 2018), using SW as mixing water for concrete has been a hot topic since 2010. 

1.2  Research significance  

In order to safely use SW for concrete manufacturing, issues should be first solved on 

physicomechanical performance, durability reduction, and rebar corrosion from excess 
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chloride ions (Erdoğdu, Bremner & Kondratova 2001). Investigations found that 

concrete using SW can cause a 20% reduction in initial slump flow and a nearly 30% 

loss in initial setting time, compared with concrete using FW (1990; Younis et al. 2018). 

Meanwhile, SW increases the early strength of concrete by 10–25% within 14 days 

(Bachtiar et al. 2015b; Ghorab, Hilal & Antar 1990; Nishida et al. 2013; 2010; Younis 

et al. 2018). The drying shrinkage of SWC is approximately 15% lower than that of 

concrete with FW (Katano et al. 2013b). Some studies even proposed that using SW 

does not undermine the concrete microstructure but improves the mechanical 

performance. For example, studies have found that SW increases the density, 

compressive strength, and elastic modulus (Etxeberria, Fernandez & Limeira 2016; 

Etxeberria, Gonzalez-Corominas & Pardo 2016; Li, Zhao & Raman 2018; Wegian 2010; 

Younis et al. 2018). However, options are divided for using SW when it comes to 

advanced strength development at the late stage, such as a 13% lower 28-day 

compressive strength (Kaushik & Islam 1995), a one-year superiority of compressive 

strength for using SW (Ghorab, Hilal & Antar 1990), and a comparable strength 

determined to FWC (Islam et al. 2012b; Younis et al. 2018). Furthermore, safety risks 

cannot still be eliminated from the rebar corrosion and undetermined durability issues.  

Therefore, in terms of improving the performance of SWC purposefully and realistically, 

a fundamental study of SW’s impact on the heterogeneous cementitious material 

structure and mechanical properties is needed. The study is expected to address the 
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current controversy effectively and guide the future application of SW as a building 

material. 

1.3  Research objectives  

Along the above lines, the specific objectives of this study are divided into four parts, 

which will discuss the following issues in separate sections: 

(1) To fundamentally study the effect of SW on cement application, the first section 

studies the hydration of cement with SW by combining TG, XRD and ICO-OES 

technology. The Rietveld refinement approach is used to characterize the phase 

evolution quantitatively and obtain an experimental validation as a reference to develop 

kinetics modelling for cement hydration with SW. 

(2) The second section focuses on the simulation of the hydration process of PC with 

SW, expected to predict the evolution of phase assemblage of the hydration system. The 

kinetic clinker dissolution model is optimized for SW hydration based on the 

experimental quantitative results and thermodynamic model. The simulation evaluates 

the evolution of various phases of assemblage and pore solution by combining the 

thermodynamic and modified kinetic models. The quantitative simulation results are 

also evaluated by experimental results of hydration products. 

(3) The third section mainly discusses the property differences between OPC with SW 

and DW in combination with the hydration characteristics, such as heat evolution of 

hydration, phase evolution, compressive and tensile strength, and pore structure 
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development. The applicability of cement mortar with natural sea sand (SS) is also 

evaluated. 

(4) This section deeply investigates and compares the microstructure of cement paste 

with SW and DW by combining SE and BSE imaging technology. EDS elemental 

mapping technology is used to quantify the phase based on the stoichiometric, to study 

and develop the microscopic quantitative characterization method. The multiple 

quantitative results and perform statistical analyses from different characterizing 

methods are evaluated and discussed.  
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CHAPTER 2.  LITERATURE REVIEW  

This section reviews current and previous studies on the predominant performance 

differences between SW-mixed and conventional concretes. Particular attention has 

been paid to the chloride-induced hydration mechanism to provide a scientific and 

unbiased foundation for an in-depth insight into SW's applicability in concrete 

manufacturing. Through evaluating both the benefits and limitations of SW mixtures, 

this work hopes to guide the safer use of SW as a construction material. 

2.1  Properties of cement composite with seawater 

Due to the long-term transfer from rainwater to the ocean, a great number of alkaline 

minerals are migrated constantly from the inland rock stratum to SW. The salinity 

varies in different marine regions that, for instance, the North Sea has a salinity of 3.3%, 

the Red Sea has that of 4%, while the Baltic Sea has only 0.7% (Neville 2001). The 

main ions concentration of SW in various marine regions are shown in Table 2.1. 

Typically, SW has a total salinity of 3.5%, which mainly consists of chloride, sodium, 

magnesium, sulphate, etc. The concentration of predominant components needed in FW 

to prepare substitute SW is specified in ASTM D1141-98 (see Table 2.1). In this section, 

a comprehensive review is provided to summarize the advanced progress of SW-mixed 

cement composite, followed by a detailed illustration of the mechanisms. 

Table 2.1. Concentration of the main ions in SW from various seas 

Conc. [mg/l] Cl– Na2+ SO4
2– Mg2+ Ca2+ K+ pH Reference 
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South China 

Sea 

33400 21700 3840 1040 579 417 7.8 (Li et al. 2019) 

Arabian Gulf 26000 15000 3700 2300 500 520 8.2 (Wang, Liu & Li 2018; 

Younis et al. 2018) 

Red Sea 22660 11350 3051 1867 531 1350 −* (Hamad et al. 2013) 

Mediterranean 

Sea 

20800 11640 2820 1360 490 420 8.0 (Etxeberria, Fernandez & 

Limeira 2016; Fritzmann et 

al. 2007) 

Melbourne 20700 11940 3420 1430 −* 622 −* (Li et al. 2016) 

Norway Sea 19420 9460 2583 1130 351 348 −* (De Weerdt, Lothenbach & 

Geiker 2019) 

Yellow Sea 19360 10780 2702 1297 408 388 −* (Yu, Wu & Yang 2017) 

Atlantic Sea 19920 10735 2697 1416 424 380 −* (Montanari et al. 2019) 

North Sea 16550 12200 2220 1110 430 500 −* (Yeginobali 1984) 

Marmara Sea 14390 8100 2034 1035 328 340 7.9 (Browne R. D. & Baker A. 

F. (1979)) 

Black Sea 9500 4900 1362 640 236 230 7.4 (Browne R. D. & Baker A. 

F. (1979)) 

Baltic Sea 3000 1800 410 240 98 67 −* (Cwirzen, Sztermen & 

Habermehl-Cwirzen 2014) 

ASTM D1141-

98 

19437 10833 2769 1292 419 398 7 (D-98 2008) 

*Not reported 

2.1.1  Hydration kinetics 

The exotherm from clinker dissolution changes significantly when mixed with SW, in 

particular, at the early stage. As proposed in the existing literature, a consensus has been 
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suggested that SW increases the heat flow rate due to the enhanced kinetics of hydration 

(Guo et al. 2020; Khatibmasjedi et al. 2019; Sikora, Cendrowski, Abd Elrahman, et al. 

2019; Younis et al. 2018). In SW mixtures, the accelerated hydration is mainly 

dominated by the abundant chloride ions (Montanari et al. 2019), which dramatically 

promotes the hydration of C3S and C3A (Li, Li, et al. 2020b). The other ions in SW also 

affect the cement hydration, such as sulfate, magnesium, and calcium (Farnam, Wiese, 

et al. 2015; Wang, Liu & Li 2018). The specific effects of these ions on cement 

hydration will be discussed in Section 3. Based on the aforementioned studies, in 

general, the exothermic peak of SW mix presents 35–40% higher and occurs 

approximately 17 – 30% earlier, compared to conventional concrete.  

Furthermore, Younis et al. (2018) found that the cumulative heat from SW mixtures is 

higher at an early age, while it becomes almost identical to that of FW mixtures after 7 

days. It seems that the heat of cement hydration in SW is released in advance, 

subsequently being caught up by FW mixtures. The exothermic feature in SW mix is 

very well accordant with the characteristic of compressive strength growth, which both 

are dominated by cement hydration. Therefore, Wang et al. (Wang, Liu & Li 2018) 

stated that SW mixing increases the total heat of hydration seems questionable. Besides, 

differences are also found in the clinkers hydrated in SW. Li et al. (Li, Li, et al. 2020b) 

reported that an increasing water/binder (w/b) ratio in SW mixtures does not further 

stimulate the dissolution of C3S, while the dissolution of C3A is observed to be 

promoted (see Figure 2.1). The inconsistent results show that the hydration of C3S is 
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enhanced by raising the concentration of the influential ions, not by increasing their 

total content. While as for C3A, the hydration can simply be promoted by adding more 

SW-related ions. The results brings the following conclusion that during the 

accelerating hydration period, some special hydration products were formed by the 

reaction of C3A and some ions in SW, for instance, the FS (Friedel 1897). However, the 

degree of stimulated hydration C3S by SW is limited in a certain range.  
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Figure 2.1. Heat evolution of OPC hydrated in FW and SW 
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2.1.2  Fresh properties 

It is well understood that in a cast-in-situ construction, the fresh properties of concrete 

are required to be tested at the time of placement. As a critical evaluating indicator, 

slump value is widely applied to characterize the workability of fresh concrete. 

Generally, a higher slump represents better workability, assuming that there is no 

segregation occurs. Regarding SW-mixed concrete, a consensus has been proposed 

among the existing studies that SW mixtures presented a higher cohesive, viscous, and 

compact behaviour, compared with conventional concrete (Sena-Cruz et al. 2018; Wang, 

Liu & Li 2018). The workability, however, becomes worse, along with a shortened 

setting period (Jain & Pradhan 2020). According to the research results proposed by 

Bachtiar et al. (2015a) and Ting et al. (2020), using SW instead of FW mixing would 

cause an approximately 30% reduction in slump values. It is, however, worth noting 

that the influence of SW on slump value is reduced when the w/b ratio increases, as 

Otsuki et al. (2011) also observed that the slump of SW-mixed concrete at a w/b ratio of 

0.53 was only 15% lower. Similar observations were reported on OPC concrete blended 

with (SCMs) in the studies by Sena-Cruz et al. (2018), Younis et al. (2018), and Katano 

et al. (2013a), in which the reduced slump by SW ranges from 10 to 30% at the 

decreasing w/b ratio between 0.5 to 0.26. Besides, the initial and final setting times 

were shortened by 20−25% measured in SW-mixed concrete (Etxeberria, Fernandez & 

Limeira 2016), which showed a negative effect on the workability. In Wang et al. 

(2018), the rheological behaviours were compared by using SW and deionized water 
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(DW) as mixing water for cement pastes. The shear stress and viscosity were observed 

to be remarkably higher in SW mixtures at 5 min and 15 min under the same shear rate, 

which indicated the stiffer feature in the fresh state. The higher viscosity can be due to 

the accelerated hydration rate by SW, wherein more solid phases were precipitated to 

enhance flocculations between the suspended particles. Moreover, there is a consensus 

that the air content in SW mixtures is typically 5 – 20% lower than that of FW mixtures 

(Katano et al. 2013a; Khatibmasjedi et al. 2019; Otsuki et al. 2011), probably due to the 

higher viscosity in the paste matrix. Besides, the water film thickness was calculated a 

slightly smaller in SW mixtures by Li et al. (2019), which led a adverse effect on 

flowability of the fresh paste. The associated experimental results are summarized in 

Table 2.2. based on these studies. 

Table 2.2. Initial slump flow in SW/cementitious composite 

Composite type W/b ratio Initial slump flow (mm) Reference 

FW SW SW/FW  

OPC paste 0.25 (with SP 1%) 54 46 0.85 (Li et al. 

2019) 

OPC concrete 0.32 (with SP 1%) 121 82 0.68 (Ting et 

al. 2020) 

OPC concrete 0.35 (with SP 1%) 122 80 0.66 (Bachtiar 

et al. 

2015a) 

OPC concrete 0.53 66 56 0.85 (Otsuki et 

al. 2011) 

OPC 80% + Fly ash 20% concrete 0.26 (with SP 1%) 610 420 0.69 (Sena-

Cruz et 

al. 2018) 

OPC 35% + Slag 65% concrete 0.34 600 480 0.80 (Younis 

et al. 
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2018) 

OPC 50% + Slag 50% concrete 0.5 165 150 0.91 (Katano 

et al. 

2013a) 

Note: SP is superplasticizer; FW denoted freshwater mixtures; SW represents SW mixtures. 

2.1.3  Mechanical properties 

Numerous studies have been done on compressive strength to evaluate the effectiveness 

of SW-mixed composite, as shown in Table 2.3. According to the existing reports, it is 

generally believed that SWC exhibits higher early strength by 5–30% than FW mixtures 

within 3 days (Erniati et al. 2015; Li et al. 2015). However, conflicting results have 

been proposed in the studies regarding the late-age strength of SW-mixed concrete. 

Based on the experimental results, using SW might produce nearly no impact or, 

inconsistently, cause serious adverse effects on the late-age strength, which seems 

contradictory and, thus, causes two opposite views on SW mixtures (Neville 2001; 

Otsuki et al. 2011). Nevertheless, through the perusal of the related studies, the effect of 

curing conditions should be considered a very influential factor in strength development. 

For instance, the strength of cement composites strength can vary after being cured in 

water or moist condition. Figure 2.2 summarizes the relative compressive strength of 

SW mixtures versus those of FW mixtures under various curing conditions. 
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Figure 2.2. Time-dependent changes of compressive strength ratios (mixed with 

SW/mixed with FW) cured at different conditions (Akinkurolere, Jiang & Shobola 

2007; Erniati et al. 2015; Guo et al. 2018; Islam et al. 2012a; Li, Farzadnia & Shi 2018; 

Li et al. 2019; Li, Li, et al. 2020b; Li et al. 2015; Ting et al. 2020; Wegian 2010) 

In moist curing conditions where cement composite has been constantly stored in the 

standard curing chamber, a higher compressive strength could be retained in the SW 

mixtures for 28 days or perhaps longer (Ting et al. 2020). The studies from Li et al. 

(2019; 2020b; 2015) and Erniati et al. (2015) also proposed similar results. Specifically, 

SW was identified as improving compressive strength by nearly 60% at 1 day, 7–28% at 

3 days, and 0–5% at 28 days, respectively. In a long-term of over 28 days, it has been 

demonstrated that the compressive strength between FW-mixed composite and SW-

mixed composite displays almost no difference. 

Slower strength development can be observed in SW mixtures when immersed in FW or 

SW, compared to conventional concrete under the same curing condition. In Islam et al. 

(Islam et al. 2012a), an approximately 5% lower value in strength was measured in SW-

mixed specimens from 7 to 180 days in the water-curing conditions, which was further 
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reduced with the increasing w/b ratio. In Wegian et al. (2010), when the w/b ratio is 

0.45, the SWC achieved 0–10% higher compressive strength within 7 days. However, 

the increase of strength was slowed over time such that the 90-day compressive strength 

has only reached about 85% of that in conventional concrete. At a higher w/b ratio of 

0.5, similar results could also be verified by Guo et al. (2018) that comparable early and 

lower long-term strength was obtained in SW mixtures. These interesting findings 

indicate that the effect of SW on strength development is complex. On the one side, the 

SW can stimulate cement hydration to promote early-stage strength. On the other side, 

the growth rate of strength in SW mixtures is not as high as that in FW mixtures, 

probably due to the stability of microstructure affected by some specific hydration 

products formed (i.e., brucite, calcium oxychloride, M-S-H, etc. (Qiao et al. 2018; 

Wang et al. 2019)). The hydrate phases formed previously may become unstable to 

decompose when the pore solution changes, based on the principle of chemical 

equilibrium. Therefore, for cement mixture, a sealed or stable curing condition is 

beneficial for steady structure development. When the pore solution is much closer to 

the matrix, the decomposition and leaching effect of cement hydrates will diminish. The 

conclusion can also well illustrate that SW-mixed concrete achieves better strength 

development when cured in SW than in FW (see Figure 2.2).  

Mohammed et al. (2004) investigated the SW-mixed concrete cured in tidal conditions 

for 20 years, observing a comparable compressive strength between SW-mixed concrete 

and FW-mixed concrete. For the tidal SW curing, it should, however, be noted that the 
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external condition was an enormous environment relative to the concrete itself, along 

with constant dry-wet alternation. In this condition, the higher water absorption and 

outward leaching effect of alkalis and calcium hydroxide occurred to cause severe 

deterioration (Khatibmasjedi 2018; Spragg et al. 2017). In addition, the expansive 

product, calcium oxychloride, may cause serious deterioration to reduce concrete 

properties (Qiao, Suraneni & Weiss 2018b; Wang et al. 2019) (detailed discussion in 

Section 3). Therefore, the adverse effect on strength development is quite significant 

from long-term SW curing conditions, compared to those only use SW as mixing water  

Table 2.3. Specific studies on the compressive strength development of SW-mixed composite 

Type W/b ratio Curing 

condition 

Compressive strength (MPa) References 

FW SW SW/FW 

OPC 

paste 

0.20 Moist 

curing 

84.7  

(3 days) 

87.3  

(3 days) 

1.03 (Li, Farzadnia & 

Shi 2018) 

(Li et al. 2019)  0.25 

(with SP 

0–2%) 

 110.9–123.0  

(28 days) 

111.7–132.5  

(28 days) 

1.02–1.08 

 0.35 

(with SP 

0–2%) 

 89.0–99.1 

(28 days) 

90.8 – 105.5 

(28 days) 

1.02–1.05 

OPC 

mortar 

0.40 Moist 

curing 

42.1 

(3 days) 

49.1 

(3 days) 

1.17 (Li, Li, et al. 

2020b) 

51.9 

(14 days) 

53.7 

(14 days) 

1.03 

54.2 

(28 days) 

54.5 

(28 days) 

1.01 

OPC 

concrete 

0.45 Moist 

curing 

35.46 

(3 days) 

45.41 

(3 days) 

1.28 (Li et al. 2015) 

40.47 

(7 days) 

51.85 

(7 days) 

1.28 
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46.17 

(28 days) 

55.98 

(28 days) 

1.21 

50.63 

(56 days) 

60.18 

(56 days) 

1.19 

OPC 

concrete 

0.32 

(with SP 

1% ) 

Moist 

curing 

60.7 

(7 days) 

64.9 

(7 days) 

1.07 (Ting et al. 2020) 

75.2 

(28 days) 

74.7 

(28 days) 

0.99 

91.2 

(90 days) 

90.1 

(90 days) 

0.99 

OPC 

concrete 

0.35 

(with SP 

1% ) 

Moist 

curing 

9.1 

(1 day) 

14.6  

(1 day) 

1.60 (Erniati et al. 

2015) 

   25.5 

(3 days) 

31.3 

(3 days) 

1.23 

   35.2 

(7 days) 

38.0 

(7 days) 

1.08 

   50.6 

(28 days) 

51.9 

(28 days) 

1.03 

   52.7 

(56 days) 

53.7 

(56 days) 

1.02 

OPC 

concrete 

0.40 FW 

curing 

18.3 

(7 days) 

17.3 

(7 days) 

0.95 (Islam et al. 

2012a) 

   24.5 

(28 days) 

23.5 

(28 days) 

0.96 

   30.0 

(90 days) 

27.5 

(90 days) 

0.92 

   31.5 

(180 days) 

28.9 

(180 days) 

0.92 

  SW 

curing 

17.9 

(7 days) 

17.0 

(7 days) 

0.95 

   24.2 

(28 days) 

23.1 

(28 days) 

0.95 

   28.5 

(90 days) 

27.4 

(90 days) 

0.96 

   29.6 

(180 days) 

28.7 

(180 days) 

0.97 

OPC 0.45 SW 27.6  30 1.09 (Wegian 2010) 
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concrete curing (7 days) (7 days) 

   32.1 

(14 days) 

33.8 

(14 days) 

1.05 

   34.9 

(28 days) 

34.7 

(28 days) 

0.99 

   30.6 

(90 days) 

25.5 

(90 days) 

0.83 

OPC 

concrete 

 FW 

curing 

41.2 

(7 days) 

43.7 

(7 days) 

1.06 (Guo et al. 2018) 

   46.1 

(14 days) 

46.5 

(14 days) 

1.01 

   54.3 

(28 days) 

45.4 

(28 days) 

0.84 

   65.3 

(90 days) 

57.1 

(90 days) 

0.88 

  SW 

curing 

41.3 

(7 days) 

42.2 

(7 days) 

1.02 

   46.5 

(14 days) 

45.5 

(14 days) 

0.98 

   50.0 

(28 days) 

48.3 

(28 days) 

0.97 

   62.5 

(90 days) 

54.6 

(90 days) 

0.87 

OPC 

concrete 

0.50 FW 

curing 

39.5 

(7 days) 

39.1 

(7 days) 

0.99 (Guo et al. 2018) 

   45.2 

(14 days) 

41.5 

(14 days) 

0.92 

   47.2 

(28 days) 

41.4 

(28 days) 

0.88 

   59.3 

(90 days) 

45.4 

(90 days) 

0.77 

  SW 

curing 

42.1 

(7 days) 

38.0 

(7 days) 

0.90 

   46.2 

(14 days) 

43.6 

(14 days) 

0.94 

   49.8 

(28 days) 

46.1 

(28 days) 

0.93 

   55.0 53.3 0.97 
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(90 days) (90 days) 

OPC 

concrete 

0.60 FW 

curing 

12.1 

(7 days) 

14.0 

(7 days) 

1.16 (Akinkurolere, 

Jiang & Shobola 

2007)    14.0 

(14 days) 

16.0 

(14 days) 

1.14 

   15.8 

(21 days) 

17.0 

(21 days) 

1.08 

   20.0 

(28 days) 

20.3 

(28 days) 

1.02 

  SW 

curing 

12.9 

(7 days) 

13.9 

(7 days) 

1.08 

   14.5 

(14 days) 

17.9 

(14 days) 

1.23 

   13.1 

(21 days) 

19.8 

(21 days) 

1.51 

   18.7 

(28 days) 

21.9 

(28 days) 

1.17 

Note: SP: Superplasticizer, FW: FW-mixed composite, SW: SW-mixed composites 

2.1.4  Transport properties 

In general, concrete deterioration is mainly due to the mass transfer of chemicals that 

can be transmitted inside and outside through the pore solution. The transport properties 

are accordingly valued for the service-life prediction of the cement composite. As a 

prominent feature to characterize the quality of hardened cement mixtures, pore 

structure dominates the permeability that affects moisture and ions diffusion in concrete. 

According to the available research, using SW in concrete significantly affects the 

early-stage pore structure, while a similar long-term pore structure can be observed (Li 

et al. 2015). The ratio of pores smaller than 10 nm is significantly increased by using 

SW at 3 days (see Figure 2.3), while the porosity is 5% higher than that of conventional 

concrete. During the curing time which followed, the porosity decreased remarkably 
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over time, and gradually, the number of small pores (< 10 nm) overtook the large pores 

(10 – 5000 nm) at 7 days. However, it appears that the porosity has not markedly altered 

at 28 days when using SW mixing instead of FW, indicating that the two composites 

have formed a similar pore structure at the late stage. The result has also been verified 

by Montanari et al. (2019) that at the late stage of 90 days, an identical total porosity 

ranging between 0.166–0.167 ml/g is determined in both cement pastes mixed with SW 

and FW.  
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Figure 2.3. Evolution of porosity and the ratios of large and small pores (mixed 

with SW/mixed with FW) (Li et al. 2015) 

Shi et al. (2015) studied the SW effect on the pore structure evolution with the aid of 

mercury intrusion porosimetry (MIP), as represented in Figure 2.4. The results 

illustrated that most of the pores over 10 nm are converted to finer pores in SW, 

exhibiting a refined structure at the early stage, after which the distinction between the 

two mixtures relatively decreases with age. Still, the volumes of pores ranging between 

50–1000 nm were slightly higher in SW mixtures at 28 days, and more fine pores less 
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than 30 nm formed in the SW mixtures at 60 days (Khatibmasjedi et al. 2019), which is 

well accordant with the slightly higher compressive strength in SW-mixed concrete. 
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Figure 2.4. The differential pore volume of concrete at 3, 7, and 28 days (FW: concrete 

mixed with SW; SW: concrete mixed with FW) (Shi et al. 2015) 

In Wang et al. (2018), the C-S-H gels formed in SW have a high surface area by 

Brunauer-Emmett-Teller (BET) surface area measurements. It has been found that the 

cement paste with FW possessed a surface area of up to 14.3 m2/g, while that of SW 

paste was 27.4 m2/g. Additionally, the pores ranging between 2–60 nm are 0.0434 cm3/g 

in volume, which was 70% higher than that of FW paste. It can be concluded that a finer 

structure of C-S-H gels with a higher volume of pores below 5 nm formed with the 

hydration in SW. Likewise, the permeability performance of SWC was studied by 

Younis et al. (2018) through various methods, such as water absorption test (WAT), 

chloride migration test (CMT) and rapid chloride permeability test (RCPT). The results 

demonstrate that the SW mixtures were found to achieve higher impermeability at 28 
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days. However, the results of the sea mixtures and FW mixtures were comparable over 

56 days, revealing that the late-stage permeability is less affected by the mixed SW.  

The migration behaviour of conductive ions in the pore solution, such as chloride, 

sulfate, or possibly hydroxyl ions, dominates the electrical resistance of the concrete. 

When an electric field is applied, electromigration occurs as the only mechanism of 

concrete conductivity (Claisse 2005). Montanari et al. (2019) demonstrated that the 

electrical resistivity is reduced by approximately 40–50% in SWC, resulting from a 

considerable amount of soluble ions involved (as shown in Figure 2.5). Moreover, 

because the pore solution was concentrated with hydration age, a 40% reduction in the 

electrical resistivity can be observed in cement pastes with FW at the late stage of 28 

days, but only a 25% decrease determined in the resistivity in SW paste. 
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Figure 2.5. Evolution of electrical resistivity in cement paste mixed with SW or SW 

(Montanari et al. 2019) 



 

22 

2.1.5  Shrinkage 

During the cement hydration or drying process of concrete, shrinkage occurs due to the 

moisture decrease, which may, in some cases, result in structural cracking or 

deterioration in the service life. According to the distinction of water consumption, the 

shrinkage behaviour can be divided into autogenous shrinkage and drying shrinkage 

(Radlinska et al. 2008). Li et al. (2018) revealed that using SW increased 30% 

autogenous shrinkage of OPC paste, resulting from the remarkably refined 

microstructure by a quicker self-desiccation of cement in SW (Shi et al. 2015). 

Furthermore, the autogenous shrinkage strains were reduced with an increasing w/b 

ratio (Khatibmasjedi et al. 2019). The study showed that using SW at a w/b ratio of 0.36 

increased the 63-day autogenous shrinkage from 213 to 387 microstrain. If at a w/b ratio 

of 0.45, SW increased the autogenous shrinkage from 149 to 314 μs (as shown in Figure 

2.6). Besides, using SW led to a significantly higher shrinkage in 3 days, which might 

be due to the stimulated hydration reaction by SW (Shi et al. 2015) 
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Figure 2.6. Autogenous shrinkage of cement mortar at w/b ratios of 0.36 and 0.45, 
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respectively (Khatibmasjedi et al. 2019) 

Furthermore, drying shrinkage induced by vapour diffusion also occurs in concrete 

during the external drying process, which inevitably occurs after the moist-curing 

period (Hajibabaee & Ley 2015). Unlike the autogenous shrinkage, which was scarcely 

changed at the late stage, the drying shrinkage has grown continuously throughout 65 

days (Khatibmasjedi et al. 2019). In Figure 2.7, the drying shrinkage values are quite 

close in both SW and FW at a w/b ratio of 0.36, approaching 600 μs and 560 μs, 

respectively. The drying shrinkage becomes prominent in SW mixtures with the 

increase of the w/b ratio. Khatibmasjedi et al. (2019) observed that using SW at a w/b 

ratio of 0.45, the drying shrinkage reaches 980 μs and exhibits 17% higher than the FW 

mixtures.  
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Figure 2.7. Drying shrinkage and mass loss of mortar mixtures (Khatibmasjedi et al. 

2019) 

The curves of drying shrinkage versus the mass loss are shown in Figure 2.8. The 

increasing slope of the curves in SW indicates that SW reduced the mass loss during the 
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drying process. The higher shrinkage can be due to the denser microstructure of 

hardened cement paste formed in SW (Montanari et al. 2019; Park, Kwon & Song 

2011), where the capillary-induced stress caused by the menisci on the liquid surface 

was higher in finer pores, leading to greater internal shrinkage stress. On the other hand, 

the chloride-based salts in SW, such as sodium chloride, are hygroscopic (Autelitano, 

Rinaldi & Giuliani 2019), resulting in slower moisture escaping. Therefore, it can be 

drawn that SW mixtures are featured with a lower mass loss but a higher shrinkage 

instead, compared to conventional concrete. 
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Figure 2.8. Drying shrinkage versus mass loss for cement mortar (Khatibmasjedi 

et al. 2019) 

2.2  Effect of seawater-related ions on cement hydration 

Based on the existing studies, the effect of some SW-related ions on cement hydration is 

discussed separately. This section focuses mainly on the existing ions that play 

important roles in cement hydration at their specific concentration in SW; however, 
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multiple chemical reactions occur simultaneously in practice, and the effects are closely 

related to their actual concentration. 

2.2.1  Chloride ions 

As the most influential ion in SW on concrete properties, chlorides should be discussed 

in detail first. The effect of chlorides on hydration can be divided into three parts: 1) the 

interaction with AFm (aluminate-ferrite-mono) phase; 2) the formation of calcium 

oxychloride (CAOXY); and 3) the adsorption by C-S-H, as discussed below separately. 

2.2.1.1 Interaction with AFm 

In Portland cement, chloride can be chemically bound with the layered calcium-

aluminate hydrates as AFm hydrates (Matschei, Lothenbach & Glasser 2007a), such as 

calcium chloroaluminate, commonly known as FS: 3CaO·Al2O3·CaCl2·10H2O (Friedel 

1897). Suryavanshi et al. (1996) proposed that there are two mechanisms for the 

formation of FS, namely, the adsorption and the anion-exchange mechanism. Firstly, the 

bulk of free-chloride ions can be adsorbed directly by the interlayers of the layered AFm 

structures to balance the charge arising from the displacement of a Ca2+ by an 

[Al(OH)6]3, as shown in Figure 2.9. Secondly, the free-chloride ions can displace the 

OH– from hydroxy-AFm hydrates, such as C4AH13, C4AH11, C4AH19, etc., forming FS 

coincided with a comparable content of OH– released in the pore solution. The two 

separate mechanisms can effectively explain the phenomenon that an increase of OH– 
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concentration occurs during the chloride ions binding, and also that the concentration of 

bound Cl– is much higher than that of the displaced OH– from the interlayers.  

 

Figure 2.9. Structural representations of AFm phase: hydrogen bond network within an 

interlayer region (Mesbah et al. 2011; Suryavanshi, Scantlebury & Lyon 1996) 

However, it seems not necessary to strictly distinguish the two aforementioned 

mechanisms. Intending to balance charges, both chloride ions, and hydroxyl ions can be 

adsorbed by the principal layer of the AFm structure, and the two adsorptions occur 

simultaneously. During the process, the adsorbed OH–are more easily displaced by Cl–, 

due to the fact that OH– hardly competes with Cl– in balancing charge. Meanwhile, the 

free OH– ions are retained in the pore solution, leading to an increase of pH. Therefore, 

the increase of alkalinity in pore solution is due to the significant substitution of 

adsorbed OH– ions by Cl–, and it also means that the metastable hydroxy-AFm hydrates 

hardly coexist with aqueous Cl– (Matschei, Lothenbach & Glasser 2007b). The same 

opinion has been put forward by Galan and Glasser (2015) that the ion exchange 
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mechanism is dominant in the formation of FS (Jones et al. 2003). Suryavanshi et al. 

(1996) also proposed theoretical support but lacks strong evidence. Due to the 

competitive relationship between hydroxyl ions and chloride ions to bind with AFm, the 

formation of FS is reduced in high alkaline conditions. In other words, chloride binding 

is decreased with high alkali content, which was verified by Rasheeduzzafar et al. 

(1991).  

Additionally, the formation of FS is not limited to the substitution reaction between free 

Cl– and OH–, which means that the reaction of Cl– and AFm is more than just one way 

on a single AFm phase. Some other anions, such as SO32- and CO32-, can compete with 

Cl– in the AFm-related adsorption as well. Hence, the formation of FS also occurs by an 

ionic interaction from other AFm phases (Birnin-Yauri & Glasser 1998c; Hosokawa et 

al. 2006; Jones et al. 2003). Additionally, the various bound anions can be partially 

miscible with each other in AFm phases (Frias et al. 2013) (e.g., Kuzel’s salt (KS): 

3CaO·Al2O3·1/2CaCl2·1/2CaSO4·10H2O; Hemicarboaluminate: 

Ca4Al2(CO3)0.5(OH)13·5.5H2O, etc. (Matschei, Lothenbach & Glasser 2007b)). 

Therefore, the thermodynamic stabilization of the AFm hydrates is highly associated 

with the formation mechanism of chloride-related hydrates. 

At the temperature of 25 ℃ under standard atmosphere, monocarboaluminate (CO3-

AFm) is more stable than monosulfoaluminate (SO3-AFm) in Portland cement, which 

promotes a progressive substitution of CO32- in SO3-AFm to convert into 

hemicarboaluminate or, more likely, CO3-AFm (Matschei, Lothenbach & Glasser 
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2007b). Similarly to CO32-, Cl– can also displace sulfate in SO3-AFm, converting to FS 

as the more stable AFm hydrates. Numerous studies have investigated the chloride 

effect on the mineralogy of hydrated Portland cement (Cao et al. 2020; De Weerdt & 

Justnes 2015; Farnam, Dick, et al. 2015; Shi, Geiker, Lothenbach, et al. 2017). Due to 

the significant competitiveness of carbonate in binding AFm hydrates, the impact 

mechanism of chloride has to be discussed respectively in the cementitious system with 

and without carbonates as follows. 

In the carbonate-free system, as depicted in Figure 2.10 by Balonis et al. (Balonis et al. 

2010), Cl– substitute SO32- from SO3-AFm hydrates, forming an intermediate compound 

KS at lower chloride concentration (molar ration of 2Cl/Al2O3 < 0.70) and FS at higher 

chloride concentration (molar ratio 2Cl/Al2O3 > 0.70). Meanwhile, the substituted SO32- 

are released to the aqueous solution, forming AFt subsequently when the required 

concentration is reached (De Weerdt, Orsáková & Geiker 2014; Ekolu, Thomas & 

Hooton 2006; Galan & Glasser 2015; Stark & Bollmann 2000). The AFt is hard to 

decompose due to the higher stability, and thus the content of AFt increases with the 

presence of chloride, as proposed by Hirao et al. (2005) and Cao et al. (2020). 

Additionally, some studies are consistent in that AFt shows no binding capacity to 

chlorides (Hirao et al. 2005; Midgley & Illston 1984), and thus can coexist steadily with 

FS at high chloride concentration. In Zibara (2001) and Ekolu et al. (Stark & Bollmann 

2000), however, AFt was observed decomposed and gradually converted to FS in NaCl 

solution of 3 M and 2.8 M, respectively. 
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In practice, however, many modern types of cement contain added calcite (CC), leading 

to a portlandite (CH)–calcium carbonate–carbon dioxide equilibrium in the hydration 

system (Galan & Glasser 2015). Therefore, hemicarboaluminate or, more likely, 

monocarboaluminate will form in the carbonate-contained Portland cement. In this 

hydration system, it can be observed that carbonate ions in AFm phases are gradually 

substituted by chloride with a rising chloride concentration (Balonis et al. 2010; Frias et 

al. 2013). The released carbonate ions are subsequently bound as CC. It should, 

however, be noted that there is no KS appeared even as the intermediate hydration 

product during the substitution in the carbonate-containing system, which can be 

attributed to the more stability of CO3-AFm than that of KS (Loser et al. 2010). The 
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Figure 2.10. Relative amount of solid hydrate phases of a hydrated model mixture 

consisting of initially 1 mol C3A, excess of CH, and with fixed initial sulfate ratio 

(SO3/Al2O3=1), showing phase development and its dependence on changing chloride 

ratios (2Cl/Al2O3) at 25 ℃ (Balonis et al. 2010) 



 

30 

result reflects that KS is incompatible with CO3-Afm, and it is destabilized when 

encountering even small amounts of carbonate in the hydration system. Furthermore, 

Chang et al. (2019) observed that most of FS and KS decomposed after experiencing a 

28-day carbonization period with CO2 concentration being 20%. The results indicate 

that the bound chlorides in AFm were unstable and prone to be set free again in the 

carbonization environment. 

Some other studies have been conducted to observe the binding of chloride in hydrated 

calcium aluminoferrite to find that the rate of hydration reaction is slower than C3A and 

decreases with increasing iron content as the order C6A2F > C4AF > C6AF2 (Csizmadia, 

Balázs & Tamás 2001). The studies show that both of these aluminoferrites can bind 

chloride and develop hydrates with similar structures to FS but with iron instead of 

aluminium (e.g., 3CaO·Fe2O3·CaCl2·10H2O) (Sumranwanich & Tangtermsirikul 2004; 

Suryavanshi, Scantlebury & Lyon 1995), and the iron-containing FS may form solid 

solutions with other AFm phases. 

2.2.1.2 The formation of CAOXY 

Apart from the aluminate hydrates, chloride can also be chemically bound during the 

cement hydration process through the formation of calcium oxychloride compounds: 

xCa(OH)2·yCaCl2·zH2O (CAOXY) (Farnam, Dick, et al. 2015; Glasser, Marchand & 

Samson 2008; Jones et al. 2020; Suraneni et al. 2016; Tamas 1966). As calculated by 

Qiao et al. (2018b), the volume of CAOXY is 303% as large as Ca(OH)2 and thus leads 

to a volumetric expansion. In hardened cement paste, the expansive pressure caused by 
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CAOXY is undoubtedly responsible for the deterioration of mechanical properties. The 

most common compositions range from the dehydrated phase with x:y:z of 1:1:0 

compound to the hydrated phase with the ratio of 3:1:15 (3-1-15 compound) and 4:1:10 

(4-1-10 compound), depending on the various chloride concentrations and test 

conditions (Brown & Bothe 2004; Jones et al. 2020). In most cases, however, the 

formation of CAOXY can be observed in CaCl2 solutions instead of in NaCl2 solutions 

(Farnam, Dick, et al. 2015; Farnam, Zhang & Weiss 2017; Peterson et al. 2013; Qiao, 

Suraneni & Weiss 2018a, 2018b; Wang et al. 2019), and a certain concentration is 

required. Farnam et al. (2015) suggested that the minimum concentration of CaCl2 is 

11.3% when CAOXY is formed. Qiao et al. (2019) determined the required Cl– 

concentration for CAOXY formation, which is 1.20 M at 5 ℃ and 3.64 at 23 ℃. 

Similar results were reported by Brown and Bothe (2004) that the formation of 3:1:15 

compound requires a chloride concentration approaching 4 M, and the formation of 1-1-

2 compound (hydrated phase with the ratio of 1:1:2) needs about 9 M of chloride 

concentration, based on the synthetic products in laboratory conditions. Damidot et al. 

(1994) have investigated the CaO-Al2O3-CaCl2-H2O system at 25 ℃ and defined the 

stable invariant points that FS can coexist with CH and 3-1-15 compound with a Cl– 

concentration of 3.285 mol/kg, and FS can coexist with both 3-1-15 compound and 1-1-

2 compound with a Cl– concentration of 6.427 mol/kg. Besides, CAOXY also can be 

observed in the presence of MgCl2 solution (Julio-Betancourt 2009; Sutter, Peterson, et 

al. 2006), and the concentration is also required. Wang et al. (2019) indicated no 
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CAOXY formed in solution with 4% MgCl2, but it was detected in solution with 20% 

MgCl2. However, the existing studies indicated no sign of CAOXY formation when 

cement paste was exposed to NaCl solution (Galan, Perron & Glasser 2015; Ghazy & 

Bassuoni 2017; Julio-Betancourt 2009), with an exception in carbonated concrete in one 

study (Egüez Álava, De Belie & De Schutter 2016). The studies agree well with the 

conclusion that CaCl2 and MgCl2 solutions might exhibit expansion and crack in cement 

paste (Peterson et al. 2013), but NaCl is relatively benign (Galan, Perron & Glasser 

2015; Ghazy & Bassuoni 2017; Julio-Betancourt 2009), since the expansive product 

CAOXY does not exist in (Smolczyk 1968). Therefore, CAOXY would hardly form in 

cement paste hydrated in SW, owing to the fact that the required concentration of CaCl2 

and MgCl2 is not reached. Moreover, in practice cases, there is no clear evidence in the 

existing studies that CAOXY was observed in the OPC hydrated in SW at standard 

concentration. 

2.2.1.3 Chloride adsorped by C-S-H 

In addition to chemical combinations, some researchers found that chloride can be 

physically adsorbed in C-S-H gels due to its large specific area (Theissing 1980; 

Yogarajah, Nawa & Kurumisawa 2018). It is found that the chloride binding capacity of 

C-S-H increases with the increase of chloride concentration (Hirao et al. 2005; 

Yogarajah, Nawa & Kurumisawa 2018; Zhou et al. 2016), and also more chloride can 

be found held in C-S-H with a higher calcium-silicate (Ca/Si) ratio (Beaudoin, 

Ramachandran & Feldman 1990; Yoon et al. 2014; Zibara 2001). Therefore, C-S-H gels 
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with a higher Ca/Si ratio are seemingly more beneficial to reduce the free chlorine in 

concrete under marine environments. Experimental and modelling results (Friedmann, 

Amiri & Aït-Mokhtar 2008) suggest that the chloride ions associated with the C-S-H are 

mainly present in the diffuse layer of the C-S-H surface, which is positively charged in 

the presence of high calcium concentrations. The finding can well explain that C-S-H 

exposed to CaCl2 solution has higher chloride adsorption than that exposed to NaCl 

with the same chloride concentration (Zhou et al. 2016). However, despite the 

adsorption proposed in most previous studies, an opposite view has been put forward by 

Plusquellec and Nonat (Plusquellec & Nonat 2016) that C-S-H particles cannot adsorb 

chlorides, based on the zeta potential measurement. The research observed that the zeta 

potential was well linearly increasing with the increase of concentration, and thus no 

adsorption occurred in the process to reduce the zeta potential. This finding questions 

the common experimental method of calculating the concentration of chlorides that 

some electrical-attracted chlorides by C-S-H particles are inevitably removed during the 

filtration process, and thus the reduction of chloride in solution is wrongly attributed to 

adsorption by C-S-H. As a result, further studies are needed to clarify the chloride-

adsorption capacity of C-S-H. Based on the aforementioned discussion, Table 2.4 

summarizes the main effect of chloride on cement hydrates. 

Table 2.4. Main interactions between chloride ions and cement hydrates 

Mechanism Cement hydrates 

involved 

Comment 
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Chloride exchange  AFm converts to FS Anions in AFm, such as hydroxyl, sulfate, and 

carbonate, can be displaced by chloride to form 

FS. The stability of related hydrates follows the 

order of AFt> FS> CO3-AFm> SO3-AFm> 

hydroxy-AFm in the range 0–70 ℃ (Galan & 

Glasser 2015).  

Phase change Destabilization of CH 

and formation of 

CAOXY  

CH is converted to CAOXY of 3-1-15 compound 

or, perhaps, 1-1-2 compound. The reaction occurs 

in a high concentration of aqueous CaCl2 or 

MgCl2, and not occurs in aqueous NaCl.  

Chloride 

Adsorption  

C-S-H More chloride can be adsorbed in C-S-H with a 

high Ca/Si ratio. 

2.2.1.4 Effect on chloride in seawater 

The properties change of cement composite caused by SW can be well explained 

through the chloride effects aforementioned. Because the chloride concentration in SW 

is close to 0.55 M, which is lower than the threshold of that in the formation of CAOXY 

(1.2 – 9 M (Brown & Bothe 2004; Qiao et al. 2019)), it is still questionable whether the 

reaction between chloride and CH occurs in SW composites. Therefore, the property 

differences between SW composite and FW composite can be considered to be 

dominated by the interaction between chloride and AFm phases. During the SW-mixed 

hydration process, especially in the early stage, the calcium, aluminate, and ferrite ions 

are consumed to form FS, thus enhancing the hydration kinetics and accelerating the 

hydration rate of C3S, C3A, and C4AF. The enhanced hydration in the early stage is 

responsible for the rapid heat evolution and higher autogenous shrinkage; the ratio of 
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solid phase is increased to reduce the setting time; the cement hardens faster with higher 

compressive strength and refined pore structure.  

2.2.2  Sulfate and carbonate ions 

Sulfates and carbonates, as the other major anions in SW, can also affect cement 

hydration. Although the content involved in SW is much less than that from gypsum 

and CC in cement itself, the effect can not be ignored. Similar to the chlorides, the 

sulfate ions can be bound in AFm and C-S-H, with similar mechanisms aforementioned. 

Therefore, chloride and sulfate would compete and displace mutually for the binding 

space, and the chloride binding ability of hydrates is thus reduced (Cao et al. 2020; De 

Weerdt, Orsáková & Geiker 2014). For example, more AFt would be developed in the 

presence of sulfate in SW (Frias et al. 2013; Yoon et al. 2016), including that delayed 

forming by the displaced sulfate by chloride. The AFt possesses higher stability, 

consuming AFm hydrates, and presenting no chloride capacity as well (Hirao et al. 2005; 

Midgley & Illston 1984). Analogously, carbonate also presents adverse effects on the 

chloride binding of cement hydrates. Chang et al. (2019) determined that when cement 

is exposed to a carbonation environment with a CO2 concentration of 20%, all chloride 

bound previously in AFm and nearly 90% of that in C-S-H would be released into pore 

solution after 28 days and 56 days, respectively. While even worse, the chloride binding 

ability will no longer exist in carbonated cement. Therefore, if SW is used as mixing 

water instead, there is only a small amount of cement hydrates changed from the limited 

additional sulfates and carbonates. However, if being long-term exposed to SW, sulfate 
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attack or carbonation, hydration products such as FS and C-S-H would become more 

vulnerable to convert and release bound chloride.  

2.2.3  Sodium, magnesium and calcium ions 

The cations in SW mainly include sodium, magnesium, calcium and other trace 

amounts of heavy metal ions. Among them, the content of sodium, magnesium, and 

calcium accounts for approximately 30.6%, 3.7%, and 1.2% of the total mass in SW, 

respectively (Levitus et al. 2010). It suggested that sodium ion has no specific 

interaction with the cement hydrates (Barberon et al. 2005). To maintain charge 

neutrality, some sodium ions have to be removed from the solution when chloride is 

bound. Therefore, the unstable sodium ions can also be absorbed in C-S-H by reaction 

with silanol groups (Jones et al. 2003; Suryavanshi, Scantlebury & Lyon 1996) or 

substituting calcium (Sugiyama 2008; Tritthart 1989; Yoon et al. 2014). Furthermore, 

one thing should be noted that the associated cations such as sodium, calcium, and 

magnesium can affect chloride binding. Specifically, calcium and magnesium ions 

significantly increase the chloride binding capacity of hydrates, while sodium presents 

no remarkable effect (De Weerdt et al. 2015; Lambert, Page & Short 1985; Machner et 

al. 2018; Shi, Geiker, De Weerdt, et al. 2017). One of the main reasons is the calcium 

and magnesium ions, which cause the precipitation of Ca(OH)2 or Mg(OH)2; the pH of 

the solution decreases and the solubility of Ca2+ increase consequently, leading to the 

formation of higher-Ca/Si C-S-H and M-S-H with higher chloride content (De Weerdt 

et al. 2015; De Weerdt & Justnes 2015; Jones et al. 2020). The second cause can be the 
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formation of CAOXY or magnesium oxychloride (MAOXY) (Jones et al. 2020; Qiao et 

al. 2018; Sutter, Peterson, et al. 2006; Sutter, Van Dam, et al. 2006; Wang et al. 2019). 

The third one is that in cement blended with alumina-rich SCMs, a higher calcium 

concentration can enhance the formation of FS, which increases the chloride binding 

capacity of the composite system (Justnes 1998; Shi, Geiker, De Weerdt, et al. 2017). 

The schematic diagram of the chloride distribution in cement hydrates is summarized in 

Figure 2.11. Furthermore, De Weerdt et al. (2014) observed an approximately 0.25 M 

higher chloride bound in MgCl2 than CaCl2, which probably indicates a higher binding 

chloride enhanced by Mg2+. 

 

Figure 2.11. Schematic diagram of chloride distribution in hydrates of OPC and 

alumina-riched SCMs exposed to NaCl and CaCl2 solutions (Farnam, Dick, et al. 2015; 

Qiao et al. 2019; Shi, Geiker, De Weerdt, et al. 2017; Yoon et al. 2014) 
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2.2.4  Chloride binding in hydrates 

Chloride binding happens during the cement hydration process, which significantly 

limits the free chloride penetration. Therefore, the threshold concentration of chloride-

induced corrosion can be affected by the chloride binding capacity of cement hydrates, 

and it further influences the service life of the concrete. The chloride binding of cement 

hydrates can be affected by various factors, such as hydration degree, cation of chloride 

salt, carbonation, etc. (Loser et al. 2010; Yuan et al. 2009). Among them, chloride 

binding is significantly associated with chloride concentration and different binding 

mechanisms. In general, the relationship between the adsorbed chloride and free 

chloride in OPC is considered as non-linear isotherms:  

Freundlich equation:                                  β
fb CαC ⋅=   (1) 

Langmuir equation:                               
f

f
b Cβ1

Cα
C

⋅+
⋅

=  (2) 

where α and β are binding constants at a given temperature, bC  is the absorbed amount 

of chloride per gram of the solid at equilibrium, and fC  is the chloride concentration in 

solution at equilibrium.  

Tang and Nilsson (1993) investigated the chloride binding capacity of OPC concrete 

and found Freundlich isotherm is better suited for high chloride concentration (> 0.01 M) 

and Langmuir is more applicable for low chloride concentration (< 0.05 M). However, 

it should be noted that because the two equations are empirical and designed to fit data, 

the constants α and β serve no practical concern and may vary in a wide range.  
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2.2.4.1 Chloride binding capacity of AFm phase 

The chloride binding capacity of sulfo-AFm has been investigated by Hirao et al. 

(2005). They found that the relationship between bound chloride and sulfo-AFm phase 

follows Freundlich isotherm, in mg of bound Cl/ g of sulfo-AFm:  

 0.5851.89 fAFm- sulfob, CC ⋅=  (3) 

where the molecular formula of sulfo-AFm is 104 HSAC  at 11% relative humidity (RH).  

While as for another AFm phase, hydroxy-AFm, the chloride binding capacity is higher 

since hydroxyl ions are more easily substituted by chloride in AFm (see section 3.1). As 

the study by Birnin-Yauri and Glasser (1998a), pure FS can be observed to be stable at 

20 ℃ when chloride concentration ranges over 14.5 mM, indicating that all hydroxy-

AFm phase has been bound chloride and converted to FS. The binding capacity, in mg 

of bound Cl/ g of hydroxy-AFm, is thus a constant when chloride concentration is over 

14.5 mM:  

  126.5=AFm-hydroxy b,C  (4) 

where the molecular formula of sulfo-AFm is C4AH13 at 11% RH. 

2.2.4.2 Chloride binding capacity of C-S-H 

Some studies investigated the chloride binding capacity of the C-S-H phase and, 

however, the suggested isotherms vary in a wide range, with poor fit compared to 

experimental data (Elakneswaran, Nawa & Kurumisawa 2009; Hirao et al. 2005; Zibara 

2001). Hirao et al. (2005) described that the relationship between chloride concentration 
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and bound chloride follows a Langmuir isotherm in C-S-H, while a Freundlich isotherm 

was considered by Elakneswaran et al. (2009), in mg of bound Cl/ g of C-S-H:  

 
f

f
H H,-S-C b, C

C
C

⋅+
⋅

⋅=
2.651

2.65
21.84  (5) 

 0.6312 fE H,-S-C b, CC ⋅=  (6) 

Zibara (2001) also investigated the chloride binding capacity of C-S-H. Although the 

specific equation is not given, the binding isotherm of cement minerals of C2S and C3S 

has been determined, in mg of bound Cl/ g of solid: 

 0.3346.65
3 fSC b, CC ⋅=  (7) 

 0.1367.89
2 fSC b, CC ⋅=  (8) 

By considering the almost same hydration products for C2S and C3S and the amount of 

C-S-H generated, Florea et al. (2012) combined the two isotherms and the ratio of two 

minerals as the isotherm of C-S-H provided by Zibara (Zibara 2001):  

 SCfSCf ZH,-S-C b, δCδCC
23

0.1360.334 7.896.65 ⋅⋅+⋅⋅=  (9) 

where SCδ
3

 and· SCδ
2

 is the mass fraction of C3S and C2S. Florea et al. (Florea & 

Brouwers 2012) evaluated the three binding isotherms of C-S-H to their experimental 

data. The  ZH,-S-C b,C  isotherm in Eq. (9) is considered as the best to express the chloride 

binding capacity of C-S-H, which presents the lowest relative error and standard 

deviations to experimental results.  
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2.2.4.3 Chloride binding capacity of other cement hydrates 

As for other phases, AFt and CH, the chloride binding ability is highly debated as most 

of the existing studies determined no chemical binding exhibited, even when exposed to 

a high concentration of chloride solution (Ekolu, Thomas & Hooton 2006; Hirao et al. 

2005; Zibara 2001); while the physical binding capacity, although insignificant, has also 

confirmed its existence and even detected in FS (Elakneswaran, Nawa & Kurumisawa 

2009). Elakneswaran et al. (2009) concluded isotherms of CH and FS, in mg of bound 

Cl/ g of solid: 

 0.620.087 fCH b, CC ⋅=  (10) 

 0.460.31 f saltsFriedel' b, CC ⋅=  (11) 

where the molecular formula of FS is 3CaO·Al2O3·CaCl2·6H2O at 11% RH (Taylor 

1992). 

As mentioned by Elakneswaran et al. (2009), the sorption capacity of AFt was lower 

than CH and FS, but higher than tobermorite. However, the capacity of the tobermorite 

described in Eq. (7) is higher than those of CH and FS in Eqs. (10) and (11), which 

seems contradictory. Hence, the binding capacity of AFt is still not clear. Assuming that 

the minimum binding capacity of AFt is as same as that of C3S, Florea et al. (2012) 

suggested the total bound chloride by AFt, which also takes into account the effect of 

the delay formed AFt from chloride substitution (section 2.2.2): 

 
sample

 saltsFriedel'HSAC
f

sample

AFt delayedAFt
AFt b,AFt cl, m

mm
C

m
mm

Cm
⋅+

⋅⋅=
+

⋅=
0.3

6.65 12360.334  (12) 
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where the molecular formula of AFt is 1236 HSAC  at 11% RH (Taylor 1992); AFtm , 

AFt delayedm , 
1236 HSACm ,  saltsFriedel'm  and samplem  refer to the mass of initial AFt, delayed 

formed AFt, formed FS and the sample, respectively.  

Table 2.5 and Figure 2.12 summarize the chloride binding capacity of various 

cementitious phases at 11% RH based on the fitted isotherms, determined by existing 

studies. It can be concluded that the hydroxy-AFm phase, exhibiting a constant binding 

capacity versus chloride concentration, provides the greatest contribution to chloride 

binding, which can be completely converted to FS in chloride concentration over 

0.015M. The binding capacity of sulfo-AFm increases with the increase in chloride 

concentration, from 13% at 0.3M to over 33% at 3M (Florea & Brouwers 2012). 

Therefore, the AFm phase provides the greatest contribution to chloride binding, 

accounting for around 70% of the total chloride binding capacity of OPC. The second 

strongest chloride binding is C-S-H that the binding ability remains stable and effective 

in a wide range of chloride concentrations, which comprises 25 to 28% of total bound 

chloride (Florea & Brouwers 2012). Although the content of CH is higher in OPC 

hydrates, the corresponding chloride binding ability of CH and FS is only 2 – 5%, due 

to the insignificant adsorption. While as for other cement hydrates, the chloride binding 

capacity is very low and can be ignored. 

Table 2.5. Chloride binding capacity of cementitious phase 

Phase Isotherm Chloride binding capacity Reference 

Hydrox

y-AFm 
Constant 126.5=AFm-hydroxy b,C  

(Birnin-Yauri & Glasser 

1998a) 
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Sulfo-

AFm 
Freundlich 0.5851.89 fAFm- sulfob, CC ⋅=  (Hirao et al. 2005) 

C-S-H Langmuir 
f

f
H H,-S-C b, C

C
C

⋅+

⋅
⋅=

2.651
2.65

21.84  (Hirao et al. 2005) 

C-S-H Freundlich 0.631 fE H,-S-C b, CC ⋅= 2  
(Elakneswaran, Nawa & 

Kurumisawa 2009) 

C-S-H Freundlich SCfSCf ZH,-S-C b, δCδCC
23

0.1360.334 7.896.65 ⋅⋅+⋅⋅=  (Florea & Brouwers 

2012; Zibara 2001) 

CH Freundlich 0.620.087 fCH b, CC ⋅=  
(Elakneswaran, Nawa & 

Kurumisawa 2009) 

FS Freundlich 0.460.31 f saltsFriedel' b, CC ⋅=  
(Elakneswaran, Nawa & 

Kurumisawa 2009) 

C3S Freundlich 0.3346.65
3 fC b, CC ⋅=S  (Zibara 2001) 

C2S Freundlich 0.1367.89
2 fC b, CC ⋅=S  (Zibara 2001) 

AFt Freundlich not clear 

(Elakneswaran, Nawa & 

Kurumisawa 2009; 

Florea & Brouwers 

2012) 
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Figure 2.12. Chloride binding capacity of cement hydrates including hydroxy-AFm, 

sulfo-AFm, C-S-H, CH and FS at 11% RH (Birnin-Yauri & Glasser 1998a; 

Elakneswaran, Nawa & Kurumisawa 2009; Florea & Brouwers 2012; Hirao et al. 2005; 

Zibara 2001) 
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2.2.4.4 Chloride binding in SW 

Sodium chloride is the main chloride source in SW, and the magnesium and calcium 

content is too low to cause any significant enhancement of chloride binding (De Weerdt, 

Orsáková & Geiker 2014). Therefore, the chloride binding of Portland cement hydrated 

in SW is similar to that in NaCl solution, which performs lower than that in calcium 

chloride or magnesium chloride. According to the aforementioned binding capacity, in 

SW concentration (0.546 M), the total bound chloride by cement hydrates can be 

divided as 49% to hydroxy-AFm, 20% to sulfo-AFm, 28% to C-S-H, and 3% to CH and 

FS (Florea & Brouwers 2012), as described in Figure 2.13. In Figure 2.14, a schematic 

diagram is given to summarize the preferable chloride distribution in SW mixtures. It is 

proposed that the conversion of the AFm phase to FS seems the only significant 

mechanism for chemically binding chloride; most of the binding mechanisms are either 

lower effective or else do not work in low chloride concentration. It should also be 

noted that chloride absorption is the dominant binding mechanism which is probably 

reversible. Free chlorides and bound chlorides are accordingly hard to distinguish 

rigorously (Galan & Glasser 2015). 

 



 

45 

3%

20%

28%

49%

 Hydroxy-AFm
 Sulfo-AFm
 C-S-H
 CH & Friedel's salt

 

 

 

Figure 2.13. The distribution of bound chloride in OPC hydrates in SW (Florea & 

Brouwers 2012) 

 

Figure 2.14. Chloride binding mechanism and distribution versus chloride threshold 

for steel corrosion in a range of concentration (1 – 104 mM), assuming aqueous pH is  

12.5 and the temperature is 25 ℃. Data from the study of Chalhoub et al. (Chalhoub, 

François & Carcasses 2019), Jones et al. (Jones et al. 2020), Damidot et al. (Damidot 

& Glasser 1992), Stark et al. (Stark & Bollmann 2000), Zibara (Zibara 2001), and 

Hou et al. (Hou et al. 2018) 
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2.3  Performance of seawater-mixed concretes  

Based on the existing studies, the negative effects and specific properties of SW-mixed 

concrete are discussed. To alleviate the potential defects, various methods have been 

proposed and adopted to improve concrete performance, as discussed separately.  

2.3.1  Superplasticizer and retarder 

It is generally believed that SW cement paste has lower workability and flowability due 

to the rapid hydration effect at an early age (Younis et al. 2018). Therefore, using a 

superplasticizer (SP) and retarder is recommended in SW-mixed concrete. Li et al. 

(2019) compared the SP effect of cement paste with FW and SW in Figure 2.15. The 

result showed that the slump increases significantly when SP is added over 1%, though 

the slump of SW remains a slightly lower value than that of FW. The difference 

between the two samples is gradually narrowed in slump value if SP dosage reaches 2% 

or more, indicating the lower workability in the cement-SW mixtures can be thoroughly 

improved by SP. Furthermore, the improvement was about 12 – 18% of compressive 

strength in FW, but even 16 – 23% of that in SW, which exhibits the increase of 

compressive strength by SP is even greater in SW. Younis et al. (2018) improved the 

fresh properties of SW-mixed concrete to achieve a comparable degree to FW-mixed 

concrete, by adding a retarder with a concentration of 0.25 L/m3 and an additional 15% 

more superplasticizer. Meanwhile, if the excessively rapid hydration in SW is 

eliminated by using the chemical additives, the mechanical performance can also be 

effectively improved (Younis et al. 2018). 
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(b) Compressive strength at 28-day versus SP dosage 

Figure 2.15. The effect of SP on slump and compressive strength in SW and FW (Li et 

al. 2019) 

2.3.2  Supplementary cementing materials 

Generally, the use of supplementary cementing materials (SCMs), such as blast furnace 

slag (BFS), fly ash (FA), silica fume (SF), and metakaolin (MK) that can modify binder 

mineralogy has shown a great influence on durability (Choi, Kim & Lee 2006; Gruber 

et al. 2001), by improving mechanical properties (Japan Concrete Institute 2015; Shi et 



 

48 

al. 2011), reducing chloride diffusivity (Thomas & Bamforth 1999), increasing chloride 

binding (Justnes 1998; Shi et al. 2012; Thomas et al. 2012) and refining pore structure 

(Linderoth, Johansson & Wadsö 2020; Skibsted & Snellings 2019). The main mineral 

composition as silica, alumina, and CC oxide content of SCMs used in related studies is 

summarized in Figure 2.16. For the potential defects in SW mixtures, the effect of 

SCMs has been investigated, which can be divided into two parts and are discussed 

separately herein.  
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Figure 2.16. The ternary diagram of silica, alumina and calcium oxide content in SCMs 

(Data from the SCMs used in the related studies). 

2.3.2.1 Effects on fresh and hardened properties 

Numerous studies have investigated the effect of BFS in SW composites and are 

consistent with the finding that BFS increases the mechanical properties of SWC. Table 
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2.6 summarizes the SCMs effect on the compressive strength in the SW-mixed 

composite. Katano et al. (2013a) used BFS to partly replace OPC with a ratio ranging 

from 30% to 70%. The result shows that the compressive strength decreases with the 

increase of BFS. However, a higher strength can be observed in SW-mixed composite 

relative to the FW-mixed composite, and the enhancing effect is even greater at the 

early stage, despite the lower strength value. For example, when the blending ratio of 

BFS is 30%, the compressive strength is 37% higher in SW mixtures at 7 days, and the 

figure reaches 50% or more when the blended ratio is over 50%. The result indicates 

that SW can promote the hydration of BFS, due to the higher content of alumina than 

OPC to develop more AFm hydrates. Similar observations have also been identified by 

Otsuki et al. (2011) that the compressive strength ratio has the largest value of 1.62 on 

the first day of hydration. The test results demonstrate that the hydration degree of BFS 

in the SW-mixed composite is 5-30% higher than that in the FW-mixed composite. Li et 

al. (2018) also observed enhanced hydration stimulated by SW, which presents as an 

early occurrence of the main hydration peak for nearly 2 hours. Due to the stimulated 

hydration in SW-mixed composite, a slightly lower slump is presented in the BFS-

mixed mixtures than OPC (Otsuki et al. 2011), while a small increase of slump value is 

determined in some other studies (Nishida et al. 2015; Otsuki et al. 2014). The 

differences vary only over narrow limits, proving that the effect of using BFS on the 

workability of SW mixtures is not significant. Li et al. (2015) studied the SW mixtures 

incorporated with MK. The result showed that the porosity was decreased with a refined 
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pore structure. Analogously, Cheng et al. (2018) investigated the SW mixtures 

incorporated with MK and BFS and measured that the permeability of concrete was 

reduced and the mechanical properties of ITZ were improved, due to the filling effect 

and pozzolanic reaction of SCMs (Cheng et al. 2018). Khatibmasjedi (2019) found that 

adding 20% FA significantly increased the drying shrinkage from 738 μm to 1370 μm 

in SW-mixed composite after 60 days, which further aggravates the cracking risk of SW 

mixtures. Therefore, attention should be taken when combining use SW and FA in 

cement mixtures. 

Table 2.6. The SCMs effect on the compressive strength in SW-mixed concretes 

Cementitio

us type 

W/b 

ratio 

Curing 

conditi

on 

Compressive strength (MPa) Reference 

FW SW SW/ 

FW 

OPC 70% 

+ BFS 30% 

0.5 Moist 

curing 

21.52 (7 days) 

31.76 (28 days) 

39.94 (91 days) 

29.40 (7 days) 

38.09 (28 days) 

47.50 (91 days) 

1.37 

1.20 

1.19 

(Katano et al. 

2013a) 

OPC 50% 

+ BFS 50% 

0.5 Moist 

curing 

15.33 (7 days) 

26.09 (28 days) 

36.97 (91 days) 

23.00 (7 days) 

29.49 (28 days) 

31.51 (91 days) 

1.50 

1.13 

0.85 

(Katano et al. 

2013a) 

OPC 30% 

+ BFS 70% 

0.5 Moist 

curing 

10.76 (7 days) 

20.23 (28 days) 

27.01 (91 days) 

17.16 (7 days) 

20.42 (28 days) 

22.61 (91 days) 

1.59 

1.01 

0.83 

(Katano et al. 

2013a) 

Ground 

BFS 

cement 

0.5 Moist 

curing 

45.35 (7 days) 

57.51 (28 days) 

48.27 (7 days) 

64.32 (28 days) 

1.06 

1.12 

(Etxeberria, 

Gonzalez-

Corominas & 

Pardo 2016). 

OPC 80% 

+ FA 20% 

0.5 Moist 

curing 

20.56 (7 days) 

30.43 (28 days) 

35.79 (91 days) 

23.55 (7 days) 

32.33 (28 days) 

38.95 (91 days) 

1.15 

1.06 

1.09 

(Katano et al. 

2013a) 

OPC 30% 

+ BFS 70% 

0.5 Moist 

curing 

4.62 (1 day) 

28.95 (7 days) 

7.48 (1 day) 

35.00 (7 days) 

1.62 

1.21 

(Otsuki et al. 

2011) 
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45.79 (28 days) 

60.21 (91 days) 

49.42 (28 days) 

63.51 (91 days) 

1.08 

1.05 

OPC 80% 

+ FA 20% 

0.26 

+ SP 1% 

Moist 

curing 

66.5 (28 days) 58.0 (28 days) 0.87 (Sena-Cruz et 

al. 2018) 

OPC 35% 

+ BFS 65% 

0.34 Cured 

in FW 

38.04 (3 days) 

50.72 (7 days) 

68.76 (28 days) 

73.46 (56 days) 

39.22 (3 days) 

41.24 (7 days) 

62.22 (28 days) 

68.10 (56 days) 

1.03 

1.05 

0.90 

0.93 

(Younis et al. 

2018) 

OPC 35% 

+ BFS 65% 

0.34 Cured 

in SW 

40.0 (3 days) 

53.59 (7 days) 

67.19 (28 days) 

71.11 (56 days) 

39.22 (3 days) 

53.07 (7 days) 

61.70 (28 days) 

68.10 (56 days) 

0.98 

0.99 

0.92 

0.96 

(Younis et al. 

2018) 

OPC 85% 

+ SF 15% 

0.2 

+ SP 2% 

Moist 

curing 

89.31 (3 days) 91.35 (3 days) 1.02 (Li, 

Farzadnia & 

Shi 2018) 

OPC 70% 

+ SF 30% 

0.2 

+ SP 2%  

Moist 

curing 

89.97 (3 days) 91.42 (3 days) 1.02 (Li, 

Farzadnia & 

Shi 2018) 

OPC 75% 

+ BFS 25% 

0.2 

+ SP 2% 

Moist 

curing 

84.40 (3 days) 88.45 (3 days) 1.05 (Li, 

Farzadnia & 

Shi 2018) 

OPC 50% 

+ BFS 50% 

0.2 

+ SP 2% 

Moist 

curing 

80.75 (3 days) 84.59 (3 days) 1.05 (Li, 

Farzadnia & 

Shi 2018) 

2.3.2.2 Effects on chloride binding capacity 

SCMs alter the composition of cement hydrates and, thus, the chloride binding capacity 

(Justnes 1998; Shi et al. 2012; Thomas et al. 2012). For example, MK, which comprises 

approximately 40% alumina presents a superior capacity of binding chloride as the 

formation of AFm hydrates (Li et al. 2015; Shi et al. 2015). Shi et al. (2015) added MK 

(0 – 6%) in SW mixtures to determine the chloride binding effect. The result indicates 

48 – 55% of total chloride bound by 3 days and 67% of that by 28 days. Due to the 
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negligible calcium oxide content in MK, it is also suggested that calcium is necessary to 

stimulate the binding ability of MK, which reveals the MK to lime ratio as the 

influential factor (Zibara 2001). Lesser chloride binding, by contrast, can be detected in 

BFS and FA, which contains alumina (10 – 25%). Dhir et al. (1996) found that at a high 

BFS replacement level of 67%, the chloride binding is 5 times that of OPC measured at 

5 M chloride in 14 days. The high chloride binding capacity for BFS also was verified 

by Li et al. (Li, Farzadnia & Shi 2018) that chloride concentration of 1.75mg/g can be 

decreased to 1.46 mg/g and 1.33 mg/g for specimens with 25% BFS and 50% BFS, 

respectively in 3 days. Nevertheless, it should be noted that there is an optimum BFS 

replacement for binding capacity, and when adding BFS to excess, the chloride binding 

becomes lower than OPC, which is supported by Zibara (2001) who even studied the 

100% BFS paste. By contrast with BFS, FA seems too inert to bind chloride at the early 

stage. Otsuki et al. (2014) observed a similar chloride binding capacity in OPC and 

OPC with 30% FA-replaced blends exposed to SW for 4 months. Shi et al. (2011) found 

that however, adding FA reduced the chloride binding instead of increase as also 

proposed by Cheewaket et al. (2010). Therefore, there is no clear generic relevance in 

the chloride binding capacity of FA, probably due to the large diversity in mineral 

composition (see Figure 2.16) and the degree of hydration (Zibara 2001). Furthermore, 

it should be noted that not all of the alumina in fly ash possesses chloride binding ability. 

For instance, much of alumina in fly ash is presented in crystalline components such as 

mullite, which cannot form AFm phases during further hydration (Thomas et al. 2012). 
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Another reason is that strätlingite is formed when FA or BFS is added as the AFm phase 

with aluminosilicate anion [AlSi(OH)8]−, which also presents no chloride binding 

capacity (Galan & Glasser 2015). 

SF contains almost no aluminate and, hence, has the lowest binding ability and results 

in greatly reduced chloride binding capacity in OPC (Mangat & Molloy 1995; Shi et al. 

2011; Thomas et al. 2012). Nilsson et al. (1996) propose the effect of SF on chloride 

binding in three ways: (1) increase of the specific area of pores and C-S-H which 

increase chloride binding; (2) reactions with C3A consuming the AFm phase which may 

decrease chloride binding; (3) reactions with alkalis reducing pH, which may increase 

binding. For the third effect, the decrease in pH resulted from the substitution of OPC, 

corresponding to a diluted chloride binding of OPC. However, adding SF leads to the 

formation of C-S-H with a lower Ca/Si ratio, which has been proved to reduce the 

amount of chloride adsorbed on the surface of C-S-H (Beaudoin, Ramachandran & 

Feldman 1990; Yoon et al. 2014; Zibara 2001). In FA and BFS, the formation of low 

Ca/Si C-S-H also occurs, while the shortages are filled up by higher content of alumina 

and results in increased binding (Thomas et al. 2012). Therefore, it shows a negative in 

SF but positive in FA and BFS on enhancing chloride binding of OPC. 

2.4  Mechanism discussions 

The SW-mixed concrete has been studied for over a century (Abrams 1924), while the 

general view on using SW in concrete structure remains conservative. Still, construction 
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specifications in various countries can be summarized as mentioned by Neville (Neville 

2001) that SW must never be used in reinforced concrete; never be used in prestressed 

concrete; and preferably not be used in plain concrete, which often contains some steel. 

The high chloride content has always been the trickiest problem in SW-mixed concrete 

that significantly increases the risk of corrosion in reinforcement and structure failure. 

In this section, the most concerned research problems of SW mixtures will be discussed 

in detail, based on the current studies. 

2.4.1  Characteristics and deterioration in seawater concrete 

The effect of chloride is the main factor leading to the discrepancy between SW and 

conventional mixtures. Due to the chloride promoting hydration, the rapid exotherm, 

shorter setting period, and higher early strength are presented in SW mixtures 

undoubtedly. However, it seems that SW mixtures are more sensitive to the 

environment: no matter in FW curing, SW curing, or tidal curing, SW mixtures present 

lower mechanical properties than those of FW mixtures at the late stage, except for the 

moist curing condition. The lower strength development in SW mixtures may be 

explained by the higher water absorption and the significant leaching effect of alkalis 

and calcium hydroxide (Khatibmasjedi 2018). Furthermore, the shrinkage of SW 

mixtures, especially the drying shrinkage, is aggravated by its hygroscopic property, 

which should be noted: a 17% higher drying shrinkage can be observed in SW-mixed 

concrete and, more seriously, over 80% higher drying shrinkage in SW mixtures with 
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20% of FA, compared to the FW-mixed concrete (Khatibmasjedi et al. 2019). Hence, 

the high risk of shrinkage cracking can also cause deteriorations in SW mixtures. 

2.4.2  Limited chloride binding effect in seawater concrete 

It seems feasible to reduce chloride content by cementitious materials themselves 

through chemical binding or physical adsorption. However, it is doubtful that the low 

chlorine required for reinforcement protection can be reached through the practical 

binding effect. First, assuming that all chloride ions have been bound by OPC, there will 

be more than 30% of the chloride bound by C-S-H and other cement hydrates by 

physical adsorption (see section 3.4). Compared to the chemical binding of chloride 

forming FS, the physical adsorption is reversible (Galan & Glasser 2015) that the bound 

chloride can be released easily when the external concentration changes. Second, during 

the long-term carbonization, the C-S-H phase decomposes inevitably and the chloride 

binding capacity is significantly reduced. Also, the FS converts to carbo-AFm gradually, 

with the chloride substituted no longer bound afterward. In these two aspects, the 

chloride binding effect of OPC appears to be temporary and limited, because chloride 

ions failed to be weeded out from the mixtures throughout the process; even if applying 

some effective SCMs, the risk of chloride corrosion cannot be eliminated in SW 

mixtures. Therefore, SW should not be used in concrete contains steel reinforcement or 

components. In other words, the research on anti-chloride-corrosion materials is the 

more significant development trend of SWC. 
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2.4.3  Applicability of seawater concrete 

Now that chloride corrosion has always been a risk in SW mixtures, concrete without 

steel has a great potential for application, such as plain concrete and fiber-reinforced 

polymer (FRP) composites (Ahmed et al. 2020; Li, Zhao & Raman 2018; Sena-Cruz et 

al. 2018; Soares et al. 2020; Xiao et al. 2017). Because no component can be corroded 

by chloride ions, special consideration on corrosion is no longer required in SW 

mixtures. The use of SW can be regarded as adding an accelerator of sodium chloride, 

calcium chloride, and magnesium chloride that leads to rapid development of early 

strength. Three aspects should also be noted in SW mixtures. Firstly, the main chloride 

source in SW is sodium chloride, which is alkaline in a reactive state. Hence, the risk of 

alkali-aggregate reaction in SW mixtures is increased (Kawamura & Takeuchi 1996; 

Nixon et al. 1988). Secondly, considering the leaching effect on strength reduction, it is 

not advised to use SW mixtures as long-used structures in water-level fluctuation zones, 

or those exposed to rain. Thirdly, continuous dampness and efflorescence occur on the 

surface of the SW mixtures, due to the moisture absorption in higher salinity. Therefore, 

in the structures where the appearance is considered, or a plaster finish is to be applied, 

the SWC mixtures are not recommended (Neville 1995). 

2.4.4  Discussions of prospects on seawater concrete 

Since there are many shortages observed in SW mixtures, it should, cautiously, be 

worth considering the prospects of the application. The most significant advantage of 

SWC is to obtain the water easily, rapidly, and locally, which is prominent in some 
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coastal areas and island areas where the FW resource is scarce. Unfortunately, since 

convenience has been chosen, the performance of concrete has to be sacrificed, 

manifesting SW as a two-edged sword. Due to the risk of corrosion and deterioration 

that cannot be eliminated, SW mixtures should never be used in concrete components 

that are crucial to structures. The long-term safety of structures should not be belittled, 

although using SW saves manpower and material resources. Besides, many researchers 

believe that using SW in concrete is helpful to relieve the stress of FW shortages, while 

it is too idealistic. Considering the water used in concrete manufacturing, such as water 

for cooling clinker, water for washing aggregates, water for energy, and water for 

transportation et al. The mixing water accounts only for 10 – 15% of total water 

consumption and 2.5 – 4% of water withdrawal for concrete production (Miller, 

Horvath & Monteiro 2018). Therefore, improving the durability of concrete for 

prolonging its service life is an effective way to alleviate water shortages, not just using 

SW directly as a mixture. 

However, SWC is a promising research prospect, because technology is progressing 

through intrepid exploration. Research needs are still promoted by the trends of 

development in SW mixtures, summarized as follows: firstly, SW mixtures are available 

to cover the demand of non-crucial and short-term structures, and meanwhile, 

specification is needed to standardize the use of SW, due to the varying salinity in 

different marine areas; secondly, SW mixtures can be used in some structural concrete, 

where FRP is applied instead of steel to avoid corrosion. Once the problem of the poor 
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modulus of elasticity, shear strength, and durability of FRP can be solved, a great 

potential would be exhibited in the use of SW mixtures; thirdly, in areas where FW is 

significantly scarce and SW has to be used in construction, it is feasible to use SW even 

in reinforced concrete, as long as the chloride concentration is reduced as far as possible 

through desalination combined with using SCMs. 

2.5  Conclusions 

Massive resource consumption in concrete production has been an increasing 

environmental concern. Utilizing SW instead of FW as mixing water is a feasible 

measure to alleviate water shortages in coastal and island regions. The study in this 

section has critically reviewed the SW-induced performance changes of OPC, 

specifically, in the aspects of fresh properties, mechanical properties, transport 

properties, shrinkage properties, and hydration kinetics. Due to the accelerated early 

hydration, SW mixtures present lower workability, higher early strength, denser early 

structure, and greater shrinkage. The long-term properties of SW mixtures are more 

vulnerable to environmental factors, developing slower in underwater or tidal conditions 

due to the leaching effect of alkalis and calcium hydrates. Additionally, according to the 

discussed effect of various SW-related ions, the hydration mechanism in SW is 

dominated by chloride. The AFm phase, such as hydroxy-AFm and sulfo-AFm, is the 

most effective chloride binding phase with the highest binding capacity. The physical 

adsorption of chloride by C-S-H and other cement hydrates accounts for only 30% of 

total bound chloride. The chloride binding effect of cement hydrates is irreversibly 
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deteriorated when carbonation occurs, indicating the chloride binding is temporary and 

limited. Although the performance of SW mixtures can be improved through the 

additive and admixture, the risk of chloride corrosion cannot be eliminated, and it would 

significantly limit the scope of its application. Therefore, SWC should not be used in 

components that are crucial to structures, unless anti-chloride-corrosion materials are 

applied instead, or desalination of SW is conducted. In short, this review summarizes 

and compares the sustainable but defective SW mixtures and proposes the viewpoints, 

based on the advanced research progress.  
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CHAPTER 3.  HYDRATION OF PORTLAND CEMENT 

WITH SEAWATER: PHASE EVOLUTION 

This section identified the compositions of cement clinker, cement hydrates, and pore 

solutions of pastes made with DW and SW over the hydration time. Phase identification 

of the solid and liquid phases was performed by combining TG, XRD and ICP-OES. 

The Rietveld refinement approach has been adopted to characterize phase evolution 

quantitatively. 

3.1  Raw materials 

Portland cement (PC) was used in this study, conforming to Chinese standard GB 8076–

2008, which was used as the reference cement without blending any supplementary 

cementitious materials. Through X-ray fluorescence (XRF) and quantitative X-ray 

diffraction (QXRD) with the Rietveld refinement method, the chemical compositions of 

the PC and phase compositions were determined in Table 3.1. In addition, the soluble 

alkalis were measured in the paste suspension with a w/b ratio of 10 after 5 min 

agitation, and they were presented as alkali sulfates (Lothenbach et al. 2008). By 

comparing the results from XRF, the missing part of alkalis in phase composition was 

considered in the clinker phases as the solid solution, which was released gradually with 

the dissolution of the clinker. 

Table 3.1 also shows the physical properties of PC and the mineral composition 

obtained through the Bogue calculation (Bogue 1955a). Substitute SW, in which the 
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concentration is close to natural SW, was prepared according to the ASTM (2013). 

Table 3.2 gives the theoretical concentration of SW prepared according to the standard 

and the practical concentration used in the study, determined by IPC-OES (Spectro Blue, 

Analytical Instruments GmbH). The DW of the identical mass was used to prepare the 

reference sample. 

Table 3.1. Composition of the PC 

Oxide composition Content (wt.%) Phase composition Content (wt.%) 

CaOa 63.57 Alite b 57.4 

SiO2
a 20.58 Belite b 17.0 

Al2O3
a 4.97 Aluminate b 7.60 

Fe2O3
a 3.76 Ferrite b 10.58 

MgOa 1.00 Periclase b 0.10 

SO3
a 2.10 Gypsum 2.67 

Na2Oa 0.48 Cao (free) 0.95 

K2Oa 0.72 K2SO4
 c 1.20 

free-CaOa 0.75 Na2SO4
 c 0.37 

Ignition loss 1.40   

Present as a solid solution in the clinker phases  

K2O d 0.07   

Na2Od 0.32   

MgOd 0.90   

SO3 
d 0.10   

Note: the specific surface area is 355 m2/kg; the specific gravity is 3.12g/cm3 

a Determined from XRF results 

b Calculated from Rietveld analysis 
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c Calculated from the concentration of the solution dissolved in the soluble alkalis 

d Calculated from the chemical molecular weight 

Table 3.2. Ions concentration of the SW used for mix design (mmol/l) 

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

Value in the standard 484.3 10.5 10.6 54.9 565.5 29.2 

Value in the study 462.0 9.6 12.0 52.0 558.1 30.9 

3.2  Experimental methodologies 

All experiments were conducted using a PC paste prepared with DW and SW at the 

same w/b ratio of 0.5. The cement paste was cast into the sealed polyethylene cylinders 

(to avoid the ingress of CO2) and stored at an ambient temperature of 20 ℃. The 

evolution of the mineralogical composition of hydrated PC paste was characterized 

using thermogravimetric/derivative thermogravimetric analysis (TG/DTG) and 

XRD/Rietveld analysis at various testing time intervals. To verify the simulation results 

of the evolving dissolution-precipitation kinetics of minerals and the experimental 

concentration of the solution, ICP-OES was adopted to determine the ion concentration 

of the pore solution. 

3.2.1  Thermogravimetric analysis 

For TG analysis, the apparatus STA449 F5 JUPITER was used to determine the thermal 

decomposition of samples. Representative cement paste cured for the designated time 

(the short-term samples of 1, 2, 8, 12, and 18  hours; the other samples of 1, 7, 28, 60, 

and 90 days) were prepared with DW and SW. The samples were ground into powder or 
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filtered if the cement paste was not set after the designated time. Isopropanol was used 

to remove the free water by solvent exchange for 7 days, which was renewed after 1 

hour, 1 day and 3 days. The samples were then dried in a vacuum desiccator with water-

absorbing agents afterwards for more than 3 days. 30 mg of each sample was 

determined the mass change in an alumina crucible at 10 ℃/min up to 1000 ℃, purged 

with nitrogen. CH was calculated from the thermal decomposition between 420–470 ℃. 

The mass loss curve of CH was identified between the extended lines from the onset to 

the end at the temperature of the inflection point to eliminate the influence of C-S-H 

dehydration.  

A linear relationship can be obtained between the content of CH and the corresponding 

peak area from the differential scanning calorimetry (DSC) curves, according to the 

enthalpy change before and after the dehydration. The method was used to verify the 

calculation of CH, as described in the previous study (Li, Li, et al. 2020a). However, the 

AFt and FS cannot be accurately determined due to the peaks of the dehydration 

temperature overlapped and hardly to be separated. Therefore, XRD analysis was 

required with the result of TG to qualify the other minerals and carry out semi-

quantitative calculations. 

3.2.2  X-ray diffraction analysis 

As for sample preparation for the XRD test, representative samples of hydrated cement 

paste made with SW and DW were crushed into particles with a diameter of 2–3 mm 

after being cured for 1, 2, 8, 12, 18 hours, and 1, 7, 28, 60, and 90 days. The crushed 
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particles were dried by isopropanol and the vacuum desiccator with the same process as 

the TG-related samples. Before XRD determination, the dried samples were crushed 

into powder and mixed with rutile (20% in mass) as the internal standard substance for 

the subsequent quantitative calculation. The XRD patterns were collected through an X-

ray Diffractometer (X'Pert3 Powder, Malvern Panalytical) with 2θ, the diffraction angle, 

ranging from 4° to 80° at 0.02°/step, employing Cu–K alpha radiation (λ = 1.54056 A°). 

The Rietveld refinements were performed by the X’Pert Highscore Plus. The structural 

information of the identified crystal phases was initially taken from the Crystallography 

Open Database (CoD). The scale factor, lattice cell, peak shape, and preferred 

orientation parameters of the related anhydrous phases were adjusted to obtain accurate 

initial models. Appropriate pattern fitting for the good refinements (weighted profile R-

factor (Rwp) was lower than 10%, and goodness-of-fit (GoF) kept in the acceptable 

range (Toby 2006)) was strived achieved. The strictly determined CH content from TG 

was used as the reference for the refinement, whose reliability has been proved 

acceptable (Soin, Catalan & Kinrade 2013). The ill-crystallized phases, such as C-S-H 

and hydrogarnet, were classified as amorphous phases and calculated in total by the 

internal standard method.  

3.2.3  Extraction and analysis of pore solution 

The methods adopted to collect the pore solution depend on the extraction time. For the 

short-term experiments (1 hour), pore solution was collected by vacuum filtration using 

0.45 μm nylon filters. For the hardened pastes (over 1 hour, 1, 7, and 28 days), samples 
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were in sealed polyethylene cylinders until the designated time. The pore solution was 

extracted using the steel die pressure method at a loading rate of 1.5 kN/s up to 650 kN. 

A carbon removal device was used before collecting the pore solution, followed by 

immediately filtering out the precipitated solid phase using 0.45 μm nylon filters. One 

part of the collected solution used for element measurement was acidized by HNO3 (3.6% 

by volume) to prevent secondary mineral precipitation. Elements including Na+, K+, 

Ca2+, SiO44–, SO42–, Cl–, and [Al(OH)6]3 were determined by ICP-OES. The other part 

of the solution was used to determine the potential of hydrogen (pH). These processes 

mentioned above are demonstrated schematically in Figure 3.1. 

  

Figure 3.1. Schematic diagram of extraction of pore solution 

3.2.4  Microstructure analysis 

The microstructure of hydrated cement paste was investigated by the scanning electron 

microscope (SEM) Zeiss Supra 55vp combined with energy-dispersive X-ray 

spectrometry (SEM-EDS). The dried XRD-related particles were used as the samples. 

Carbon removal solution

Element measurementAir purge

Steel die

0.45 μm Filtration

Filter paper

1.5 KN/s

pH measurement

Cement paste HNO3 acidification
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Before the SEM test, the samples were crushed and exposed to a new surface, purged 

with nitrogen to clean the surface and coated with Au/Pt alloy(80/20) with a thickness 

of 5 nm.  
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3.3  Experimental results 

This section investigated the evolution of the solid phase and liquid phase in the 

hydration of PC with SW and DW. Quantitative/semi-quantitative analysis was 

performed by TG/QXRD and ICP-OES to characterize the hydration process. 

3.3.1  Phase composition in cement paste 

3.3.1.1 Thermogravimetric analysis 

The TG/DTG curves of PC hydrated in DW and SW from 1 day to 90 days are shown in 

Figure 3.2, by which the mass of CH can be calculated in Table 3.3 and used for 

aligning the quantitative X-ray diffractometry. It can be seen from the weight loss 

curves that the hydration degree of cement in SW was generally higher than that 

hydrated in DW, especially at the early stage (within 7 days). Due to the accelerated 

cement hydration in SW, more AFt was formed in 1 day, evidenced by the characteristic 

peak at around 100 ℃. Affected by chloride ions, some of the AFt that should have 

been converted to monosulfoaluminate (sulfo-AFm) at the late stage was transformed 

into FS. In addition, more AFt can be observed at the late stage, which will be further 

confirmed and discussed in the following section. Since the cement did not contain 

carbonated such as limestone, the carbonization did not occur during the whole 

hydration process. Therefore, weight loss by decarbonization at about 700 ℃ was not 

observed. In this situation, the formation of CH was not affected by the carbonization, 
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which, in turn, simplified the calculation to obtain a highly reliable quantified result of 

CH. 
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(b) TG/DTG curves of PC hydrated in SW 

Figure 3.2. TG/DTG curves of PC hydrated in (a) DW and (b) SW after 1, 7, 28, 60, and 

90 days of hydration 
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3.3.1.2 X-ray diffractometry analysis 

Figure 3.3 shows the XRD patterns of PC pastes made with DW and SW hydrated 

between 1 hour and 90 days. The formation or consumption of the solid phase was 

closely related to the change in the peak intensity after being normalized by the rutile as 

the internal standard substance.  
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Figure 3.3. XRD patterns of PC hydrated in (a) DW and (b) SW after 1, 2, 8, 12, 18  

hours, and 1, 7, 28, 60, and 90 days 

The evolution of phase assemblage during the PC-SW hydration process was 

determined by QXRD, calibrated by the quantified CH ratio provided by the TG test. 

Similar characterization was also performed in the references with the PC-DW 

hydration process. The result is shown in Figure 3.4 and Table 3.3. 
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The hydration rate of PC in SW was generally higher than that in DW at the early stage. 

At the age of 8 hours, the hydration degree in SW was nearly 1.5 times that of DW from 

the significant variance in unhydrated clinker. The accelerated hydration was mainly 

dominated by Cl– (Montanari et al. 2019), which significantly promoted the dissolution 

of gypsum and clinker and stimulated the formation of the hydrates. However, the 
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(b) Phase evolution of PC paste with SW 

Figure 3.4. Phase evolution of PC pastes made with (a) DW and (b) SW, after 1, 2, 8, 

12, 18  hours, and 1, 7, 28, 60, and 90 days  
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existence of gypsum is crucial to rapid hydration at the early stage. Cai et al. (2021) 

observed that without gypsum, the hydration rate of aluminate was significantly 

retarded in SW due to the flash setting effect (Taylor 1997) aggravated by rapid 

precipitation solid phases and enhanced flocculations between the suspended particles 

(Wang, Liu & Li 2018). 

A significantly higher hydration degree of SW samples within 28 days can be observed 

from the stimulated hydration effect. The main hydrates, such as CH, AFt, and ill-

crystallized C-S-H, were formed more in SW. At the late stage of 90 days, however, the 

hydration ratio of both was eventually comparable; there were nearly 5% of alite, 21% 

of belite, and 16% of ferrite remaining in anhydrous phases in both DW and SW 

samples, exhibiting that the acceleration effect in SW did not affect the hydration degree 

at the late stage. 

Besides the accelerated effect on cement hydration, two significant differences in the 

hydrate phases can be observed in SW samples, which provided more detailed 

information than the TG test. First, the formation of sulfo-AFm was not observed in the 

SW samples throughout the whole hydration process, while FS and KS were detected 

instead due to the interaction between AFm phases and Cl–. The layered double 

hydroxides (LDHs), such as FS and hydrotalcite, might be formed as the solid solution 

(characterized by the broad diffuse peaks at 11–11.5°). Another significant difference is 

the ratio of AFt at the late stage. At 18 hours, the AFt phase formed in DW was a 

maximum of 7.48% and then gradually reduced to 3.03% at 90 days. However, the AFt 
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formed in the SW samples was changed from 8.19% to 5.92% at the identical scope of 

hydration time. Therefore, the AFt seems to be more stable than that from the DW 

samples at the late stage. The result is consistent with the results reported in other 

studies (Frias et al. 2013; Li, Jiang, et al. 2021) and will be further discussed in the 

result of pore solution test. 
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Table 3.3. Phase composition of PC at various ages of hydration calculated by TG/QXRD (%) 

Time (day) Alite Belite Aluminate Ferrite Gypsum AFt CH AFm phases Amorphous phases 

DW SW DW SW DW SW DW SW DW SW DW SW DW SW DW SW DW SW 

0 57.40 57.40 17.0 17.0 7.60 7.60 10.58 10.58 2.67 2.67 – – – – – – N/A N/A 

0.04 56.61 54.38 16.98 16.38 7.22 7.02 10.17 10.49 2.32 2.17 1.49 1.49 1.28  1.25 – – 1.79 4.69 

0.08 53.89 49.14 16.09 15.20 6.49 6.68 10.16 10.12 1.80 1.25 2.18 3.89 2.18 2.35 – – 5.08 9.25 

0.33 43.18 30.79 13.91 11.78 5.15 4.21 9.55 8.02 – – 6.59 7.99 5.18 10.25 – – 14.32  24.83 

0.50 35.48 25.56 13.09 10.46 4.16 3.39 8.68 7.27 – – 7.12 8.08 7.98 11.96 – 1.64 21.36  29.51 

0.75 31.19 21.86 11.42 9.34 3.78 2.65 7.69 6.18 – – 7.48 8.19 9.18 14.39 – 2.36 27.13 32.90 

1 28.58 19.31 10.47 8.67 3.21 2.01 6.92 5.53 – – 7.45 8.33 11.04 15.68 0.64 3.53 29.56 34.81 

7 13.91 7.87 6.57 4.97 1.29 1.10 4.04 2.89 – – 5.84 7.92 17.76 19.79 5.69 5.65 42.76 47.68 

28 6.78 4.26 5.02 3.92 0.75 0.38 2.80 1.85 – – 4.09 7.43 19.99 21.75 7.40 5.84 51.04 52.45 

60 4.24 3.18 4.27 3.62 0.00 0 2.28 1.56 – – 3.36 6.82 21.13 21.99 7.91 5.99 54.68 54.72 

90 3.16 2.62 3.94 3.62 0.00 0 1.84 1.37 – – 3.03 5.92 21.85 22.16 8.12 6.15 55.93 56.03 
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3.3.2  Elemental concentration in pore solution 

From the ICP-OES test, the concentration results of the pore solution in PC-DW and PC-

SW paste at various hydration times are shown in Figure 3.5 and Table 3.4. With no 

SW-related ions involved, the concentration of the PC-DW paste was mainly distributed 

in two ranges, divided by the time when gypsum was completely dissolved. Before the 

gypsum depletion, the pore solution was dominated by SO42–, Ca2+, K+, Na+ and OH–. 

The continuous dissolution of gypsum kept the high concentration level of Ca2+ and 

SO42–, forming AFt and CH as the major hydrates at this stage. The other main 

constituents of the cement, such as SiO44– and [Al(OH)6]3, were initially very low but 

increased gradually along with the hydration.  

After the gypsum was depleted, a notable change in various ions concentration can be 

observed between 5 and 24 hours. Due to the lack of direct supply from gypsum 

dissolution, Ca2+ and SO42– were significantly decreased by a short formation of AFt and 

started to convert, or form directly, to AFm phases instead. Meanwhile, the 

concentration of OH– had to rise to maintain the charge balance of the solution; SiO44– 

and [Al(OH)6]3 were then slightly increased with the increasing pH according to the 

solubility required. With the increasing degree of hydration accompanied by the 

consuming liquid volume, alkali was released continuously into the gradually 

concentrated pore solution. Therefore to the late stage, the pH kept increasing gradually 

and resulted in an increase of SiO44– and [Al(OH)6]3 and a decrease of Ca2+ based on the 
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solubility. Other studies also proposed consistent trends (Le Saoût et al. 2013; 

Lothenbach et al. 2008; Lothenbach & Winnefeld 2006). 
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(a) Ions concentration of pore solution in PC-DW paste 
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(b) Ions concentration of pore solution in PC-SW paste 

Figure 3.5. Ions concentration of pore solution in PC pastes made with (a) DW and (b) 

SW after 1, 2, 3, 5, 8, 12 hours, and 1, 7, 28 days  

SW led to a broadly similar tendency in the ions concentration in pore solution—a 

significant increase or decrease in the early stage followed by a relatively stable 
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development. Due to the accelerated effect on hydration, the depletion time of gypsum 

and the following significant changes in the pore solution composition can be observed 

earlier (between 3 and 12  hours). Subsequently, the concentration of SiO44–, [Al(OH)6]3, 

and OH– increased, and Ca2+ decreased steadily in the following period between 1 and 

28 days; it differed from the DW samples, whose pore solution concentration was almost 

constant at the same stage.  

The decrease in Cl– can illustrate such unusual changes. During the high concentration 

level of SO42– before gypsum depleted, the Cl– was hardly involved in the precipitation 

of hydrate phases (Li, Li, et al. 2021). In the meantime, the concentration of Cl– 

increased slightly due to the decreased volume of liquid. When the SO42– was 

insufficient to form AFt, AFm phases were formed instead as the Al-bearing phases. 

Although the lower solubility product of sulfo-AFm (Lothenbach et al. 2019) indicated 

the thermodynamically easier formation, the hydroxy-AFm was more inclined to bind 

the Cl– and form FS due to its much higher concentration than SO42–. At the following 

FS formation stage, the free Cl– decreased gradually along with the increase of OH– for 

maintaining charge balance. As a result, the concentrations of SiO44–, [Al(OH)6]3, and 

Ca2+ were changed with the increased pH of the solution afterwards.  

Therefore for SW-related cement hydration, Cl– maintained higher during the whole 

hydration period wherein FS was formed instead of sulfo-AFm. The concentration of 

SO42– is higher than that of DW samples and thus would stabilize more AFt 

simultaneously. As the intermediate product between FS and sulfo-AFm, KS may occur 
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during the period. However, its in-between solubility product indicated poor stability; 

the content of KS was susceptible to chloride and sulfate concentration, and thus it can 

be easily converted with the concentration change (Balonis et al. 2010). The evolution of 

the hydrate phases predicted from the change in the pore solution was consistent with the 

results observed in the composition of the solid phase above. 
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Table 3.4. Concentration of the different ions in the pore solution (mM) 

 

Time (day) [Al(OH)6]3 Ca2+ K+ Na+ SO4
2– SiO4

4– OH– Cl– 

DW SW DW SW DW SW DW SW DW SW DW SW DW SW SW 

0.04 0.010 0.007 18.0 24.51 263.9 280.8 66.0 415.8 98.80 133.2 0.09 0.06 98.8 86.3 515.2 

0.08 0.011 0.008 19.0 21.92 281.1 305.3 73.8 477.7 103.0 110.1 0.09 0.08 104.2 88.6 526.5 

0.13 0.008 0.008 21.0 23.91 308.1 289.5 78.4 415.4 104.8 127.4 0.10 0.06 102.1 87.6 564.9 

0.21 0.013 0.006 22.0 10.36 293.3 301.3 80.4 491.4 107.4 112.5 0.10 0.06 101.9 162.5 618.7 

0.33 0.012 0.017 12.1 6.28 306.3 262.9 83.5 445.5 98.0 2.58 0.15 0.07 198.6 165.6 652.3 

0.50 0.013 0.026 3.8 5.51 289.5 266.0 76.0 438.3 45.0 2.34 0.16 0.08 299.2 195.9 707.2 

1 0.174 0.043 2.1 2.46 263.2 261.1 88.4 461.3 0.62 2.43 0.17 0.13 295.1 239.9 520.2 

7 0.169 0.169 1.9 0.88 236.3 263.1 136.6 445.4 0.76 3.02 0.17 0.32 346.7 467.7 338.8 

28 0.251 0.250 1.8 0.85 247.2 314.3 147.2 521.9 1.24 3.54  0.23 0.47 371.3 501.2 326.3 
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3.3.3  Morphological analysis of early hydrate phases 

Due to the stimulating effect on cement hydration, the initial hydration rate in SW was 

higher, forming the hydrate phases rapidly. The secondary electron micrographs of the 

cement paste show a significant discrepancy in microstructure between 12 to 24 hours. 

More fine C-S-H nuclei can be observed formed on the surface of clinker particles in 

SW than DW, as shown in Figure 3.6(a) and (b); the growing CH stacked to become 

thicker, forming the initial structure of hydrates. At 24 hours in Figure 3.6(c) and (d), a 

large amount of C-S-H had grown to nearly completely cover the particles, bonding the 

loose structure and filling the pores remarkably by hydration in SW. While in DW, less 

clustered C-S-H was formed. The significant differences in microstructure were due to 

the rapid hydration rate in SW at the early stage. 

EDS analysis was performed to identify the specific hydrate phases formed in SW, as 

shown in Figure 3.6(e) to (i). Needle-like AFt can still be identified after 28 days. The 

AFm phase formed by conversion was observed surrounding the AFt, identified as FS. 

As discussed aforementioned, the unconverted AFt might be due to the higher sulfate 

concentration caused by FS precipitation. 

 

(a) PC paste hydrated in DW for 12 hours 
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(b) PC paste hydrated in SW for 12 hours 

  

(c) PC paste hydrated in DW for 24 hours (d) PC paste hydrated in SW for 24 hours 

 

(e) PC paste hydrated in SW for 28 days 

  20 µm   10 µm 

C-S-H gel 

Clinker 
particle 

CH 

  10 µm 

CH 

AFt 

C-S-H 

  10 µm 

C-S-H 
AFt 

CH 

2 µm 1 µm 

FS 

AFt 

C-S-H CH 

 3 
 4 

 2  1 



 

82 
 

  
(f) Plot 1 (CH) (g) Plot 2 (C-S-H) 

  

(h) Plot 3 (FS) (i) Plot 4 (AFt) 

Figure 3.6. SEM-EDS analysis of PC paste hydrated in DW and SW after 12, 24 hours. 

and 28 days 

3.4  Conclusions 

This chapter carried out a comprehensive study on PC hydration in SW and DW. The 

clinker, hydrate phases and pore solution were quantitatively characterized as a function 

of time. SW stimulated the dissolution of clinkers, increasing the hydration rate at the 

early stage. The rapidly precipitated hydrate phases accelerated the formation of the 

cement matrix in SW, which caused a significant difference in the early microstructure 

between 12 hours to 1 day. The gap in hydration degree between the two cement pastes 

narrowed after 7 days. Results show that the discrepancy in hydrated clinker phases was 

only 1.7% after 90 days. 

The concentration changes in the pore solution indicated that SW-related ions affected 

the phase evolution. After the gypsum was depleted, FS was formed instead of sulfo-
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AFm. The substitution from chloride ions increased the concentration of SO42–, 

stabilizing the AFt phase at the late stage. The result showed that the SW reduced the 

conversion ratio of AFt from 60% to 29% in 90 days. 
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CHAPTER 4.  HYDRATION OF PORTLAND CEMENT 

WITH SEAWATER: THERMODYNAMIC MODELLING 

Cement hydration was a continuous conversion process, with the minerals' dissolution 

and re-precipitation reaching the solid-liquid equilibrium. When the PC was in contact 

with water, the clinker phase dissolved at various rates, releasing Ca2+, SiO44–, 

[Al(OH)6]3, Fe2+, and hydroxy in the pore solution, which then co-precipitated to form 

C-S-H, AFt, CH, and other hydrate phases (Lothenbach & Winnefeld 2006). The 

formation time and rate of various hydrate phases differed according to their specific 

solubility products and the chemical kinetics of phase transition. In theory, however, 

when a specific part of the cementitious phases involved was entirely hydrated, the 

composition of the hydrates should be invariant if the raw materials, temperature, 

pressure, and other hydration conditions were unchanged.  

Therefore, a model can be set up to simulate the evolution of phase composition as a 

function of hydration time, which requires the following: i) the phase composition of 

the PC used in the study; ii) the hydration degree of the clinker as a function of time, 

and iii) the composition of the hydrates expected to form by the hydrated clinker. As for 

the first requirement, the PC composition has been determined and given in Table 3.1. 

The hydration degree of clinker and the predicted hydrates are discussed below. 

4.1  Modelling approach 

To predict the dissolution degree of clinkers throughout the hydration time, a series of 

empirical expressions were proposed based on the x-ray measurement (Dalziel & 

Gutteridge 1986b; Parrot 1984; Swaddiwudhipong, Chen & Zhang 2002; Taylor 1987). 

In general conditions, there were no significant differences between these approaches. 
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However, only the empirical formula by Parrot and Killoh (Parrot 1984) specifically 

predicted the dissolution ratio of clinkers at a very early stage of the first few hours, 

during which the other approaches predicted no dissolution occurred. Considering the 

stimulated hydration of cement in SW, therefore, this empirical approach (MPK model) 

was applied in this study to estimate the hydration degree of each clinker phase. The 

method proposed the hydration rate Rt of each mineral clinker affected by the three 

influencing kinetic processes respectively as: 

Nucleation and crystal growth (NG):  

                                                           Rt=
𝐾𝐾1
N1

(1 – αt)(–ln(1 – αt)
(1-N1)                                     (4.1) 

Diffusion (D):  

                                                                Rt = 
K2(1 – αt)

2/3)
1 – (1 – αt)

1/3)
                                                  (4.2) 

Formation of the shell (I): 

 Rt = K3(1 – αt)
N3 (4.3)     

where the αt represented the hydration degree of a specific clinker after time t (days). 

The lowest value of Rt was the applied controlling rate at time t, while the 

corresponding process (NG, D, or I) was considered the dominant kinetic factor at t. 

The hydration degree at time t is expressed as: 

 αt=αt – 1+ Δt·Rt – 1  (4.4) 

At the late stage, it should be noted that the hydration was gradually weakened due to 

the thickened hydration shell hindering the mass and solute transfer, although there 

were still unhydrated clinker grains inside. Therefore, the w/b ratio was considered an 
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influencing coefficient affecting the critical degree of hydration in the long term. For αt > 

H w/b, the αt is expressed as: 

 αt = αt – 1+ Δt·Rt – 1·(1 + 3.333·(H·w/b – αt))
4 (4.5) 

In addition, the effect of the surface area of PC on the initial hydration was considered 

(Dalziel & Gutteridge 1986a) using the formula from Parrot and Killoh (f(s) = (surface 

area)/385) (Parrot 1984). The values of related parameters K1, K2, K3, N1, N2, and H 

were listed in Table 4.1, which were initially provided by Parrot and Killoh (Parrot 

1984) and adjusted afterwards by Lothenbach et al. (Lothenbach et al. 2008). In this 

study, the same values of the parameters were used to estimate of hydration degree of 

PC in DW as a reference to evaluate with experimental data. As for modelling the PC 

hydration in SW, the parameters were optimized to obtain a better fit of the 

experimental data. The modified values of the parameters were discussed with the 

modelling results in the following sections. 

Table 4.1. Parameters to estimate hydration degree of clinker phases (Lothenbach et al. 2008) in DW  

Parameter Alite Belite Aluminate Ferrite 

K1 1.5 0.5 1.0 0.37 

K2 0.05 0.02 0.04 0.015 

K3 1.1 0.7 1.0 0.4 

N1 0.7 1.0 0.85 0.7 

N3 3.3 5.0 3.2 3.7 

H 2 1.55 1.8 1.65 

R-square 0.9973 0.9952 0.9433 0.9837 

Note: R-square was calculated from the MPK modelling and quantitative experimental results in 

Chapter 3 
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The phase composition and the pore solution concentration of PC paste were calculated 

using the Gibbs free energy minimization program, GEMS (Kulik 2010), as the 

prediction of the hydrates formed. The thermodynamic data and solubility products of 

minerals were provided by the PSI-GEMS thermodynamic database (Lothenbach et al. 

2019). By combining the MPK model (Parrot 1984) with the thermodynamic 

equilibrium model, the estimated content of clinker phases dissolved can be transformed 

into the predicted hydrated phases and the ions concentration in the pore solution. 

Therefore, the evolution of the phases of PC hydration as a function of time could be 

simulated. 

4.2  Evolution of solid phases 

According to the initial parameters of the MPK model, the hydration degree of clinker 

in DW can be estimated. Wherein the mass of the remaining unhydrated phases was 

calculated, as shown in Figure 4.1. The simulation result fitted well with the determined 

composition of clinker phases from the experiment (R-square was shown in Table 4.1), 

which indicated that the initial MPK model was applicable to PC hydration in DW. 

Therefore, the reacted anhydrous phases from the simulation can be converted to the 

hydrate phases through the thermodynamic equilibrium model and be further evaluated 

by experimental results in the following section. The dissolution of gypsum was 

calculated by the thermodynamic equilibrium model. The result showed that gypsum 

was depleted after 8 hours, which was consistent with the QXRD result.  
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Figure 4.1. Amount of the unhydrated phases in PC paste with DW and SW. The 

scatter dots refer to the experimental results deduced by QXRD; the solid and dash 

lines refer to the modelling results of PC hydration in DW and SW, respectively. 

As for hydrate modelling in SW, The accelerated hydration effect should be considered. 

Thus it was reasonable to adjust the values of the parameters as per the guidelines of 

experimental results. However, changing only one parameter, such as K1 or N1, may 

lead to similar simulation results at the corresponding controlling process, especially at 

the early stage of hydration when the NG was the dominant restricting factor and lasted 

for a short time (within 2 or 3 hours). The reason is that in a short time range (such as 

the NG stage even shortened by the SW effect), the parameters of the empirical formula 

cannot express significant characteristics when adjusting the fitting curve. On the other 

hand, the points of experimental results were too limited to fully describe the early 

hydration process, compared to the significant change at the early stage. Therefore, an 

acceptable range of each parameter instead of a unique value would be given for the 

modelling optimisation. Furthermore, the controlling rate was the lowest value of Rt

from the three steps at the time t in Eqs. (1) to (3), resulting in a lack of specific 

restriction in choosing values from the other two non-dominant steps. To ensure that the 

effective mechanism of the three empirical formulas is consistent with the original 
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models, modifications were carried out as follows: i) The hydration was accelerated 

during the process of the NG due to the chloride (Li, Jiang, et al. 2021); thus, the 

duration of this dominant process should be shortened; ii) As the parameter controlled 

the critical degree of hydration with w/b ratio, H was not required to be adjusted, which 

can be based on the similar amount of unhydrated clinker determined in DW and SW 

from experimental result at least within the test range of 90 days; and iii) According to 

the original model used for PC hydration in DW, the process of diffusion only 

controlled the hydration rate of aluminate and ferrite between 0.4 to 1.4 days and 1.4 to 

2 days, respectively; the subsequent time of hydration was controlled by the I hydration 

process , which is inconsistent with the assumption proposed by Krstulović and Dabić 

(Krstulović & Dabić 2000) that the controlling process during the hydration time is 

changed with the order NG, I, then D. To improve the applicability of the model, the 

initial kinetic mechanism of hydration was maintained unchanged after the adjustment. 

The diffusion-related parameters (K2) were adjusted to a high enough value (given as 

the minimum threshold) to ensure that diffusion is not the controlling factor at the other 

time of hydration. 

According to the considerations above, the acceptable range of the parameters and the 

values  used in this study (with R-square calculated) were listed in Table 4.2, by which 

the content of anhydrous phases calculated in SW fitted well with the experimental data 

in Figure 4.1. The evolution of gypsum was also calculated from the thermodynamic 

equilibrium model. Due to the chloride effect, the dissolution of each clinker and 

gypsum was accelerated in SW. The accelerating effect can be observed earlier than 1 

hour, influencing the nucleation and crystal growth. The simulation results showed that 

the maximum difference in hydration rate between the two systems occurred between 8 

to 12 hours, which was consistent with the exothermic characteristics of cement 
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hydrated in SW conducted in the previous and other studies (Li, Li, et al. 2020a; Li, 

Jiang, et al. 2021; Montanari et al. 2019). The gaps between the remaining clinker 

phases were narrowed gradually to negligible at 90 days and even later. 

Table 4.2. Suitable parameter ranges to estimate the hydration degree of clinker phases in SW 

Parameters Alite Belite Aluminate Ferrite 

K1 3.2 (2.2–3.2) 1.2 (0.8–1.2) 2.4 (1.5–2.4) 1.0 (0.7–1.0) 

N1 0.7 (0.7–0.9) 1.0 (1.0–1.2) 0.85 (0.85–1.15) 0.7 (0.7–0.9) 

K2 0.15 (> 0.12) 0.06 (> 0.05) 0.13 (> 0.12) 0.045 (> 0.045) 

K3 3.0 (2.8–3.0) 2.0 (1.5–2.0) 3.0 (2.7–3.0) 1.2 (1.2–1.4) 

N3 3.3 (3.0–3.3) 5.0 (4.5–5.0) 3.2 (3.0–3.2) 3.7 (3.7–4.1) 

H 2.0 (1.8–2.0) 1.55 (1.35–1.55) 1.8 (1.6–1.8) 1.65 (1.45–1.65) 

R-squared 0.9998 0.9944 0.9849 0.9915 

Based on the calculated hydration ratio of the four clinkers as a function of time, the 

combination of the thermodynamic equilibrium model was applied to calculate the 

hydrates formed, as shown in Figure 4.2 with the R-squared listed in Table 4.3. The 

simulated evolution of CH highly matched the experimental result, which is critical to 

the accuracy of the entire simulation results compared to the experimental results from 

QXRD/TG.  

Through thermodynamic computing, some mixed phases that were hard to distinguish 

can be quantified separately by the model. For example, the amorphous phases 

determined from QXRD mainly consisted of C-S-H and hydrogarnet, with a mass ratio 

of 3.60 to 1 in both DW and SW samples. The thermodynamic equilibrium was the 

precondition of modelling, while it was more complex in the actual situation. Therefore, 

some intermediate phases may form theoretically but hardly be observed in actual 
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measurement. For example, KS was predicted to be formed after 10 days of hydration in 

SW. The thermodynamic modelling calculated that 2.6% of KS was formed at the late 

stage of hydration, which was unstable, closely influenced by the ratio of aluminium to 

chloride (Balonis et al. 2010) and not observed through the QXRD identification.  

In addition, the thermodynamic equilibrium model assumes that the solid-liquid 

equilibrium was reached with a given reactant content. Therefore, a delay in the 

experimental results may occur, especially in the late stage when the mass transfer 

effect is poor. It also caused the coefficient of determination of the fitting curves, R-

squared, to be lower to explain the observed value from the actual experimental results. 

For example, The AFt determined from the QXRD measurement at the early stage was 

slightly lower than that from prediction. It indicated that the precipitation process of 

AFt was affected to be slightly delayed. As for the higher content of FS from the 

experiment, the formation of hydrotalcite could be due to the overlap peaks between FS 

and chloride-containing hydrotalcite (Machner et al. 2018). Another possibility was that 

a part of FS measured by QXRD was thermodynamically identified, or theoretically 

formed, as KS but converted to FS in the actual hydration process. It can be found in 

thermodynamic modelling that magnesium can also hinder the formation of KS, which 

is similar to the aluminate’s effect. Therefore, the formation of KS is not absolute from 

hydrated cement with a higher content of magnesium, aluminate, or perhaps ferrite as 

well. 
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Figure 4.2. Amount of the precipitated solid phases in PC paste with DW and SW. The 

scatter dots refer to the experimental results deduced by QXRD; the solid and dash lines 

refer to the thermodynamic modelling results of PC hydration in DW and SW, 

respectively. 

Table 4.3. R-squared between the fitted value and observed value of hydrate phases 

Hydrate phases (fitted value—observed value) DW SW 

CH—CH 0.9981 0.9938 

C-S-H + hydrogarnet—amorphous phases 0.9780 0.9954 

Gypsum—Gypsum 0.9593 0.9903 

AFt—AFt 0.8884 0.8377 

Sulfo-AFm—Sulfo-AFm 0.9998 N/A 

FS + KS—FS N/A 0.9321 

By using the appropriate models, the simulation of the mass change as a function of 

time was conducted in Figure 4.3(a) and (b). As aforementioned, the PC hydration in 

SW affected the composition of the hydrate assemblage and the hydration rate. Starting 

from the depletion of gypsum at about 2.8 hours, the conversion of AFt caused the 

formation of different hydrates, which were FS and KS instead of sulfo-AFm due to the 

chloride. In addition, the effect of other content in SW, such as magnesium and sulfate, 
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can be regarded as the increased minerals of cement, and finally precipitated as 

hydrotalcite, AFt, and KS. Table 4.4 shows the thermodynamic modelling results of the 

composition of C-S-H phases calculated in the CSHQ solid solution model (Lothenbach 

et al. 2019) (Kulik 2011). By calculation, the Ca to Si ratio of C-S-H formed in SW was 

1.551, slightly lower than that in DW (Ca/Si = 1.585) and may affect the strength. 

Table 4.4. Composition of C-S-H phase in CSHQ solid solution model 

C-S-H (CSHQ solid solution) DW (mol-%) SW (mol-%) 

JenD Ca/Si=2.25: C3/2S2/3H5/2 37.1 34.5 

JenH Ca/Si=1.33: C4/3SH13/6 23.4 21.2 

TobD Ca/Si=1.25: C5/6S2/3H11/6 27.6 25.6 

TobH Ca/Si=0.67: C2/3SH1.5 1.1 1.0 

NaSH: N0.5S0.2H0.45 5.7 5.8 

KSH: K0.5S0.2H0.45 5.1 11.8 
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(a) Simulated evolution of mass change of hydrating PC in DW 
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(b) Simulated evolution of mass change of hydrating PC in SW 

Figure 4.3. Simulated evolution of various phases in mass during the PC hydration in 

(a) DW and (b) SW 

The PC hydration in SW is also calculated to affect the volume of the hydrating cement 

in Figure 4.4(a) and (b). According to the modelling calculation, SW instigated rapid 

volume growth of solid phases significantly at the early stage; the solid volume is 12 %, 

7.8%, and 5.7% higher, respectively, after 1,7 and 28 days in Figure 4.4(c), which 

intensely corresponded with the rapid growth of compressive strength (Li et al. 2019; Li, 

Li, et al. 2020a; Li et al. 2015; Wegian 2010). At the end of the hydration, the SW 

increased the solid volume by 3.70% but decreased the liquid phase by 12.2% from the 

modelling results, although the total volume was almost the same. The result may be 

due to a high quantity of AFt forming and the precipitation of the inorganic ions from 

SW. However, the volume change by SW may not be beneficial to the late-stage 

strength. Once the cement paste was in a high-temperature or humid environment, for 

example, the AFt could decompose or leach out, creating new pores. Due to the slow 

hydration rate, the pores formed at the late stage were hard to fill with other hydrates. 

Therefore, the strength of cement paste made with SW might be more sensitive to the 

curing condition, which was consistent with the other studies (Li, Li, et al. 2021). 
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(a) Simulated evolution of volume change of hydrating PC in DW 
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(b) Simulated evolution of volume change of hydrating PC in SW 
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(c) Simulated evolution of the total volume of hydrating PC in DW and SW 

Figure 4.4. The modelled evolution of volume change during the hydration of PC in (a) 

DW and (b) SW as a function of time 

4.3  Evolution of liquid phase 

To simulate the ions concentration of pore solution, the adsorption of alkalis by C-S-H, 

which was offered from the dissolution of sulfates alkali, should be considered. The 

distribution ratio Rd of 0.42 ml/g was used both for Na+ and K+ (Hong & Glasser 1999; 

Lothenbach et al. 2008; Lothenbach & Winnefeld 2006). The modelled composition of 

the pore solution exhibited consistent trends with the experimental results in Figure 

4.5(a) and (b) strongly support developing hydrates during hydration. Unlike the 

concentration in DW, which was more stable after the significant change, a gradual 

increase (e.g., aluminate and hydroxy) or decrease (e.g., Ca2+ and Cl–) occurred in SW 

samples instead. The precipitation of Cl– indicated the formation of FS over time, along 

with an increase of sulfate simultaneously from the conversion of AFt or the 

substitution of AFm phases. The errors of the model, such as the concentration of 

silicate and aluminate, can be explained by the ideal chemical equilibrium assumed by 

thermodynamic modelling. 
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(a) Modelled evolution of pore solution concentration of hydrating cement in DW 
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(b) Modelled evolution of pore solution concentration of hydrating cement in SW 

Figure 4.5. Concentration of ions in the pore solution of PC hydrating in (a) DW and (b) 

SW as a function of hydration time. The scatter dots and lines refer to the experimental 

results and thermodynamic modelling results, respectively. 

4.4  Finding in the simulation 

Compared to the PC paste made with DW, SW was found to increase the hydration rate 

of clinker significantly throughout the whole process and affect the evolution of phase 

assemblage. Both thermodynamic calculations and experimental determinations 

suggested the formation of FS, instead of sulfo-AFm, in SW. The formation of FS 

indirectly stabilized the AFt due to the higher sulfate concentration from the conversion 

of sulfo-AFm. Based on the thermodynamic calculation, the changes in phase 



 

98 
 

assemblage by SW result in a slight decrease in the Ca/Si ratio from 1.585 to 1.551, as 

well as a 3.70% increase in solid volume and a 12.2% decrease in liquid volume at the 

end of the hydration, but the total volume was nearly unchanged. The higher content of 

AFt may lead to the mechanical properties being more sensitive to humidity and 

temperature change. The formation of KS was observed by experiment and can be 

calculated from the thermodynamic model. However, due to its sensitivity to the 

concentration of sulfate, aluminate, ferrite, and maybe also magnesium, KS was readily 

converted to other phases, such as FS, and retained in the Al-bearing solid solution. 

Therefore, in SW, the formation of KS depends on the composition of hydrated PC. 

Combining the thermodynamic calculation with the dissolution model of clinker, the 

evolution of the solid and liquid phase assemblages can be simulated quantitively. The 

parameters of the empirical equations were modified to be more suitable for modelling 

the hydration in SW. The simulated results agreed reasonably well with the content of 

the main precipitated crystalline phases (e.g., CH, AFt) and amorphous determined by 

QXRD/TG. The findings indicated that the coupled models could successfully simulate 

the evolution of hydrating phases with SW. 

4.5  Conclusions 

This chapter presents an approach to simulating cement hydration in SW through 

thermodynamic modelling. Since SW accelerated the hydration rate determined in 

Chapter 3, it is necessary to adjust the parameters of the MPK model for simulating the 

dissolution ratio of anhydrous phases as a function of time. Based on the quantitative 

experimental results of clinker phases, the range of parameters in Table 4.2 was 

suggested as proper input for cement hydrated in SW. The corrected simulation result of 

the hydration rate can be converted into the evolution of hydrated phases by 
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thermodynamic modelling. To be evaluated by experimental results, a good agreement 

can be observed in simulation, which, in turn, reinforced the reliability of the modified 

MPK model for SW hydration. 

Through thermodynamic computing, some indistinguishable phases can be quantified 

separately. The amorphous phases mainly consisted of C-S-H and hydrogarnet, with a 

mass ratio of 3.60 to 1 in both SW and DW samples. However, since the 

thermodynamic equilibrium is the precondition of the modelling, a delayed effect may 

occur in the actual hydration process from failure to maintain the real-time equilibrium. 

As a result, the expected value of AFt from modelling may be slightly higher; some 

phases not detected from experimental measurement may be predicted, such as the 

intermediate KS. Nevertheless, the predictable proportion of main hydrate phases (such 

as C-S-H and CH) from their R-squared value was higher, indicating the modelling for 

Portland hydration in SW was of a high reference value. 
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CHAPTER 5.  HYDRATION, MECHANICAL 

PROPERTIES AND PORE STRUCTURE OF PORTLAND 

CEMENT WITH SEAWATER 

This section investigated the hydration characteristics and mechanical strength 

development of SW mortar with sea sand. The macroscopic performance differences 

will be discussed by hydration properties as the mechanism. 

5.1  Experimental program 

5.1.1  Raw materials 

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

(General purpose and blended cements) (AS 3972 2010). The oxide compositions of the 

cement measured by X-ray fluorescence (XRF) were summarized in Table 5.1. The 

content of limestone and gypsum was provided by the cement supplier. After the XRF 

data was corrected by deducing the chemical composition of the two given minerals, the 

approximate mineral composition in OPC was obtained through Bogue calculation 

(Bogue 1955b), which was shown in Table 5.2, as well as the physical properties. Two 

types of mixing water: (1) DW; and (2) natural SW, were applied. The natural SW was 

obtained from Congwong Beach on the Sydney coast of Australia. Table 5.3 shows the 

chemical composition of DW determined by inductively coupled plasma mass 

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

surface SW (Levitus et al. 2010). Natural river sand (R-sand) and washed sea sand (S-

sand) are used in cement mortars, which contain few impurities such as clay and sea salt. 

The particle sizes distribution of the used R-sand and S-sand are shown in Figure. 5.1. 
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Table 5.1 Chemical composition of the OPC (oxide composites) 

Chemical CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O CO2 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 

 

Table 5.2 Mineral composition of OPC and its physical properties 

Minerals C3S C2S C3A C4AF Limestone Gypsum 

Content (wt.%) 49.03 21.21 4.14 13.00 3.32 4.55 

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

is 8 μm.  

 

Table 5.3 Major chemical composition of SW from Sydney Congwong Beach 

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

Concentration (mol/l) 0.47 0.01 0.01 0.05 0.54 0.03 
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Figure 5.1. Particle size distribution of S-sand and R-sand 
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5.2  Experimental methods 

5.2.1  Heat of hydration 

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

calorimeter (TAM Air) was applied to measure the heat of hydration during the first 60 

hours. DW and SW were used to mix water in samples. The w/b ratios of the samples 

are 0.5 and 0.7. Firstly, 30.00 g cement was weighed and mixed with weighted DW or 

SW for 60 sec, followed by being injected into ampoules through a syringe. Afterwards, 

the ampoules loaded with samples and those with references were capped and lowered 

into the calorimeter simultaneously. Due to the external premixing procedure, very early 

cement hydration cannot be measured from the calorimeter, and the signal of heat flow 

became stable after approximately 60 mins. In order to reduce the experimental error, 

the references applied dry sand (quartz) and DW to respectively simulate the OPC and 

the certain water used in samples with the same total heat capacity. The composition of 

the samples with SW and DW was summarized in Table 5.4. The samples were denoted 

by their “water type + w/b ratio.” For example, the “D-0.5” represented OPC with DW 

at a w/b ratio of 0.5. The final exotherms were corrected by subtracting the baseline 

obtained before and after the measuring process. 

Table 5.4 Mix design of cement paste for hydration heat analysis 

Index W/b 

ratio 

Sample (g) Reference (g) Total heat 

capacity (J/K·g) 
OPC DW SW Quartz  DW SW 

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 
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5.2.2  Phase quantification 

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

calorimetry (TG/DSC), and Scanning electron microscope-Energy dispersive X-ray 

spectroscopy (SEM-EDS) were adopted to analyze the phase evolution during cement 

hydration in DW and SW. The samples were OPC paste with DW or SW at a w/b ratio 

of 0.5. The pastes were prepared in a Hobart mixer and cast in seated plastic moulds at 

the size of 50 mm × 50 mm × 50 mm, then cured in a standard curing chamber with a 

temperature of 20 ℃ and 95% relative humidity. After 1 day of hydration, the samples 

were demolded and further cured at the previous condition. Afterwards, the samples 

with different hydration ages were dried with two different treatments. For those 

hydrated for less than 1 day, the samples were transferred into a vacuum freeze dryer to 

remove free water after reaching the specified ages; the drying process lasted for 2 days 

at -55 ℃ in vacuumed condition. For those hydrated longer than 1 day, the hardened 

cement pastes were crushed into small pieces, and the debris from the inside part of the 

paste was collected, followed by being immersed into isopropanol for the hydration 

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

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

for 3 days. Furthermore, some debris was ground to pass through a sieve with a screen 

aperture of 75 𝜇𝜇m, as the powder samples were applied to TG and XRD measurements. 

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

determine caloric effects and mass changes in the temperature-rise period. About 30 mg 

of dried powder sample was loaded into an alumina crucible, purged with nitrogen, and 

heated from 25 ℃ to 1000 ℃ with the temperature increasing rate of 10 ℃/min. With 

the increase in temperature, the decomposition of hydration products can be determined 

by mass loss from chemically bound water and carbonate. Thus the content of the 
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corresponding hydrate phase can be determined. In addition, the endothermic peaks 

exhibited in DSC curves illustrated the enthalpies of transitions from decompositions of 

phase. As a result, the area of the endothermic peak can be converted into the value of 

enthalpy of transition, which helps determine the certain reaction, molar content of the 

involved substance, and solid composition. Furthermore, some moist samples as 

contrast groups were also measured, which were not terminated hydration, ground, and 

dried before, to determine the content of pore solution. 

X-ray diffraction analysis was conducted by Bruker D8 Discover with the diffraction 

angle (2θ) ranging from 5° to 70° and the scan step size of 0.02°. Cu K(alpha) radiation 

(k = 1.54056 A°) was used as the X-ray source. Before measurement, the powder 

samples were blended with 10% titanium oxide as the special ingredients of the internal 

standard method. Semiquantitative analysis of solid mineral phases was conducted 

through the peak heights and peak areas of the intensity of corresponding phases. 

Micromorphology analysis was conducted by applying the scanning electron 

microscope (SEM) Zeiss Supra 55vp combined with energy dispersive X-ray 

spectrometry (SEM-EDS). 

5.2.3  Mechanical strength 

Fresh OPC pastes with DW and SW at the w/b of 0.5 were cast into 50 mm cube 

moulds and vibrated for 10 s before sealed curing at 20 ℃. The compressive strength 

was tested on specimens at a speed of 0.02mm/s after curing for 1d, 7d, 28d, 60d, and 

90 d. OPC mortars were also prepared for compressive strength measurements. Three 

cubic specimens (50 mm × 50 mm × 50 mm) were prepared for each group of samples. 

The mix design of cement mortar is listed in Table 5.5. All specimens were cured for 1 

day in the chamber before being demolded and further cured in a standard curing 

chamber (temperature of 25 ℃ and relative humidity of 95%). The cement mortars were 
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tested at the ages of 7, 14, and 28 days for compression tests. The compression machine 

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

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

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

ages are as same as those for compressive strength. The flexural strength test is in 

accordance with ASTM C348-18.  The cement mortars were tested at the ages of 7, 14, 

and 28 days. 

Table 5.5 Mix design of cement mortar 

Index Cement 

(kg/m3) 

DW (kg/m3) SW (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 DW and R-sand; DS* represents the mortars prepared 

by DW and S-sand; SR* is the mortars prepared by SW and R-sand; SS* means the mortars 

prepared by SW and S-sand. 

5.2.4  Characterization of pore structure  

The pore distribution of cement paste was performed by MIP using Autopore IV 9500. 

The sample consisted of 50 spherical particles of cement paste dried by the solvent 

exchange of isopropanol. Each particle was cut into 3 to 5 mm in diameter and exposed 

its fracture surface. The contact angle of mercury was 130.00°, and the surface tension 

of mercury was 485.00 dynes per centimetre. The pressure of mercury intrusion ranged 

from 0 to 32,000 psi, wherein the corresponding measured pore diameter ranged from 

350 mm to 5.5 nm. 
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5.3  Experimental results 

5.3.1  Heat evolution of hydration 

Hydration heat evolution of OPC was measured with w/b ratios of 0.5 and 0.7 hydrated 

in DW and SW, respectively. The exotherm of OPC in 60 hours is shown in Figure 

5.2(a). The ordinates of the figure, normalized heat/heat flow, are the quantifiable 

exothermic units released per gram of cement. At the early age of the hydration process, 

the period exhibiting insignificant heat flow was the induction period, which was caused 

by the restricted precipitation and the extremely slow rate of dissolution of cement 

(Costoya Fernández 2008; Fierens & Verhaegen 1976; Odler & Dörr 1979; Sierra 1975). 

It was observed that the duration of the induction period of hydration in D-0.5 and S-0.5 

ranged from 1.54 to 1.56 hours. Furthermore, increasing the w/b ratios from 0.5 to 0.7 

had a limited impact on the period of induction. It reveals that the dissolved ions in SW 

do not have a great influence on the initial dissolution and precipitation process, 

although there might be a new solid phase formed. The initial hydration is still subjected 

to the limited surface with low interfacial energy, which is consistent with the 

dissolution theory based on a geochemical approach to crystal dissolution (Juilland et al. 

2010; Kumar, Bishnoi & Scrivener 2012).  

In the acceleration period, it was observed that the duration to reach the hydration peak 

(Peak I) was significantly reduced by 36% for the OPC paste with SW, in comparison to 

the OPC with DW. Furthermore, the exotherm peak of paste in SW exhibited 44% 

higher than that with DW. Hence, it demonstrates that the dissolved ions in SW can 

significantly promote cement hydration. According to previous studies (Farnam, Dick, 

et al. 2015; Rosenberg 1964), chloride was the dominator that can chemically bind with 

calcium, aluminate, and ferrite ions to form insoluble phases such as calcium 
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oxychloride and FS. In this situation, the involved chloride ions contribute to promoting 

the precipitation of the dissolved mineral ions in the solution. Thus according to the 

chemical equilibrium, the dissolution rate of unhydrated clinkers was promoted. The 

stimulating effect is of particular significance to the main mineral tricalcium silicate 

(C3S) (Sikora, Cendrowski, Elrahman, et al. 2019).  

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

around 10 to 15 hours or later. The acromion was a part of another peak (Peak II), 

which overlapped with Peak I. Peak II was formed from the heat of hydration of 

calcium aluminate (C3A) and calcium aluminoferrite (C4AF) (Clark & Brown 1999). 

During this hydration period, the concentration of sulfate in the solution decreased over 

time since the gypsum had completely depleted before C3A and C4AF. AFt, therefore, 

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

the AFm phase (Black et al. 2006). In SW, however, the hydration rate increased during 

this period, which was greatly affected by the various dissolved ions, especially under 

the condition with a high concentration of chloride. During the period, it was found 

from the following analysis of TG and XRD that FS was intensively formed after 

gypsum was completely consumed. Thus, the formation of FS promoted the hydration 

of aluminate and ferrite minerals. Furthermore, an extension acromion appeared in 

samples at a high w/b ratio of 0.7, in which the mass diffusion and transformation were 

less restricted than the samples at a low w/b ratio. For the OPC with SW at the w/b ratio 

of 0.7, more ions from SW were involved in cement hydration, and thus the acceleration 

effect of hydration can be further improved in comparison to the counterparts at the w/b 

ratio of 0.5.  

The accumulated heat evolution in Figure 2(b) showed that the gap of hydration heat 

released from S-0.5 and S-0.7 started to widen after 5 hours, and S-0.7 released nearly 
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20% additional heat after 60 hours. For D-0.5 and D-0.7, however, the two exotherms 

showed a limited difference, releasing less heat than those in SW. It demonstrates that 

the dissolved ions in SW can promote hydration, especially chloride, which accounted 

for more than half of the ions in SW. The following conclusions can be drawn through 

the comparison: the hydration rate of C3S is greatly affected by the concentration of 

chloride in the solution, which is correlated with the equilibrium concentration of 

CAOXY. If the involved chloride is increased, but the concentration of chloride in 

mixing water is not changed, as samples of S-0.5 and S-0.7, the hydration rate of C3S 

will not be obviously accelerated. Unlike C3S, the hydration of aluminate and ferrite can 

be stimulated with the increasing content of chloride involved, which is due to the 

further formation of FS. 

 
(a) Exothermic rate at w/b ratios of 0.5 and 0.7 
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(b) Cumulative heat of hydration at w/b ratios of 0.5 and 0.7 

Figure 5.2. Heat evolution of OPC hydrated in DW and SW at w/b ratios of 0.5 and 0.7 

5.3.2  Thermogravimetric and X-ray diffraction analysis 

The compositions of OPC paste with DW and SW were determined by TG/DSC and 

XRD analysis. Figure 5.3 shows the TG and the derivative thermogravimetry (DTG) 

results of OPC paste in DW at various hydration times. The peaks of mass loss 

displayed in DTG curves indicate that the precipitation of AFt and dissolution of 

gypsum took place earlier, even in 1 hour of hydration. The other hydrated phases, such 

as C-S-H and CH, had hardly formed yet during the initial hydration period, which 

resulted in the DTG curves exhibiting closer to zero significantly. After 8 hours of 

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

of the hydrated phase, indicating the hydration reaction of C3S happened rapidly during 

this period. The rapid reaction was consistent with the aforementioned characteristic of 

heat release in the acceleration period. 

After 12 hours of hydration, gypsum was completely dissolved and depleted. Due to the 

decreasing concentration of sulfate in the pore solution, the preformed AFt became 

unstable and gradually converted to the AFm-formed phase at a slow rate (Lothenbach 
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& Winnefeld 2006). In DTG curves, it was found that the sample with a 12 hours of 

hydration had the largest peak at around 100 ℃, compared to the samples with other 

lengths of hydration time. The peak indicated a maximum mass loss, which was 

attributed to the dehydration of AFt, water desorption, and water loss from C-S-H gel 

layers. As an amorphous solid phase, the dehydration reaction of C-S-H occurred 

continuously from 105 to 1000 ℃ (Khoury et al. 2002), and the amount of dehydrated 

water increased with the increasing temperature. It was observed in Figure 5.3 that the 

mass loss increased with the increasing hydration age, especially from 200 to 400 ℃, 

which illustrated an increasing content of C-S-H with ongoing hydration.  
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Figure 5.3. TG/DTG curves of OPC in DW after 1, 2, 8, 12, 18 hours, and 1, 2, 7, 28, 63 

days of hydration at a w/b ratio of 0.5 

The decomposition of CH took place at approximately 420 ℃, followed by the 

decomposition of the carbonate phase at a temperature over 600 ℃. As the main 

production of OPC, the content of CH and C-S-H increased with the hydration degree, 

and their growth rates gradually decreased at the late age. After 28-day hydration, the 

content of CH and C-S-H was nearly constant and hardly increased. 

Monocarboaluminate (carbo-AFm), instead of monosulfoaluminate (sulfo-AFm), was 

detected as the final hydration product of the residual aluminate phase due to the excess 
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of carbonate ions provided from limestone (Bonavetti, Rahhal & Irassar 2001; 

Lothenbach et al. 2008). CC is the major mineral phase of limestone added in OPC 

cement, which was found to slightly decreased during the ongoing hydration period. 

The other type of carbonate, magnesite, was found to increase at the late age, which 

decomposed at around 600 ℃ (Gabrovšek, Vuk & Kaučič 2006). 

The following XRD analysis can further support the results from the TG analysis. 

Figure 5.4 gives the representative diffraction patterns for the OPC paste with DW. It 

was observed that the amounts of the four main OPC minerals decreased at different 

rates. Due to the high solubility, C3A and gypsum reacted rapidly to form AFt which 

can be detected after 2 hours of hydration. The hydration properties of C4AF were 

similar to that of C3A, but the rate was much slower. When gypsum was completely 

depleted after 12 hours of hydration, the XRD showed no sulfo-AFm phase 

(characteristic peak 2-Theta at 9.895°) during the following hydration period. Instead, 

the content of carbo-AFm (characteristic peak 2-Theta at 11.670°) was found to increase 

along with hydration. In terms of silicate minerals, a great amount of C3S was found 

dissolved in the first 2 days of hydration, and the further hydration rate gradually 

decreased with the hydration time. After 63 days, the extent of hydration of C3S was 

observed to be nearly unchanged in hardened OPC paste. For another OPC mineral, the 

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

found that some of the C2S remained unhydrated after 63 days of hydration.  
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Figure 5.4. XRD pattern of OPC in DW after 2, 8 hours, and 2, 28, 63 days of hydration 

at w/b ratio of 0.5 (A - C3S, B - C2S, C - CC, E - AFt, G - gypsum, P - CH, M – 

magnesite, MC - monocarboaluminate, CA - C3A, CF - C4AF, Ti - titanium oxide for 

calibration reference) 

In Figure 5.5, the cement paste with SW shows a higher weight loss within 7 days than 

that of paste with DW, which reveals the enhanced early hydration of OPC paste in SW 

due to the influences of salt ions such as sodium, sulfate, and especially chloride ions. 

As mentioned above, the presence of chloride could accelerate the precipitation of 

calcium ions, which was beneficial to the dissolution of minerals. In terms of the sulfate 

ions involved in hydration, 0.034 molar of sulfate could be supplied from the 5.84 wt.% 

of gypsum in 100 g of OPC, and 0.0014 molar of sulfate was introduced from SW, 

which accounts for only 4% of that from gypsum. However, despite the small variation 

of sulfate content, Figure 5.5 reveals a similar or less amount of AFt formed in SW after 

1 hour and 2 hours of hydration. This is probably due to the formation of calcium 

oxychloride (Farnam, Dick, et al. 2015), which occupies the limited surface of cement 

particles and restricts the formation of AFt (Costoya Fernández 2008). As a result, the 

generation of AFt was slightly retarded at the initial stage of hydration.  
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Figure 5.5. TG/DTG curves of OPC in SW; after 1, 2, 8, 12, 18 hours, and 1, 2, 7, 28, 

63 days of hydration at a w/b ratio of 0.5 

The formation of FS was the most significant difference between pastes with DW and 

SW. The FS could be dehydrated at 120 ℃ (Birnin-Yauri & Glasser 1998b) and thus 

cannot be distinguished with carbo-AFm from TG analysis. In the X-ray patterns of 

cement paste with SW, the characteristic peak (2-Theta at 11.192°) confirmed the 

presence of FS, as shown in Figure 5.6. In particular, the hydration product carbo-AFm 

was never formed in cement paste with SW, which was quite different from cement 

paste with DW. The results suggest that carbo-AFm was instable with chloride ions and 

could be converted into FS in SW. Also, it was feasible to bind chloride ions by 

increasing the content of the AFm phase in OPC. Furthermore, it should be noted that 

more carbonate was observed decomposed over 600 ℃ in cement paste with SW, which 

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

carbo-AFm and the additional magnesium introduced from SW.  
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Figure 5.6. XRD pattern of OPC in SW after 2, 8 hours, and 2, 28, 63 days of hydration 

at w/b ratio of 0.5 (A - C3S, B - C2S, C - CC, E - AFt, F – FS, G - gypsum, P - CH, M - 

magnesite, CA - C3A, CF - C4AF, Ti - titanium oxide for calibration reference) 

5.3.3  Modelling of hydration 

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

quantitative analysis of TG/DSC results and semiquantitative analysis of XRD patterns. 

The peak areas in the DSC curve represented the enthalpy change, which reflected the 

energy transfer from a certain reaction of decomposition (Kong & Hay 2003) to support 

the quantitative analysis of mass loss. Taking samples of cement paste with DW in 2 

hours and cement paste with SW in 12 hours, as shown in Figure 5.7, the corresponding 

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

on these data, a linear regression was used to investigate the correlation between TG 

and DSC. Figure 5.8 demonstrates a reasonable agreement and close values to the linear 

relation for evaluating gypsum, CH, and CC. Therefore, the data from DSC confirmed 

the TG results, which could be the supplementation and correction in the estimation of 

the solid phase. The extent of OPC hydration was evaluated based on the changes in the 
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peak intensity of the crystalline phase in XRD patterns. The peak intensity was 

corrected by the intensity of TiO2, which was the calibration substance.
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(a) TG/DSC analysis of OPC hydrated in DW for 2 hours 
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(b) TG/DSC analysis of OPC hydrated in SW for 12 hours 

Figure 5.7. Quantitative analysis of TG/DSC in OPC hydrated in DW and SW 
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Figure 5.8. Fitting regression of the data from TG and DSC evaluation methods of 

gypsum, CH, and CC 

According to the result, a modelled evolution was set up regarding the various phases 

from OPC hydration in DW and SW as a function of the hydration time, as shown in 

Figures 5.9 and 5.10. It was observed that a small amount of gypsum dissolved in the 

first 1.5 hr, along with the hydration of C3A minerals, and a small amount of AFt was 

found precipitated. After 8 hours of hydration, it was noted that 35% of C3S had 

dissolved in SW, which was 16% more than that in DW, conformed to the 

aforementioned greater heat released from the hydration in SW during this period. After 

7 days of hydration, the total amount of hydrated C3S in DW was nearly caught up with 

that of paste in SW. At the late age of 63 days, the C3S minerals were almost completely 

hydrated in DW. However, 8% C3S was detected as remaining unhydrated in SW, 

showing that SW might decrease the late-age hydration rate of OPC. Furthermore, the 

total content of C-S-H in SW was lower, although it was beneficial to form C-S-H 

rapidly in the early 7 to 15 days of hydration. Overall, the results showed that the 

amount of C-S-H decreased by nearly 10 wt.% in SW after 63 days of hydration. The 
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decreases might be due to the increasing proportion of other hydration products such as 

AFt and FS, which led to a less negative effect on the late age strength of OPC. 
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Figure 5.9. Evolution of solid phases model and pore solution of OPC in DW and SW 
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(b) OPC hydrated in SW 

Figure 5.10. Phase evolution model of OPC hydrated in DW and SW 

The gypsum in DW and SW completely disappeared after 12 hours of hydration. At 

this moment, the content of AFt was no longer increased but started to convert to the 

AFm phase. For the cement paste with DW, the content of AFt accounted for 12.7% of 

the total mass and then decreased to 6.6% after 63 days. With the presence of limestone 

in OPC, nearly 48% AFt converted to the carbo-AFm phase instead of sulfo-AFm after 

63 days since carbonate can replace sulfate ions from AFm to form the stable phase 
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(Bonavetti, Rahhal & Irassar 2001; Lothenbach et al. 2008). In comparison, AFt in SW 

increased by 7% compared to that in DW after 18 hours. However, only 22% of AFt 

had decomposed after 63 days, indicating that the AFt exhibited more stable in SW. The 

reason is that the introduced chloride ions in SW are more stable to combine the AFm 

phase than carbonate from limestone. Therefore, the formation of sulfo-AFm became 

more difficult, which resulted in more uncombined sulfate ions presented in pore 

solution to hinder the decomposition of AFt.  

The hydration ratio of C3A and C4AF shows no significant discrepancy in DW and SW. 

Figure 5.9 shows that C3A and C4AF were hydrated completely in 4 and 7 days, 

respectively. As for C2S, only a similar 53% of this mineral phase was hydrated after 63 

days in both DW and SW, although SW can accelerate the hydration of C2S by 5% in 

the first 3 days. The formation of FS can be detected after 1 day of hydration in cement 

paste with SW, which gradually increased to nearly 7% of the total mass after 7 days 

and then kept unchanged for the further 56 days. FS is formed mainly from the residual 

unhydrated aluminate phase and chloride after AFt. The result showed that AFt formed 

earlier than FS, which can be due to the higher stability and insolubility of AFt than FS 

(Birnin-Yauri & Glasser 1998b; Hirao et al. 2005). In other words, FS can not be 

formed when gypsum exists because only AFt precipitates during this period, which 

was confirmed by the evolution of the solid phase from experimental results, as shown 

in Figure 5.10. It means that AFt does not have the chloride-binding capacity in the 

concentration of SW. The conclusion can also be drawn that if aluminate or ferrite 

minerals were used for binding chloride to reduce chloride concentration in cement, 

adding gypsum would weaken the binding effect. 

Compared to the solid phase from hydration in DW, it was observed that no carbo-AFm 

formed in SW. The significant differences revealed that the chloride in SW can convert 



 

120 
 

carbo-AFm to FS by replacing carbonate ions, to form FS which was more stable than 

carbo-AFm. Furthermore, the study found no carbo-AFm formed throughout the 

hydration of 63 days, which illustrated that the involved chloride had beyond the 

binding capacity of the aluminate and ferrite phase in OPC. Due to the replacement 

effect of carbonate in AFm, the SW paste remained 1.5% more CC and 2.3% more 

magnesite than those of DW paste. The consumption volume of pore solution can 

represent the extent of hydration (Powers & Brownyard 1946), from the reaction of free 

water converting into chemically combined water and hydroxyl. Throughout the entire 

hydration process, the amount of pore solution in SW was always lower than that of 

DW, particularly from 2 hours to 15 days of hydration. The rapid consumption in SW 

can inevitably influence the early strength and workability and may affect construction 

efficiency (Younis et al. 2018).  

5.3.4  Pore-size distribution 

Figure 5.11 presents the PSD of cement paste with various hydration ages in DW and 

SW. The size of the pores in cement paste was mainly distributed in the regimes of 40–

50 nm and 200–1000 nm. An average decrease can be observed in the porosity as well 

as the pore size with the increase in hydration time.  



 

121 
 

Due to the stimulating effect on hydration, SW accelerated the precipitation of hydrate 

phases to reduce the pores at the early stage, which was significantly before 7 days. The 

accelerating effect gradually decreased with the growing hydration ratio. After 28 days 

of hydration, similar PSD can be observed in DW and SW samples. Wherein the result 

shows that DW led to a higher volume of pores with a diameter between 100 to 500 nm, 

which may result from the space left from a higher content of AFt converted to AFm 

phases. However, in SW samples, more AFt can remain stable at the late stages due to 

the chloride, as discussed in Chapters 3.2 and 4.2. SW caused a higher ratio of pores 

over 1000 nm, which may be due to the larger space left between the dissolution of 

clinker particles and the rapid formation of the matrix at the earlier stage. 

5.3.5  Compressive strength of cement paste 

Figure 5.12 summarizes the development of compressive strength in OPC paste with 

DW and SW. It could be found that SW increased the compressive strength of cement 

paste significantly at 7 days due to the accelerated hydration. The gap in the strength 

between the two pastes was gradually narrowed over time. The pastes developed a 
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Figure 5.11. Pore-size distribution of cement paste hydrated in DW and SW at 1, 3, 7 

and 28 days 
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similar compressive strength at the late stage of 90 days. The experimental results were 

consistent with the calculation from thermodynamic modelling. However, it should be 

noted that the error value of the strength in SW samples was higher. The late-stage 

strength was relatively unstable compared to the references, which may be due to the 

delayed gradual decomposition of AFt that caused the internal reduction of volume after 

structural hardening. 

5.3.6  Compressive strength of cement mortar 

The compressive strength of mortars prepared by DW and SW was investigated, as 

illustrated in Figure 5.13. It could be found that SW increased the early compressive 

strength of cement mortar at 7 days by nearly 15% in both specimens with river sand 

and sea sand. As for the late stage age, however, the compressive strength of the cement 

mortar with DW increased considerably more than those with SW. Although the 

specimens with SW had higher compressive strength at 14 days, they were subsequently 

exceeded by their counterparts with DW after 28 days. It conformed to the promoted 

early hydration and the slightly retarded hydration of C3S in SW, which is the primary 
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Figure 5.12. The compressive strength of cement pastes hydrated in DW and SW at 1, 7, 

28, 60, and 90 days. 
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mineral phase in OPC, contributing to compressive strength. In addition, river sand was 

better than sea sand regarding the growth of compressive strength, as a better grading 

distribution in river sand can obtain a denser structure. By contrast, the particle size 

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

surface, furthermore, weakens the bound properties between cement and aggregates, 

thus gaining a relatively lower compressive strength. 
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Figure 5.13. Compressive strength of cement mortar with different types of water and 

sand  

5.3.7  Flexural strength of cement mortar 

In Figure 5.14, the difference between specimens with SW and DW is less than 8% in 

flexural strength. However, using sea sand reduces the flexural strength by nearly 25% 

from 7 days to 28 days, indicating that the ions in SW present less impact but the 

flexural strength is greatly decreased by the poor particle size distribution of the 

aggregate. 
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Figure 5.14. Flexural strength of cement mortar with different types of water and sand 

5.4  Conclusions 

In this study, the hydration properties of OPC in DW and SW have been investigated by 

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

The main conclusions were as follows: 

The hydration of OPC can be accelerated by SW, which is mainly due to the chloride 

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

rate indicates the positive effect of SW, especially in the stage of 2 to 48 hours. The 

formation of FS led to the accelerated hydration of C3A and C4AF. Therefore the 

hydration rates of the two minerals were increased at high w/b ratios, with additional 

chloride involved in hydration.  

The hydration rate of C3S is greatly promoted in SW, especially at the early age of 1 

day, due to the involved chloride in hydration. At the same ion concentration, the 

hydration rate of C3S is not significantly increased by mixing with more SW. However, 

the hydration of aluminate and ferrite can be stimulated with the increasing amount of 

SW involved, which is due to the formation of FS. 
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Affected by the rapid hydration in SW, the early compressive strength of OPC mortar 

increased rapidly. For the cement mortar with SW at the w/b ratio of 0.4, the 

compressive strength of 7 days and 14 days increased by 15% and 5%, respectively, 

compared to those of counterparts with DW. However, the compressive strength of 28 

days is nearly the same as that of specimens with DW. SW can influence the flexural 

strength of less than 8% from 7 days to 28 days, while using sea sand instead of river 

sand can decrease flexural strength by 25% due to the poor particle size distribution. 

The chloride in SW promoted the early hydration reaction and influenced the hydrate 

assemblage of the hydrating cement paste. In the presence of chloride, FS was more 

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

rate of AFt at 63 days was reduced from 51% to 22%, and more carbonate was formed, 

such as magnesite which accounted for 2.3% to 4.6% of the total mass. As a result, the 

chloride binding capacity of OPC could be weakened by sulfate from gypsum, for that 

gypsum can react with aluminate to form stable phase AFt, which has no chloride-

binding capacity. 

It was found that at the later age of 28 days, 8% C3S remains unhydrated in OPC paste 

with SW, and the mass of C-S-H is 10% lower than that of OPC paste with DW. The 

decrease in mass might be due to the increasing proportion of other hydration products, 

such as AFt and FS, and thus had a less negative effect on the later strength of OPC. 
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CHAPTER 6.  MICROSTRUCTURE ANALYSIS OF 

HYDRATION RESPONSE OF PORTLAND CEMENT 

WITH SEAWATER 

This section investigated the microstructural hydration features of Portland cement with 

natural seawater (SW). Special attention was paid to characterizing the pore, hydrated 

and anhydrous phases through the microscopy techniques of secondary electron (SE), 

backscattered electron (BSE) imaging and energy dispersive spectrometry (EDS) 

mapping. The characterization combines the latest BSE and SEM-EDS mapping 

techniques for obtaining two-dimensional digital images of Portland cement paste in 

which all major phases and pores are identified. Numerical treatments of maps are 

conducted to allow intuitive visual identification. Statistical results from different 

mapping techniques are compared and discussed.  

6.1  Experimental program 

6.1.1  Materials and sample preparation 

The materials used in this section, including OPC, DW, and SW, were the same as those 

used in Chapter 5 to ensure the uniformity and representativeness of the samples 

investigated. Cement paste mixing was performed with DW or SW at a w/b ratio of 0.5 

using a Hobart mixer according to ASTM C305. Cylindrical plastic moulds of 50 × 100 

mm were used for casting. The cast paste samples were sealed and placed at 20 ℃ for 

12 hr, 7 days, 28 days, and 63 days until testing. Two drying methods were applied 

afterwards, which depended on the curing time of the samples. For the 12-hour cement 

paste samples, a vacuum freeze dryer was used to prevent brittle fracture of the early-

stage samples. Before drying, samples were crushed into 2 – 3 mm particles. The drying 
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process lasted 2 days at -55 ℃ in vacuumed condition to remove the free water. For the 

other longer-cured samples, particles with a diameter of about 2 mm were collected 

from the crushed cement paste. Isopropanol was used as the solvent exchange to dry the 

particles for 7 days. During the drying, the isopropanol was renewed at 1 hr, 1 day and 3 

days. The dried particles were transferred into a vacuum desiccator with CO2 and H2O 

absorbing agents to allow the residual isopropanol to evaporate. In these two drying 

ways, the chemically bound water in hydrate phases was preserved as possible, thus 

keeping the hydrates unaltered (Scrivener, Snellings & Lothenbach 2016). However, it 

should be noted that the freeze-drying method was not the condition encountered in 

conventional cement hydration, especially at the stage of initial structure formation, and 

the pore structure in freeing-drying samples may be changed.  

Samples were tested within 1 day after the drying process to ensure the reliability of 

experimental results. To inspect the morphology of the hydrate phases, the dried 

samples were broken to reveal a fresh surface, cleaned with nitrogen to clean the 

investigated surface, and then coated with Au/Pt alloy (80/20) with a thickness of 5 nm. 

Carbon Conductive tape was also used to bond the sample to the pin stubs, to improve 

conductivity and reduce the charge-up effect. As for further quantification of hydrate 

phases, preparing a smooth surface was significant to acquire reliable experimental 

results on delicate microstructure. The dried samples were crushed to collect 2 mm 

slices. To obtain a flat surface, silicon carbide paper #1200 was used for further 

polishing. Resin mounting was conducted using Leco 812-522TM epoxy, followed by 

vacuum impregnation. The embedded samples were then polished by an SS-1000 

polishing machine with polishing cloth leclothTM discs. Water-free diamond polishing 

suspensions were used as abrasives, with diamond lapping oil as a lubricant to prevent 

further hydration during the polishing process. An ideal mirror-like surface can be 
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attained by a 20-minute polishing under a pressure of 15 N with a 9 µm diamond 

suspension, followed by a 30-minute polishing at 20 N with a 3 µm diamond suspension 

and a 1-hour-polishing at 20 N with a 1 µm diamond suspension.  

During the polishing process, the lapping oil was added continuously to cool down the 

surface’s temperature, protecting AFt from thermal decomposition. Isopropanol 

ultrasonic bath was used to clean the samples before changing the polishing abrasives. 

The samples were coated with carbon with a thickness of 15 nm to avoid the 

interference effect of Au to EDS analysis after dried in the vacuum desiccator. 

6.1.2  Test methods 

The morphology analysis of hydrate phases at high magnification was conducted with a 

Field emission scanning electron microscope (FESEM) of Zeiss SUPRA 55-VP 

equipped with an Energy Dispersive X-ray Spectrometer (EDS) of Bruker Quantax 400. 

EDS point-scan analysis was performed to identify hydrate phases. 

The microscope hydrate phases were expected to be quantitatively characterized by 

analyzing polished samples through Zeiss EVO SEM with EDS. The quantification 

analysis of pores (500 nm – 100 µm) applied statistical map image analysis, combining 

SE and BSE imaging. The grey-level statistics analysis of BSE images was also 

conducted to roughly separate the region of hydrated and unhydrated phases. 

Furthermore, EDS quantitative mapping technology was applied to obtain data on the 

atomic proportion of the investigated area, which can quantify various phases based on 

their chemical composition. 

It takes nearly 1 hr to obtain a high-quality EDS mapping database (hypermap). 

Therefore, during the long scanning time, the conductivity of the samples was critical to 

avoid image shifting due to the beam drifting effect. In addition, the EDS mapping 
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scanning process synchronizes with BSE imaging to ensure the two imaging areas are 

consistent. 15 kV was applied as the accelerating voltage to access K lines of Fe. 

Whereas clear BSE images with high contrast gradients can be obtained from a 

scanning beam current of 2 nA, the deadtime value should be carefully considered. As 

proposed in the existing literature on quantitative EDS analysis, the deadtime was 30-35% 

from the study of Georget (Georget, Wilson & Scrivener 2021), who used Aztec 

software to acquire and quantify hypermaps. However, as proposed by Newbury, the 

deadtime was recommended to be lower than 10% to minimize pulse coincidence (sum 

peaks) (Newbury & Ritchie 2015). By using Esprit software to acquire and process EDS 

hypermaps in this study, if the deadtime was over 40% or more, the input counts per 

second are too high to be handled optimally by the current amp time and may lead to 

excessive summed peaks, and causing high dispersion after when processing hypermaps, 

as indicated in Figure 6.1. The significant discrepancy may be due to the different 

software used. Therefore, based on the performance of EDS detection equipment, the 

optimum deadtime was 5% - 9%, and the beam current was adjusted from 300 – 600 A, 

for the different types of polished samples investigated. 
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Figure 6.1. The elemental atomic ratio mapping result of 12-hr cement paste with DW 

(data acquired with 40% deadtime, quantified at resolutions of the same acquired 



 

130 
 

hypermap) 

The EDS hypermaps were acquired over regions of 440 µm by 330 µm at a resolution 

of 1024 × 768 pixels. The dwelling time (the time the electron beam stayed on a pixel 

while acquiring hypermaps) was 256 µs, with the line average (controls the number of 

times a horizontal line was scanned before proceeding to the following line) of 10, 

wherein it took nearly 40 minutes to acquire a quantified hypermap. 

The quantitative data about the sample composition is derived from the different peak 

intensities by an extensive mathematical process. In this study, the standard peak-to-

background ZAF correction (P/B ZAF) was used as the self-calibrating method. The 

data of standards for all elements of interest in this study was from the built-in standards 

library: wollastonite for Ca, corundum for Al, anhydrite for S, quartz for Si, NaCl for Cl, 

hematite for Fe and MgO for Mg. Due to the limited standards database, the 

quantification of Na and K was performed by the standardless P/B ZAF method, which 

can also provide reliable and adequate element results for non-light elements. In 

addition, the stoichiometric of O was alternatively carried out during elements 

processing. Although it may not be accurately quantified, it would correct matrix errors 

effectively by processing the oxides of the dominant (Georget, Wilson & Scrivener 

2021).  

The resolution of output quantitative processing results also needed to be adjusted; the 

long processing time severely limited the efficiency of determination. If the resolution 

remained unchanged (1024 × 768 pixels) or increased, quantifying a map would 

typically take 10 hours to more than one day but obtain high-quality maps. A finer 

quantifying calibration could significantly reduce data dispersion. As shown in Figure 

6.2, the higher the resolution outputted, the higher the quality of the results. A 

compromise of one-second resolution of the acquired maps was adopted, which could 
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produce a satisfactory result in an acceptable one-hour time. In this way, a quantified 

elemental map was obtained in about two hours. 

6.2  Image and data treatment  

The characterization combines the latest image and data processing technologies, SEM 

imaging, and EDS mapping methods for obtaining two-dimensional digital images of 

cement paste in which all major phases and pores are identified. A sequential approach 

to the study is presented in Figure 6.3, which will discuss the following issues in 

separate sections: 

1. Region segmentation of BSE image and its defects  

2. Correction of pore area by combining SE and BSE images 

3. Processing EDS mapping data for phase identification and regional quantification 

4. Obtaining two-dimensional digital images for microscopic characterization 
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Figure 6.2. The elemental atomic ratio mapping result of 12-hour cement paste with 

DW (data acquired with 7% deadtime, quantified at resolutions of the same acquired 

hypermap) 
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Figure 6.3. Flowchart of the image and data treatment process corresponding to sections 

of the paper 
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6.2.1  Greyscale segmentation 

Figure 6.4 illustrates typical greyscale segmentation results from a BSE image of the 

63-day hydrated OPC paste (the sample S63d_1) with SW, as an example in the 

following image and data treatment. The deconvolution procedure of the histogram was 

performed by Peakfit software, using a Gaussian response function with a Fourier 

deconvolution algorithm. Three Gaussian curves can be revealed in Figure 6.4(b), which 

represent a local maximum. The first Gaussian curve is primarily assigned to the C-S-H 

phases, and the second Gaussian curve can be classified as CH. Since the intersection of 

the two Gaussian curves was close to the peak, segmenting the two phases directly by 

greyscale discrepancy was not rigorous to some extent; the greyscale of CH and inner 

C-S-H phases were hard to distinguish, especially at the late stage. Therefore, Gauss 1 

and Gauss 2 were counted jointly as hydrated phases.  

The third Gaussian curve can be attributed to unhydrated phases. The intersection 

between Gauss 2 and Gauss 3 was set as the threshold to divide hydrated and 

unhydrated phases. It should be noted that no sharpened peak occurred in the histogram 

because the BSE imaging can still detect partly phases inside the larger pores. Therefore, 

the tangent-slop method (Scrivener 2004; Scrivener et al. 1986) was used as the strategy 

to determine the threshold to divide the C-S-H phase and pore. Proper area 

segmentation with other strategies, such as the “overflow” method (Wong, Head & 

Buenfeld 2006), was also reasonable in common. However, it needs to be emphasized 

that the pore determination only by the greyscale of BSE was not wholly reliable. Joint 

strategies would be used to correct the pore phase determination, which was illustrated 

in the subsequent section. Here, the greyscale values of 123 and 216 were adopted as 

the threshold for the pores, hydrated, and unhydrated phases of the particular BSE 

image.  
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(c) Polychromatic greyscale images based on the specified threshold 

Figure 6.4 A typical BSE image treatment for region segmentation in S63d_1 

The Polychromatic BSE images can be obtained based on the greyscale segmentation 

above in Figure 6.4(c). Table 6.1 lists the determined threshold of samples in this study, 

wherein slight differences in threshold value can be observed even for the samples from 

the same cement paste. This is because the current intensity was adjusted to obtain 

qualified EDS hypermaps with enough counts per second, resulting in a brightness 

change in the BSE image. Due to the various hydrated time, the current intensity of 

microscopy needed to be adjusted depending on the imaging quality and deadtime for 

elemental mapping. Thus, there was an unvoided deviation of brightness and contrast of 

these images, and threshold values should be determined independently for each sample. 

More details about threshold determination for the samples were plotted in Appendix A. 

polychromatic greyscale Pores 

Unhydrated phases hydrated phases 



 

136 
 

Even though the phase segmentation might be arbitrary to some extent, it can ensure the 

reliability of revealing regularity by using the identical processing strategy. 

Table 6.1 Threshold values for hydrate phases segmentation of cement paste 

Cement Pastes Pores Hydrated phases Unhydrated phases 

D12h_1 0 – 53 54 – 140 141 – 255 

D12h_2 0 – 48 49 – 145 146 – 255 

S12h_1 0 – 117 118 – 192 193 – 255 

S12h_2 0 – 106 107 – 182 183 – 255 

D7d_1 0 – 125 126 – 200 201 –255 

D7d_2 0 – 109 110 – 186 187 – 255 

S7d_1 0 – 131 132 – 205 206 – 255 

S7d_2 0 – 118 119 – 197 198 – 255 

D28d_1 0 – 107 108 – 207 208 – 255 

D28d_2 0 – 108 109  – 182 183 – 255 

S28d_1 0 – 124 128 – 187 188 – 255 

S28d_2 0 – 146 147 – 204 205 – 255 

D63d_1 0 – 119 120 – 191 192 – 255 

D63d_2 0 – 130 131 – 192 193 – 255 

S63d_1 0 – 130 131 – 212  213 – 255 

S63d_2 0 – 123 124 – 216 217 – 255 

Nomenclature: using “D28d_1” as an example, D denotes deionized water, 28d denotes curing for 

28 days, and 1 represents the sample’s number. 

6.2.2  Pore determination 

Following the discussion above, it is defective for only using BSE greyscale histogram 

to determine pore area. A slight change in pore-related threshold can significantly 

increase or decrease the accounted area, mainly because some hydrate phase detected in 
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the pore was not counted as pore area. Therefore, a method for correcting the pore size 

was applied by combining SE images, in which the area of large pores was easy to 

determine. 

The charge-up effect was undesirable in SEM imaging. However, it can well depict the 

boundary of the pores. The binarization of the pores and other phases can be obtained 

by adjusting the threshold, as shown in Figure 6.5(a) and (b). It must be emphasized that 

the charge-up area (the white area in Figure 6.5(b)) was larger than the real boundary of 

the pores. Therefore, a visual adjustment was required to shrink the white area 

(generally two pixels inward) after filling the internal area (for ImageJ software, the Fill 

Holes and Erode function may help as Figure 6.5(c)), and the outline of pores based on 

SE image can be obtained eventually in Figure 6.5(d).  

 

Figure 6.5 Delineation of pore boundary processed by SE image 
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Notably, the pore determined should consist of hollow reaction shells, cracks, and 

capillary pores (Wong, Head & Buenfeld 2006). By narrowing treatment, the finer pores 

(about two or fewer pixels in diameter) might be filtered out inevitably, hence the need 

for a merged pore boundary. According to the threshold determined from the BSE 

image above, the outlines of finer pores can be well preserved, as depicted in Figure 

6.6(a) and (b). The merged pore boundary in Figure 6.6(c) can be obtained by 

combining the superiority of two pore-boundary determination methods, resulting in 

higher reliability in characterizing pores by image analysis. The corrected pore 

distribution is depicted in Figure 6.6(d), which can be further investigated for 

quantification. 

 
Figure 6.6 Correction of pore area by combining SE and BSE image 
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6.2.3  Phase quantification 

Since the hydrated and unhydrated phases can be roughly determined by image analysis, 

it should be worth considering the identification and quantification of various phases. A 

new framework developed by Georget et al. (Georget, Wilson & Scrivener 2021), edxia, 

was used to identify phases by the ratio plots. This program was coded in Python 

(Oliphant 2007), using developed libraries of scipy (Jones, Oliphant & Peterson 2019; 

Moore et al. 2020), matplotlib (Jones, Oliphant & Peterson 2019) and scikit-image (van 

der Walt et al.). Based on its open-sourced framework, visual operating interface and 

creating linked maps with ratio plots, the edxia method significantly simplified the data 

processing. 

6.2.3.1 Denoizing of elemental maps 

Due to the limited scanning time for the EDS detector, the number of characteristic x-

ray counts collected per pixel is usually lower than the threshold needed for dictating a 

high accuracy (Rossen & Scrivener 2017), which causes maps to be noisy. The noise 

was featured with the brightness variations as the densely dotted textures on the 

elemental maps. For instance, a calcium map with noise texture can be observed in raw 

EDS data displayed in Figure 6.7(a). The noise texture significantly caused a higher 

spatial dispersion in the pixels’ element ratio distribution and brought inconvenience to 

the later processing while identifying various phases. Thus, image denoising was 

necessary. Although it may cause a few pixels to be unreliable, most can still provide 

competent information to distinguish more representative areas readily. 

An ideal denoising result should remove hot pixels while preserving the sharp edges 

(Georget, Wilson & Scrivener 2021). Otherwise, the fuzzy edges of elemental maps 

would cause mutual encroachment in adjacent areas, distorting the original volume. The 

left column of Figure 6.7(b) to 6.7(d) displayed the processed Ca map by three 
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denoising algorithms: the total variation algorithm (Chambolle 2004), the Gaussian 

filter (Haddad & Akansu 1991), and the mean filter. The other maps (such as Si and Al) 

were denoised using consistent algorithms, plotting the element ratio on the right 

column. The denoising effect of each algorithm was controlled by its parameter. The 

mean filter depends on a radius parameter (the value here was 10.0); the Gaussian filter 

depends on a scale parameter (the value here was 0.5); the total variation algorithm 

relies on a weight parameter (the value here was 0.1). For each denoising algorithm, the 

optimum value of the parameter was not a constant (the larger the parameter value was, 

the further blurred the map was), and here it can be used as a reference for a reasonable 

range. In addition, adjusting the parameter value cannot optimize the algorithm, and 

thus the denoising algorithm selection should be prioritized. By comparing the 

deionizing methods, a better effect can be obtained by using the total variation 

algorithm, even converging the dispersed scatters into two strips. The mean filter can 

obtain a similar result, but the edge in the map was significantly blurred. As for the 

Gaussian filter, a compromise should be reached between the texture reduction and the 

fuzzing edge by adjusting the parameter, which limits the denoise extent. Based on the 

Gaussian function, a Joint bilateral filter (Eisemann & Durand 2004; Petschnigg et al. 

2004; Tomasi & Manduchi 1998) was developed to be the non-linear, edge-preserving 

denoising algorithm for images. It was also a competitive method to reduce the need for 

compromise while becoming more sensitive to parameters (Georget, Wilson & 

Scrivener 2021) 
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(a) Original Ca maps and atomic ratio plotted without filter 
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(b) Ca maps and atomic ratio plotted with mean filter (Radius = 10) 
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(c) Ca maps and atomic ratio plotted with Gaussian filter (Sigma = 0.5)
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(d) Ca maps and atomic ratio plotted with total variation algorithm (Weight = 0.1) 

Figure 6.7 Effect of the denoising algorithm on the Ca map and representative points in 

the ratio plot 

Denoising is not an objective process—it inevitably leads to participant bias. 

Nonetheless, the information distributed over the many composition ratios was still 

quantitative on average (Harrisson, Winter & TAYLOR 1987). Because of the best 

denoising effect achieved from the total variation algorithm, it was used to process the 

elemental maps. 

6.2.3.2 Merging composite maps  

The main elements of interest in cement composition are Al, Si and Ca, by which most 

of the phases can be identified. A composite map with the three elemental distributions 

can be obtained by merging the elemental maps as the three channels of an RGB image: 

Si map for the red channel, Al map for the green channel, and Ca map for the blue 

channel. To enhance the definition of the grains' outlines in the image, the 

corresponding grey-scale BSE map can be used as the background with a translucent 

layer of the composite map covered. Figure 6.8 shows the four components of a 

composite image (a greyscale BSE image and three quantified element maps). The 

composite image is displayed in Figure 6.9(a). Specific chemical compositions of 

phases were displayed as colours with the corresponding RGB values; thus, they can be 

  20 µm 
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identified. The background of the legend was set as the average colour of outer C-S-H 

for a better distinction by visual intuition.  

The composite map was suitable for fast phase identification, which was adequate for 

those phases with significant differences in chemical composition, for example, the CH 

and AFm phases. However, when it is necessary to consider the other elements (such as 

sulphate, chloride and magnesium), the composite map cannot merge another 

component unless replacing the original channel or displayed as a grey channel. In 

addition, the threshold in the composite map was offered by the hue of three quantized 

elements, not the chemical composition. For example, it was intractable to distinguish 

  
(a) BSE image (b) Quantitated map of Ca  

  
(c) Quantitated map of Si (d) Quantitated map of Al 

Figure 6.8 Components of a composite image 

50 µm 



 

144 
 

the AFm phases and AFt. Therefore, phase separation based on chemical composition 

was necessary to go further. 

6.2.3.3 Regions Segmentation in image 

The segmentation can also apply to BSE images. However, without information on 

chemical compositions, it typically failed to distinguish hydrate phases through the 

region segmentation based on only greyscale distribution. Therefore, region 

segmentation by chemical composition was more beneficial for hydrate phase 

identification. 

A simple linear iterative clustering (SLIC) algorithm was used to perform segmentation 

(Achanta et al. 2012), which adapted a k-mean clustering approach (Forgy 1965) to 

generate superpixels (a group of adjacent pixels that share common characteristics). 

Here in EDS’s hypermaps, the similar characteristics were similar chemical 

compositions. By giving similar pixels the same colour belonging to a superpixel, it 

would provide perceptual meaning to facilitate phase identification. The segmentation 

result is displayed in Figure 6.9(b), which constituted 5000 chromatic fragments. The 

dots were the geometrical centre of each fragment. The main details were retained 

compared with the composite image in Figure 6.9(a). The segmentation was 

unnecessary while significantly reducing the data processing time and increasing the 

signal-to-noise ratio. Meanwhile, the loss of image information was minimized by using 

the SLIC algorithm. In a full scan image (with 1024 × 768 = 786, 432 pixels), a 

segmentation in 5000 to 20000 fragments is recommended (Georget, Wilson & 

Scrivener 2021). The geometric centre of these segmented regions would be used as the 

representative points with the chemical information to be analysed. 
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6.2.3.4 Identification and division of mixtures  

For identifying cementitious phases, the atomic ratio was commonly adopted (Harrisson, 

Winter & TAYLOR 1987). A dataset of Al/Ca to Si/Ca plots can be obtained in Figure 

6.10 based on the atomic ratio of the representative points. The circle regions 

representing some pure phases were marked corresponding to stoichiometries from 

Taylor (Taylor 1997). It can be observed that most of the points were not located ideally 

 

(a) Composite image 

 

(b) Segmented image (in 5000 pieces) 

Figure 6.9(a) Composite image generated from the translucent RGB layer over grey-

scale BSE in Figure 6.8, and (b) Region segmented image using SLIC algorithm. 
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in the regions; they were distributed as mixtures instead of pure phases. The reason may 

result from the limitation of scanning resolution. The C-S-H matrix contains various 

small particles, such as anhydrous grains and other hydrate phases. These fine particles 

were even smaller than the interaction volume of electron beams (the size of one pixel) 

that cannot be identified to a phase and, thus, would be considered “impurities” in the 

matrix.  

The “impurity effect” inevitably caused a dispersion of point clouds in the result from 

the EDS mapping on the matrix unless a large amount of pure phase formed within a 

specific volume. Therefore, the region corresponding to the C-S-H matrix was depicted 

by the atomic ratio points from the pure C-S-H gels and the sub-resolution phases. The 

“impurity effect” occurred in other identifiable hydrate phases (such as Layered double 
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Figure 6.10 Atomic ratio (Si/Ca to Al/Ca) of representative points (in 20,000 fragments) 

from EDS hypermaps. The pure phases refer to the corresponding stoichiometries 

proposed by Taylor (1997). 



 

147 
 

hydroxide (LDH) particles of AFms and other solid solutions), resulting in the mixture 

lines between the C-S-H matrix and the pure phases. In the Glue interface, the region of 

interest (ROI) can be separated by setting the thresholds along these lines, which 

correspond to certain phases by their stoichiometries. Conversely, the ROI can be 

corrected graphically using the grey-scale BSE image. Finally, after multiple 

adjustments, a finer ROI can be obtained through the manual selection approach. 

6.2.3.5 Phase separation 

According to the above approach, Figure 6.11 shows the boundary definition of point 

clouds and the corresponding false-colour ROI layers displayed on the BSE image. 

Based on the atomic ratio, the strategy for separating the main phases is listed in Table 

6.2. A tolerance ε can be set up out of the scope of the stoichiometry of ideal pure 

phases dependent on the ratio distribution. The regions of anhydrous particles in the 

grey-scale BSE image can refine the typical value of ε. Because the composition of the 

cement and the sub-resolution phases mixed in the matrix may be variable, the 

boundary of the C-S-H matrix should be determined according to the specific situation 

rather than a fixed scope. 

Compared to the outer C-S-H (the phases formed between clinker grains), the 

composition of the inner C-S-H (the phases formed in clinker particles) was more 

homogeneous due to the fewer other phases glued. The related point cloud was adjacent 

more to the boundary of C2S. It seems reasonable because the inner C-S-H was more 

likely to form after the surface of anhydrous particles was completely covered by 

hydrated phases (Scrivener, Juilland & Monteiro 2015). Therefore more inner C-S-H 

was formed around C2S due to its slower hydration rate. The definition of these 

boundaries can also, or perhaps should, refer to the BSE image. Thus, the scope listed in 



 

148 
 

Table 6.2 should not be taken as a strict guideline, but it can be considered an empirical 

rule to mark the phases readily.  

Table 6.2 Strategy for separating phases in cement pastes. ε represents a tolerance dependent on the 

distribution of representative points in the atomic ratio plot. 

Phase Si/Ca Al/Ca Others 

C3S 0.33 ± ε < 0.06  

C2S 0.5 ± ε < 0.06  

CxAF < 0.2 > 0.25–0.5  

AFm < 0.2 < 0.25–0.5 S/Ca, Cl/Ca 

CH/CC < 0.2 < 0.1  

C-S-H matrix Variable Variable  

Quartz > 1 < 0.1 High value in Si 

Gypsum < 0.2 < 0.1 S/Ca 
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Figure 6.11 Definition of representative point clouds for phase separation 
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Kaolinite > 0.8 > 0.8 Si/Ca = Al/Ca 

For the threshold definition of specific aluminium-bearing phases, such as AFt and FS, 

the Si/Ca vs. Al/Ca plot was insufficient to determine the boundaries; it should 

correspond to the ratio of sulfate and chloride. The typical crystal size of AFt was 

approximately 100 nm (refer to Figure 6.15 and Appendix B), which was significantly 

lower than the mapping resolution (430 nm for one pixel). Therefore, it was not strange 

to hardly find a representative point in the region of pure AFt phases (as shown in 

Figure 6.12(a)). Enhancing the resolution of EDS hypermaps was surely an effective 

measure to identify the sub-resolution phases. However, it can still be detected with the 

aid of a S/Ca vs. Al/Ca ratio plot. Based on the stoichiometry of AFt, the region rich in 

AFt of the C-S-H matrix would lead to a higher S/Ca ratio. Some representative points 

within the stochiometric range, thus, can be assigned as the geometric centres of 

segmented regions representing Aft phases. It would be, to some degree, disputed in 

phase identification. One is that, for example, in the regions of AFm phases, some 

points with a lower sulfate ratio might be caused by a small amount of AFt, not the 

AFms. Second, as shown in Figure 6.12(b), it can be observed that most of the selected 

AFt points were distributed in the regions of the C-S-H matrix, indicating that the sub-

resolution AFt phase was detected integrally mixed with C-S-H. It seems hasty to assign 

the whole region as the AFt phases. Therefore, a compromise strategy was needed. For 

instance, the S ratio of C-S-H close to AFt phases was not assigned to the C-S-H 

matrix—assigning the AFt phase was a higher priority. Similar strategies were adopted 

to separate the C-S-H matrix with other detectable sub-resolution phases. The 

compromise strategy was not rigorous for quantifying these sub-resolution phases, but 

conducting qualitative comparison was adequate if the points assignment was 

performed according to the unified compromise strategy.  
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Figure 6.12 Boundary definition for specific phases  
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 SW increased the chloride ratio in the cement matrix. The consistent compromise 

strategy allows representative points for FS and KS to be selected by Cl/Ca vs. S/Ca 

plot outside the C-S-H matrix in Figure 6.12(c). Similarly, these points were not 

considered pure phases; they represented AFms with a higher chloride ratio on average. 

The Cl/Ca vs. S/Ca plot also provided valuable information. For example, it can be 

observed that most of the AFm phase identified contains lower S and Cl, indicating the 

formation of carbo-AFm phases, which is consistent with the result in Chapter 5. 

Figure 6.13 displays the separated regions corresponding to various phases. The inner 

C-S-H phase was found surrounding the C2S and C3S particles. Some of them were 

observed in the shape of particles formed by the completely hydrated C3S and C2S 

phases. Combining with the BSE image, most CH clusters were found in the pores, 

which can be distinguished from CC particles with smooth surfaces and neat edges. A 

group of small AFm particles precipitated adjacent to the anhydrous CxAF phase or 

scattered around, formed in the space left from clinker dissolution. Some of them can be 

  

 

Figure 6.13 Identified phases by stoichiometries as overlays of the phase masks on 

the BSE image 
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identified as FS and AFt. The outer C-S-H as the matrix glued various phases as a 

composite mixture. 

6.2.4  Quantitative data analysis 

Based on the image treatments mentioned above, a composite image was obtained to 

display the detailed distribution of pores and phases. However, extracting quantitative 

data from only one image may cause a great error due to contingency; a very large pore 

or anhydrous grain would result in a remarkable difference in value. Reducing the 

scanning magnification can decrease the error effectively, but more sub-resolution 

phases became hard to be identified. Geogret et al. (Georget, Wilson & Scrivener 2021) 

proposed a feasible method for images at high magnification—to renormalize the big 

particles according to the normalized result from remaining regions. In this study, 

images with a 1.57 times larger scanning area were used for quantitative analysis. In 

addition, more maps for one sample were used for statistical analysis (listed in 

Appendix C). Although it was time-consuming work, it was an exploratory attempt for 

future work. 

 

 

Figure 6.14 Composite image by ternary microstructure characterizing results 
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6.3  Experiment results 

6.3.1  Morphology of hydrate phases 

Figure 6.15 displays the SE micrographs of the cement paste after 28-day hydration 

with SW. Specific phases in the images can be identified by their typical micro 

morphologies and using the information from EDS points measurements. For instance, 

some crystals with high purity can be determined, such as CH as hexagonal platelet 

morphology (Plot 4) and AFt as hexagonal and prismatic crystals (Plot 10). The 

growing CH crystal thickened as a function of time (Plot 15). Although sealed curing 

was conducted to insulate CO2 exposure, the carbonates can still be observed due to the 

self-contained CC in cement. Since the chloride was more competitive than carbonate to 

bind AFm phases, the initially dissolved carbonate would carbonate the CH phase 

eventually. Early signs of nucleation of carbonized CH (Jiang et al. 2018) can be 

observed in Plot 1; the crystal nuclei were evenly distributed on the CH matrix. The 

elongated clusters morphology can be observed from the growing carbonate calcium in 

Plot 2. The magnesium from SW can be precipitated as the M-S-H hydrate phase 

(Lothenbach et al. 2015; Nied et al. 2016; Roosz et al. 2015) mixed with C-S-H phases 

(Plot 3) and Mg-Al hydrotalcite-like phase (Haha et al. 2011) (Plot 5 and 6). As the 

main hydrate phase, C-S-H (Plot 7) can link other ions such as aluminate or alkalis, due 

to its poorly crystalline structure (Richardson & Groves 1993; Richardson 2008).  

Cement with a higher content of aluminate may lead to the aluminate incorporation by 

C-S-H to form C-A-S-H and change the chain length (L’Hôpital et al. 2015; Lothenbach, 

Scrivener & Hooton 2011; Myers et al. 2015). The phase can be determined on Plot 13 

with a looser surface than C-S-H.  
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In Plot 8 and 9, the AFt phase was converted to carbo AFm phases. The higher chloride 

or sulfate content in some AFm phases indicated the formation of FS and sulfo-AFm 

phases, as shown in Plots 11, 12, and 14. The coexisted AFm phases indicated that the 

sulfate, carbonate (mainly from gypsum and CC in cement) and chloride (mainly from 

SW) compteted for the formation of AFms. Like solid solution, these phases had no 

remarkable differences in morphology, and no obvious boundary can be determined. 

This was analogous to a sponge with absorbed fresh water on one side and salt water on 

the other. Segmentation of area could only be performed by ion concentration. 

Therefore, it confirms the feasibility of characterizing cement phases by element ratio 

from EDS approach. 

In terms of the evolution of morphology, more details are listed in Appendix B. 

Although SW boosts the earlier microstructure formation by accelerating the hydration, 

noticeable differences in phase morphology cannot be observed at the late stage. 

However, issues should be considered regarding its stability. Since the microstructure of 

SW samples was developed in a stable condition with various ions involved, the main 

hydrate phase's volume, C-S-H, inevitably changed from element incorporation 

(L’Hôpital et al. 2015) or increased chemical shrinkage (Vafaei et al. 2022). Once the 

volume change is reversible, the stability of the structure may be sensitive to the long-

term service environment. 
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 (a) FESEM images of hydrated OPC in SW at 28 days. 

   

(b) Plot 1 (carbonized CH) (c) Plot 2 (Carbonized CH) (d) Plot 3 (C-S-H/M-S-H) 
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hydrotalcite) hydrotalcite) 

   

(f) Plot 7 (C-S-H) (g) Plot 8 (Carbo-AFm) (h) Plot 9 (Carbo-AFm) 

   

(i) Plot 10 (AFt) (j) Plot 11 (FS) (h) Plot 12 (Sulfo-AFm) 

   

(i) Plot 13 (C-A-S-H) (j) Plot 14 (FS) (k) Plot 15 (CH) 

Figure 6.15 EDS identification of OPC paste with SW at 28 days. 

6.3.2  Statistical result of microstructure characterization 

The volume of all identified phases and pores can be counted from the ternary 

composite images obtained by image treatment. Statistic results of the areas 

corresponding to various phases were presented in Figure 6.16 through BSE greyscale 

segmentation method and EDS mapping method. The standard deviation of the data set 



 

157 
 

extracted from the composite images was calculated and displayed as the error bar on 

the top of the columns. It can be observed that the concentration of values was high due 

to the short error bar, which increased the reliability of the average results. If needed, 

the volume content of phases can also be converted to the mass content based on the 

density of identified cement phases (Balonis & Glasser 2009) (Soin, Catalan & Kinrade 

2013). 
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(b) Statistical results by BSE segmentation method  
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By comparison of the two methods, the total volume of anhydrous phases obtained by 

the EDS method was 30-50% lower than those from the BSE method. It was because 

the EDS method was more sensitive than the BSE method to identify whether the 

clinker was hydrated or not. This difference was significant at the early stage when 

more remained anhydrous phase to magnify the effect.  

As for the sub-resolution phases, it can still be concluded that more AFt formed in 

samples with SW, although the AFt cannot be accurately quantified at this 

magnification. Freidel’s salt can be observed from the early stage of hydration, but the 

content hardly increased in the following stages. Furthermore, it was found to coexist 

with other AFm phases (Sulfo-AFm and Carbo-AFm, as detected in Figure 6.15). 

However, other AFms were not detected in the typical phase identification method XRD 

(Cai et al. 2021; Cao et al. 2020; Li, Li, et al. 2020b; Li, Jiang, et al. 2021) or predicted 

by thermodynamic modelling (Balonis et al. 2010) from the hydrated cement with SW. 

It was because using the EDS method can only define the phase with the chloride ratio 

higher enough to the stoichiometry of FS. For those mixed with other phases, the 
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(c) Statistical results by EDS mapping method 

Figure 6.16 Statistical result of various phases (in volume) through the two methods of 

microstructure characterization.  
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chloride content was diluted and thus had to be defined as other AFms. Increasing the 

magnification might be an effective way to separate these phases.  

Compared to the long-term cured samples, an interesting result can be observed that the 

12h cured sample has the lowest porosity, which seems illogical. Normally, the pores 

were from the space left from clinker dissolution after the adjacent cement matrix was 

formed and hardened. The porosity in 12h-cured DW samples was accordingly lower 

than the SW samples, considering SW can stimulate cement hydration, and the 

hydration degree of SW samples was higher than that of DW samples at the same curing 

age. As the hydration continues, the formed hydrates fill the pores gradually. Therefore, 

the porosity of cement paste seems to start from low to high and then to low throughout 

the whole hydration process. It can also explain the significant difference in porosity 

between the two samples after 12 hours and 7 days of curing. 

At the late stage, the porosity of the cement matrix in the SW samples was comparable 

to, or lower than, that in the DW samples. It might be due to the higher content of AFt 

or AFms directly shown in the figure (sub-resolution AFt phases were not fully 

counted), filling the pores. At the late stage of 63 days, the space left from AFt 

conversion caused a slight increase of porosity in DW samples. However, the porosity 

of SW samples was decreased at the same time. It indicated more AFt could be retained 

at the late stage, being affected by ions from SW. By comparing the results of the two 

characterizing methods, EDS identifying method can perform a detailed phase 

separation. Increasing the scanning magnification would be conducive to quantifying 

small-size phases, while the time-cost factor should also be considered. 
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6.4  Discussion 

6.4.1  Characterization methods of pore 

MIP is routinely used for porosity characterization. Previous studies (Li, Gao, et al. 

2020) found that the MIP samples required a certain hardness and quantity to obtain 

accurate results. The image analysing method, which directly extracts data with various 

strategies (Fang & Zhang 2020; Scrivener 2004; Wong, Head & Buenfeld 2006) on 

BSE greyscale segmentation, has been proposed as a feasible alternative. However, the 

study found that the segmented area was sensitive to the threshold value. A sudden 

change can be observed when the solid phase inside the pore was selected. Combining 

SE and BSE images can accurately profile the pore area, which benefited from the two 

imaging mechanisms. The samples do not require hardness but polishing and 

conductivity, which can ensure high quality and avoid beam drift. 

6.4.2  Characterization methods of phases 

The TG was a quantitative method with high accuracy for cement phases. However, 

since the inevitable overlapping of dehydration temperature, the reliable quantification 

phases were limited (typically CH and CC (Li, Li, et al. 2020b)). Rietveld quantitative 

XRD was widely accepted to characterize low-level phases by calibration and determine 

peak broadening (Taylor 1997). The accuracy of quantification depends highly on the 

well-defined content of phases from standard reference. However, the amorphous 

phases cannot be directly determined due to the lack of reference. Other quantitative 

methods are required to help verify the accuracy of Rietveld refinement, or else the 

quantitative reliability will be significantly reduced (Soin, Catalan & Kinrade 2013).  

Image analysis from BSE-EDS hypermaps has been proposed as a suitable method with 

a reasonable degree of precision to characterize cement phases (Durdziński et al. 2015) 



 

161 
 

(Kocaba, Gallucci & Scrivener 2012). The information from these hypermaps is 

abundant but, unfortunately, it was hard to tap the value efficiently without a 

programming background. The framework developed by Geogret et al. (Georget, 

Wilson & Scrivener 2021) provided an easy-to-use interpreter with a graphical interface, 

significantly optimizing the quantitative analysis of microstructure. Although this 

method requires a high demand for sample quality and instrument parameters (they 

directly affect the accuracy of the data and the workload afterwards), it is a promising 

quantitative characterization alternative to link the microscopic and submicroscopic 

domains. 

6.5  Conclusions 

This chapter studied the microstructure of OPC paste formed from hydration with SW. 

The quantitative characterization method of the pore and cement phases was 

investigated and discussed in detail, as well as the identification and morphology of the 

phases. 

The hydrate phases detected in Chapter 5 were identified by EDS point analysis. A 

notable result was that the various AFm phases coexisted in SW samples, including FS, 

monosulfoaluminate and monocarboaluminate. These hydrocalumite-like phases were 

similar and unable to be distinguished by morphology. Therefore, determining atomic 

ratio by the EDS method contributed to identifying these phases accurately. In addition, 

the effect of SW, such as stimulating cement hydration, hindering AFt decomposition 

and reducing porosity, can also be observed by SEM-EDS techniques, which shows its 

great applicability for microscopic characterization. 

The study found that BSE images were more suitable for segmenting areas for smaller 

pores, while SE images were more suitable for larger pores, inside which no hydrate 
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phases can be observed. By combining SE and BSE images, the area for pores in the 

microstructure can be accurately segmented with lower data errors. Information from 

EDS hypermaps was of great value for phase identification. After the data processing of 

denoising, region segmentation, manual identification, and imaging calibration, the 

region of various phases can be separated effectively. Although a higher magnification 

was required to ensure the accurate result of finer phases such as AFt, the EDS 

hypermaps can identify most of the cement phases and provide detailed distribution of 

the phases on microstructure images with low data error. Therefore, with the advancing 

EDS detectors and optimizing algorithm, this method was promising to achieve efficient 

and highly adaptable quantification of cement phases. 
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CHAPTER 7.  CONCLUSIONS AND 

RECOMMENDATIONS 

7.1  RETROSPECTION 

The primary purpose of this PhD thesis is to, in view of the various ions effect, conduct 

a fundamental study on the hydration characteristics of Portland cement in SW. As 

characterizing cement hydration requires combined experimental, modelling and 

numerical research at different hydration stages, the following works have been 

performed in the study. 

In Chapter 3, the compositions of hardened cement pastes made with DW and SW at 

different hydration times are studied. Identification of the clinker phases, hydrate phases 

and pore solution is performed using TG, XRD and ICP-OES analysing methods. 

Rietveld refinement approach is adopted to characterize the composition of the solid 

phases as a function of time. The characterization result reveals the evolution of cement 

phases with DW and SW, to be the experimental support for subsequent research. 

Based on the experimental results, the MPK model combined with thermodynamic 

modelling was developed to simulate the cement hydration process in Chapter 4. 

Parameters of the MPK model are adjusted from experimental data to adapt to 

predicting the dissolution rate of clinker phases in SW. The optimized model is 

validated by comparing the results obtained by experimental quantification and 

thermodynamic computing. The good agreement indicates that the modelling was of a 

high reference value for hydration simulation in SW. 

Chapter 5 studies the effect of natural SW on the heat evolution, phase evolution, pore-

size distribution and mechanical performance of OPC. An accurate quantification 
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method from the TG/DSC test was developed to help correct QXRD and characterise 

the evolution of various phases. Based on the determined phase evolution, the testing 

results of the exothermic rate, pore-size distribution and mechanical strength are 

fundamentally explained. The suitability of natural sea sand for cement mortar 

preparation is evaluated by compressive and flexural strength development. 

Chapter 6 studies the microstructure of OPC formed from hydration with SW. In 

addition to the morphology of hydrate phases, the micro-scale ROI are studied by image 

and numerical analysis. Approaches are developed to quantitatively study the pores and 

phases through information extracted from SE and BSE images. The quantitative 

characterization of phases is conducted by image and data treatment from EDS 

hypermaps. The microstructure characterization results from developed approaches are 

compared through statistical analysis to evaluate their reliability and applicability.  

7.2  GENERAL CONCLUSIONS 

The conclusions regarding the related work have been given in each chapter of the 

thesis. In this section, some general conclusions are drawn in combination with the 

achievements from former research and the results of the current study. 

Using SW as mixing water may not have a noticeable effect on the ultimate strength of 

cement composite. However, poor workability should be considered in actual concrete 

manufacturing due to the short setting time, high drying shrinkage and enhanced 

exotherm from rapid hydration at the early stage.  

Both experimental and simulation results show that the ions from SW mainly affect the 

hydration and precipitation of Al-bearing cementitious phases. Therefore, the effect of 

SW on cement hydration will be magnified by using cementitious materials with a 

higher content of aluminate. 
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Although the chloride can be chemically bound by FS or physically adsorbed by C-S-H 

phases, the higher chloride content in pore solution shows that the binding effect by 

cement is limited—Even not counting that chloride is probably released from reversible 

binding. Therefore, it is not an ideal solution to use mineral admixture to protect steel 

reinforcement from corrosion; the binding effect is poor, and the mechanical strength is 

sacrificed. 

More AFt phases are measured at the advanced stage of hydration in SW. These AFts 

can remain stable due to the high chloride and sulfate ions concentration in the pore 

solution. However, once it is exposed to fresh water, such as the long-term washed by 

rain, AFt may decompose from diluted pore solution and leave space, which may be 

unfavourable to the structural stability. 

7.3  MAIN SCIENTIFIC CONTRIBUTIONS AND FINDINGS 

The main scientific contribution and findings of this study are listed in the followings: 

(1) Identify the phase compositions of cement clinker, cement hydrates, and pore 

solutions of pastes made with DW and SW. Quantitatively characterize the phase 

evolution of PC over the hydration time. 

(2) Simulate the cement hydration process in SW by combining the thermodynamic 

model and the optimized MPK model. A good agreement can be observed in simulation 

and experiment results, showing the high reliability of the modified MPK model for PC 

hydration in SW 

(3) Investigate the hydration characteristics and mechanical strength development of 

SW mortar with sea sand. Establish a connection between macroscopic property 
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differences and hydration characteristics. Propose the mechanism explanations to 

support performance evaluation.  

(4) Investigate microstructural hydration features of Portland cement with SW. Special 

attention was paid to characterize the pore, hydrated and anhydrous phases 

quantitatively, which combines the latest microscopy and image and data processing 

techniques. The quantitative characterization methods of pore and cement phases were 

developed and discussed in detail, as well as the identification and morphology study of 

the phases. 

7.4  RECOMMENDATIONS FOR FURTHER RESEARCH 

The goal of SW-mixed concrete is to alleviate the shortage of freshwater resources by 

developing water resources while ensuring safety. Considerable efforts have been 

invested in improving the performance of SWC for a wider-scope application. Based on 

the experience and findings from the experimental process and simulation calculation, 

the following proposals may help to promote the application of SWC: 

The current study proposed a modelling approach in chapter 4 to simulate the hydration 

system with SW. It helps to reveal the SW influence on microstructure and mechanical 

performance and contributes to designing the cement composite for better incorporation 

with SW to meet the actual engineering requirements. 

The effect of SCMs, such as fly ash, slag, metakaolin, limestone and nanoparticles (e.g. 

nano titanium dioxide, nano alumina, nano calcium carbonate, nano silica and nano 

clays) on the performance improvement of SWC is worth investigating. In other words, 

combining cement composite to investigate the optimum dosage of SCMs for improving 

poor workability, high autogenous shrinkage, severe exotherm, etc., from the adverse 

effect of SW.  



167 

The current study on cement composite is based on the constant curing condition and 

laboratory specimens. However, in practical application conditions, the change of 

temperature and humidity by alternating day and night incorporated with complex 

environmental factors and size effect should be considered and require more studies on 

the shrinkage and durability. 
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Appendices

Appendix A. Phase segmentation for the related samples
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ages.
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Appendix B. Morphology analysis of phase 

(a) 12-hour hydrated Cement paste with DW.
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(b) 12-hour hydrated Cement paste with SW
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(c) 28-day hydrated Cement paste with DW
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(d) 28-day hydrated Cement paste with SW
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(e) 63-day hydrated Cement paste with DW
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(f) 63-day hydrated Cement paste with SW

Figure B.1 FESEM images of OPC paste at various curing ages. 
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Appendix C. Phase quantification results
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Figure C.1 Image and data treatment results for D12h_1
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Figure C.2 Image and data treatment results for D12h_2
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Figure C.3 Image and data treatment results for S12H_1
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Figure C.4 Image and data treatment results for S12H_2
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Figure C.5 Image and data treatment results for D7d_1
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Figure C.6 Image and data treatment results for D7d_2
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Figure C.7 Image and data treatment results for S7d_1
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Figure C.8 Image and data treatment results for S7d_2
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Figure C.9 Image and data treatment results for D28_1
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Figure C.10 Image and data treatment results for D28_2
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Figure C.11 Image and data treatment results for S28d_1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
C3S
C2S
CX(A,F)
AFm
CH/CC
Outer C-S-H
Inner C-S-H
AFt
FS

A
l/C

a 
(a

to
m

ic
 ra

tio
)

Si/Ca (atomic ratio)

Figure C.12 Image and data treatment results for S28d_2
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Figure C.13 Image and data treatment results for D63d_1
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