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ABSTRACT 12 
 13 
The use of seawater and sea-sand in producing concrete has attracted increasing research attention 14 
in recent years to address the shortage of river sand and in certain applications the shortage of 15 
freshwater. In particular, reinforced concrete structures made of seawater sea-sand concrete (SSC) 16 
and corrosion-resistant fiber-reinforced polymer (FRP) are particularly attractive for the 17 
development of coastal and marine infrastructure (e.g., on remote islands) as durable structures 18 
can be created using locally available materials. Existing studies on SSC or seawater concrete have 19 
been largely limited to the use of mixing water with a salinity level close to the world-average 20 
ocean salinity. Against this background, the present paper reports the first ever systematic study 21 
on the effect of salinity of mixing water on the properties of concrete. The present study covered 22 
a wide range of salinity levels from 16.5 g/L to 82.5 g/L, and examined a wide range of short-term 23 
concrete properties including the heat of hydration, shrinkage, compressive strength and modulus 24 
of elasticity. The test results show that the salinity of mixing water has a considerable effect on the 25 
rate of hydration heat and shrinkage at early ages, as well as the cumulative release of hydration 26 
heat. It is also shown that the water salinity has a slight negative effect on the compressive strength 27 
and modulus of elasticity of concrete at ages older than 14 days.  28 
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1. INTRODUCTION 39 
 40 
Concrete is the second most consumed material by the human society on the planet after water 41 
(Gagg 2014). The increasing demand for concrete has imposed a significant strain on natural 42 
resources, including freshwater and river sand. Furthermore, concrete is normally used together 43 
with steel reinforcement which is prone to corrosion. To address these problems, the corresponding 44 
author of the present study proposed a new type of concrete structures involving the use of concrete 45 
made with seawater and sea-sand in combination with fiber-reinforced polymer (FRP) 46 
reinforcement which does not corrode (Teng et al. 2011; Teng 2014). The new type of structures 47 
is particularly attractive for use in infrastructure development along coastlines and on islands 48 
where seawater and sea-sand are readily available but river sand and freshwater are not easily 49 
accessible. 50 
 51 
As a major constituent material, the mixing water affects the workability, strength development 52 
and durability of concrete. Seawater consists of a range of chemicals which can affect the fresh 53 
and hardened properties of concrete (Xiao et al. 2017). Extensive experimental studies (Taylor 54 
1978; Ghorab et al. 1989 and 1990; Kaushik and Islam 1995; Nishida et al. 2013; Dhondy et al. 55 
2019; Li et al. 2018; Younis et al. 2018; Teng et al. 2019; Li et al. 2020; Huang et al. 2020) have 56 
been conducted on seawater concrete of various strengths, ranging from normal strength concrete 57 
(e.g. Kaushik and Islam 1995; Younis et al. 2018; Li et al. 2020) to ultrahigh strength concrete 58 
with a compressive strength of over 180 MPa (Teng et al. 2019). Many of these studies (e.g. 59 
Ghorab et al 1990; Teng et al. 2019) were focused on the mechanical properties, in particular the 60 
compressive strength, of seawater concrete. It has been shown that the use of seawater as mixing 61 
water may lead to an increase in the early-age strength of concrete, but the long-term strength of 62 
seawater concrete is similar to or lower than that of freshwater concrete with the same mix 63 
proportions (Nishida et al. 2013; Younis et al. 2018). 64 
 65 
The development of concrete strength is known to be associated with the hydration process. More 66 
recently, Younis et al. (2018) found that the rate of hydration heat of seawater sea-sand concrete 67 
was higher than that of concrete made with freshwater and river sand at early ages, which may 68 
partially explain the relatively high early strength of the former. In the same study, Younis et al. 69 
(2018) observed that the use of seawater may lead to increased drying shrinkage of concrete as a 70 
result of the presence of chloride ions.  71 
 72 
While the existing studies have identified some important differences between seawater concrete 73 
and freshwater concrete, most of them were limited to the use of water with a salinity [defined 74 
herein as the total amount of salts dissolved in a solution (Makhlouf 2014; Gieskes 2007; Taylor 75 
1978)] level equal or close to the world-average ocean salinity (i.e. 35 g/L) (Hay et al. 2001; 76 
NOAA 2018). Therefore, these studies did not allow the effect of varying the salinity level on the 77 
properties of concrete to be clearly revealed. For the same reason, their results are not applicable 78 
to concrete made with saltwater obtained from locations where the salinity level is significantly 79 
different from the world-average value. For example, the Dead Sea in Jordan has a salinity of 34%, 80 
while the Great Salt Lake in the USA has a salinity varying between 5%-27% (NASA 2014). The 81 
existing studies on saltwater concrete with varying salinities have been quite limited (Kaushik 82 
and Islam 1995; Teng et al. 2019). Kaushik and Islam (1995) produced concrete with saltwater of 83 
salinities of up to 10 times the world-average ocean salinity, but their studies were focused only 84 
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on the compressive strength of concrete. Teng et al. (2019) reported a recent study by the authors’ 85 
group aimed at development of ultrahigh performance seawater sea-sand concrete. Therefore, for 86 
a better understanding of the effect of mixing water salinity and the behavior of concrete produced 87 
with mixing water of high salinity, a study on the effect of salinity over a wide range of salinity 88 
levels is highly valuable. 89 
 90 
Against this background, the paper presents the first ever systematic experimental study on the 91 
effect of mixing water salinity on the properties of normal strength concrete. The experimental 92 
study covered a wide range of salinity levels and examined a wide range of short-term concrete 93 
properties including the heat of hydration, shrinkage, compressive strength, and modulus of 94 
elasticity.  95 
 96 
2. EXPERIMENTAL PROGRAMME  97 
 98 
2.1 Mix Design  99 
 100 
In the present study, six groups of specimens were prepared and tested, as detailed in Table 1. 101 
Group 1 was mixed with tap water and served as the control group. Groups 2 to 5 were mixed with 102 
saltwater, which was made with tap water and dissolved commercial sea salt (Red Sea 2017) of 103 
five different doses, respectively. The doses of sea salt in the mixing water of Groups 2 to 5 ranged 104 
from 18 g/L to 90 g/L with an interval of 18 g/L, so as to simulate saltwater with salinity levels of 105 
50% to 250% of the world-average ocean salinity.  106 
 107 
2.2 Raw Materials 108 
 109 
A Type I ordinary Portland cement conforming to BS EN 197-1 (2000) was used as the only 110 
binding material of the concrete mix. The chemical and phase compositions of the cement were 111 
analysed using X-ray fluorescence (XRF) spectroscopy (AXS GmbH, Bruker), and are given in 112 
Table 2.  113 
 114 
[Insert Table 1] 115 
 116 
[Insert Table 2] 117 
 118 
Natural river sand with the maximum particle size being 5 mm and crushed granite with the 119 
maximum particle size being 10 mm were used as the fine and the coarse aggregates, respectively. 120 
A polycarboxylate-based superplasticizer (ADVA® 189) was added to ensure the workability of 121 
concrete. The superplasticizer used in the concrete had a specific gravity of 1.06 and a solid content 122 
of 35% by mass. 123 
 124 
The chemical compositions of the water samples from Groups 1 (i.e. tap water) and 3 (i.e. with sea 125 
salt at 36 g/L) were analysed by Ion chromatography (IC) tests. Table 3 compares the test results 126 
with those of natural seawater sampled from two locations along the coast of Hong Kong and the 127 
world-average composition. It is seen that the saltwater produced with a sea salt dose of 36 g/L 128 
(i.e. Group 3) achieved a salinity of about 33 g/L, due to the existence of organic chemicals and 129 
water in the sea salt which did not contribute to the salinity level. This salinity level is slightly 130 
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lower than the world-average value (i.e. 35 g/L) but close to those of the two local seawater 131 
samples. To avoid any confusion, the measured salinity is used hereafter in the paper. That is, for 132 
Groups 2-6, the salinities were 16.5 g/L, 33.0 g/L, 49.5 g/L, 66.0 g/L and 82.5 g/L, respectively.  133 
 134 
[Insert Table 3] 135 
 136 
2.3 Methodology 137 
 138 
2.2.1 Mixing, Casting and Curing of Concrete 139 
 140 
The concrete was mixed in two stages. The dry constituents (i.e. cement, fine and coarse aggregates) 141 
were first mixed for 5 minutes. The water and the superplasticiser were then added before mixing 142 
for another 8 minutes until the concrete reached an acceptable level of consistency. Slump tests 143 
were conducted on each group after mixing in accordance with ASTM C143/143M (ASTM 2015). 144 
 145 
The freshly mixed concrete was cast and compacted on a vibration table for 1 minute. After casting, 146 
all moulds were covered with plastic sheets in ambient conditions for 24 hours. The specimens 147 
were then demoulded and placed in a curing chamber which maintained the curing conditions at a 148 
temperature of 23±2 °C and a humidity of 50%. 149 
 150 
2.2.2 Isothermal Calorimetry 151 
 152 
Isothermal calorimetry tests were performed on the cement paste specimens of all groups following 153 
ASTM C1679 (ASTM 2017). For each group, cement paste of 180±0.1 g was poured into a plastic 154 
ampule and then placed in an isothermal calorimeter (I-Cal 4000, Calmetrix) which was 155 
preconditioned to a temperature of 23 ± 0.05 ℃. The rate of hydration heat and cumulative heat 156 
release were measured for 72 hours and normalized by the mass of cement. 157 
 158 
2.2.3 Shrinkage 159 
 160 
The shrinkage of Groups 1, 3 and 5 was determined with the following procedure (Younis et al. 161 
2018; Lu et al. 2017): (1) the concrete was cast into rectangular prisms with dimensions of 75 mm 162 
× 75 mm × 280 mm; (2) the initial dimensions and masses of all prisms were measured 24 hours 163 
after casting; and (3) subsequently, the length and mass changes of each specimen were measured 164 
with an interval of 1 day up to 14 days, and then at the ages of 21, 28, 60 and 90 days.  165 
 166 
The above procedure was adopted so that the measurements represent the development of 167 
shrinkage of concrete after demolding. As the hydration process of concrete continues after 24 168 
hours, the measured shrinkage includes both autogenous shrinkage and drying shrinkage. It should 169 
be noted that this procedure is different from that specified in ASTM C157 (ASTM 2017b), in 170 
which the length change is measured after the concrete is immersed in limewater until an age of 171 
28 days. Due to the salinity of mixing water in the present study, the procedure in ASTM C157 172 
(ASTM 2017b) may not be suitable here as the immersion of specimens in limewater may cause 173 
loss of its salinity. 174 
 175 
2.2.4 Compressive Behaviour and Modulus of Elasticity 176 
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 177 
The concrete was cast into cylinders of a diameter of 100 mm and a height of 200 mm, which were 178 
tested at the ages of 1, 7, 14, 28 and 90 days in accordance with ASTM C469/C469M (ASTM 179 
2014). For each group at each age, three specimens were tested. The tests were completed using a 180 
M500-50 computer controlled universal materials testing machine (Testometric, UK) with a stress 181 
control rate of 0.6 MPa/s. Two Linear Variable Displacement Transducers (LVDTs) were mounted 182 
at 180° apart from each other on each cylinder to measure the axial deformation of the 120 mm 183 
mid-height region, which was then used to calculate the modulus of elasticity of each specimen in 184 
accordance with ASTM C469/C469M (ASTM 2014). 185 
 186 
3. RESULTS AND DISCUSSIONS 187 
 188 
3.1 Heat Evolution 189 
 190 
The effects of varying salinity on the rate of hydration heat and cumulative heat release of the 191 
cement paste are shown in Figure 1. By comparing the curves of Group 1 and those of Groups 2 192 
to 6, it is evident that the existence of salt in the mixing water had a significant effect on both the 193 
hydration process (Figure 1a) and the cumulative heat release (Figure 1b). The rate of hydration 194 
heat at the second peak was 2.51 mW/g at 13.5 hours for Group 1 mixed with tap water. By contrast, 195 
for Group 2 mixed with saltwater having a salinity of 16.5 g/L, the second peak occurred much 196 
earlier (i.e. at 9.90 hours), with a significantly higher rate of hydration heat (i.e. 3.36 mW/g). 197 
Despite the significant differences between Group 1 and Group 2, it is interesting to note that a 198 
further increase in salinity from 16.5 g/L (Group 2) to 82.5 g/L (Group 6) only had a small effect 199 
on the hydration process (Figure 1a). Similar observations can also be made from Figure 1b: the 200 
cumulative heat release increases with the salinity of mixing water, but at a decreasing rate.   201 
 202 
The above observations are generally consistent with the results from exiting studies (Ghorab et 203 
al. 1989; Shi et al. 2015; Li et al. 2018; Younis et al. 2018), which suggested that the presence of 204 
salt in the mixing water accelerated the hydration process and increased the heat release. These 205 
observed effects of salt may be due to: (1) the reaction of sodium chloride (NaCl) from saltwater 206 
with the calcium hydroxide (Ca(OH)2) in the concrete pore solution to form calcium chloride 207 
(CaCl2), which accelerates the early-age hydration process (Peterson and Juenger 2006); and/or (2) 208 
the diffusion of small Cl⁻ ions into the passivating layer of the metastable calcium-silicate-hydrate 209 
(C-S-H), which increases the internal pressure of the metastable C-S-H and promotes the rupture 210 
of the passivating layer, leading to an accelerated hydration process by facilitating contact between 211 
the cement clinker (C3S) and water (Singh and Ojha 1981; Cheung et al. 2011).  212 
 213 
3.2 Shrinkage 214 
 215 
The development of shrinkage with time is shown in Figure 2 for Groups 1, 3 and 5. The overall 216 
trend of the three curves in Figure 2 is similar: the shrinkage increases with time at a decreasing 217 
rate for all groups. By comparing the curves of the three groups, it is evident that before the age of 218 
21 days, the rate of shrinkage development increases significantly with the salinity of the mixing 219 
water. This effect, however, becomes less pronounced after 21 days when the shrinkage develops 220 
at a relatively slow rate for all groups (Figure 2). For example, the shrinkage strains at the age of 221 
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21 days were 316 με, 582 με and 834 με, respectively, for Groups 1, 3 and 5, while the strains at 222 
the age of 90 days for the three groups were 428 με, 762 με and 1038 με, respectively.  223 
 224 
[Insert Figure 2] 225 
 226 
The effect of salinity on the shrinkage strain at the ages of 7, 21 and 90 days is shown in Figure 3. 227 
It is evident that the shrinkage strain increases almost linearly with the salinity at all the ages. To 228 
further examine the correlations, the best-fit line and equation for each of the three ages are also 229 
shown in Figure 3. It is not surprising to see that the downward slope of the line increases with 230 
time, as the difference in the shrinkage strain among the three groups keeps increasing, suggesting 231 
that the salinity of mixing water has a sustained effect on the shrinkage of concrete.   232 
 233 
[Insert Figure 3] 234 
 235 
Autogenous shrinkage and drying shrinkage are two main forms of concrete shrinkage, with the 236 
former being related to the consumption of water in the hydration process (Hua et al. 1995) and 237 
the latter being related to the evaporation of free water (Hansen 1987; Bakhshi et al. 2012). Both 238 
forms of shrinkage are generally accepted as a result of capillary tension (Hansen 1987; Hua et al. 239 
1995; Lura et al. 2003; Li and Li 2014). The term “capillary tension” refers to the hydrostatic 240 
tension exerted by the water meniscus in capillary pores of concrete, which increases with the loss 241 
of water and the reduction of pore size, and contributes to the overall contraction of the concrete.  242 
 243 
In accordance with the mechanism, capillary tension is highly related to the moisture and pore size 244 
distribution of concrete (Hansen 1987). Therefore, the observed effect of salinity, as discussed 245 
above, is believed to be due to the combined effect of: (1) accelerated hydration (see Figure 1) 246 
which leads to increased consumption of water and thus increased autogenous shrinkage (Li et al. 247 
2018; Khatibmasjedi et al. 2019); and (2) the refined pore structure of concrete caused by the 248 
presence of NaCl and CaCl2, leading to an increased number of small pores in the size range of 3 249 
nm to 20 nm in the concrete (Suryavanshi et al. 1995; Park et al. 2011; Younis et al. 2019). The 250 
number of such small pores was observed to increase with the salinity level (Vanhanen et al. 2008), 251 
which accounts for the increase of capillary action and drying shrinkage.  252 
 253 
[Insert Figure 4] 254 
 255 
The effect of salinity on shrinkage may also be partially due to the increased heat release associated 256 
with an increase in salinity (Figure 1). The increased heat release is expected to have led to an 257 
increase in the speed of water evaporation from the concrete. This is evidenced by the change of 258 
mass with time of the three groups (Figure 4), considering that the mass loss of concrete mainly 259 
results from the evaporation of internal water (Bakhshi et al. 2012). 260 
 261 
3.3 Compressive Strength  262 
 263 
The development of compressive strength with time is shown in Figures 5a and 5b for all groups, 264 
while the detailed test results are summarized in Table 4. In Figure 5b, the compressive strengths 265 
are normalized by the respective 1-day strength of each group for ease of comparison. Figure 5 266 
shows that for all groups, the compressive strength develops significantly within the first 7 days. 267 
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After the first 7 days, the compressive strength of Group 1 with tap water still increases 268 
considerably, but those of other groups with saltwater do not change so much except for that of 269 
Group 6. The strength development of Group 6 follows a similar trend to that of Group 1, but the 270 
reason is not clear. 271 
 272 
Figure 6 provides further comparisons for the compressive strengths of different groups at various 273 
ages. It is evident that the 1-day strengths of Groups 2 and 3 are considerably higher than that of 274 
Group 1, suggesting that the use of saltwater with a salinity of up to 33 g/L leads to a higher early 275 
strength of concrete. A further increase in salinity, however, is shown to decrease the 1-day 276 
strength of concrete (Figure 6a). After 14 days, the strengths of Groups 2-6 are consistently lower 277 
than that of Group 1, suggesting that the long-term compressive strength of concrete may be 278 
negatively affected by the salinity of mixing water. Furthermore, the strengths of Groups 2 and 3 279 
with lower salinities (16.5-33.0 g/L) after 14 days appear to be considerably higher than the 280 
corresponding strengths of Groups 4-6 with higher salinities (49.5-82.5 g/L), while the strengths 281 
of Groups 4-6 are similar at all ages.  282 
 283 
[Insert Figure 5, Figure 6 and Table 4]  284 
 285 
The relatively high early-age compressive strength of concrete mixed with saltwater has been 286 
reported by many existing studies (e.g. Kaushik and Islam 1995; Younis et al. 2018; Teng et al. 287 
2019; Li et al. 2020). This is generally believed to be due to the existence of chloride ions, which 288 
promotes the the formation of a chloro-AFm phase (i.e. the Friedel’s salt) and a chloro-sulphate 289 
AFm phase (i.e. Kuzel’s salt) (Younis et al. 2018; De Weerdt et al. 2014), and leads to densification 290 
of the microstructure of concrete. The test results of the present study indicated that this effect is 291 
the most pronounced when the salinity of mixing water is around 33 g/L. The existence of an 292 
optimum salinity for the early-age compressive strength has also been reported by Teng et al. (2019) 293 
for ultrahigh strength seawater sea-sand concrete. In Teng et al.’s (2019) study, the optimum 294 
salinity was found to be approximately 18 g/L for concrete with a water-to-cement ratio (i.e. 0.18) 295 
much lower than that in the present study (i.e. 0.6). It may therefore be concluded that the effect 296 
of salinity of mixing water is also considerably dependent on the water-to-cement ratio of the 297 
concrete mix. 298 
 299 
The relatively low long-term compressive strength of saltwater concrete (i.e. Groups 2-6), 300 
compared with Group 1, is believed to be due to: (1) the existence of MgSO4 in the seawater which 301 
may react with the calcium hydroxide [Ca(OH)2] in the pore solution of concrete, forming 302 
expansive products (Uddin et al. 2004; Shayan 2010; De Weerdt et al. 2014); and/or (2) the 303 
decomposition of Friedel’s salt and Kuzel’s salt with time due to carbonation (Suryavanshi and 304 
Swamy 1996).  305 
 306 
3.4 Modulus of Elasticity  307 
 308 
The effect of salinity of mixing water on the modulus of elasticity of concrete at various ages is 309 
illustrated in Figure 7. It has been well established that the modulus of elasticity is related to the 310 
compressive strength of concrete (Pauw 1960), so it is not surprising to see that the effect of salinity 311 
seen in Figure 7 is generally similar to that seen in Figure 6 for the compressive strength. The use 312 
of saltwater leads to a decrease in the modulus of elasticity of concrete, and this negative effect 313 
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appears to increase initially with the salinity level, as evident from the results of Groups 1 to 3. 314 
For Groups 4-6 with relatively high salinities (49.5-82.5 g/L), while their moduli of elasticity at 315 
all ages are lower than those of Groups 1-3, there is little difference among themselves (i.e. Groups 316 
4-6), suggesting that there may be a limit of the negative effect of salinity.  317 
 318 
[Insert Figure 7] 319 
 320 
To reveal the relationship between the modulus of elasticity and the compressive strength of 321 
saltwater concrete, the test results are shown in Figure 8 against the predictions of the following 322 
equations based on the provisions of CEB-FIP (2010) and ACI 209R-92 (2008): 323 
 324 
CEB-FIP (2010): 325 

𝐸 𝑡 𝛽cc 𝑡 𝐸 𝛼
cc

/
                        (1) 326 

 327 

𝛽cc 𝑡 𝑒𝑥𝑝 𝑠 1
.

                           (2) 328 

 329 
ACI 209R-92 (2008): 330 
 331 

𝐸 𝑡 0.043𝑤 . 𝑓 𝑡                               (3) 332 
 333 

𝑓 𝑡 𝑓                                     (4) 334 

 335 
where Ec(t) is the modulus of elasticity at an age t in days and has a unit of MPa; Ec0 is equal to 336 
21.5×103 MPa; fc’(t) is the compressive strength of concrete at age t in days and has a unit of MPa; 337 
αE is a coefficient accounting for the type of coarse aggregate, and is equal to 1.0 for the aggregate 338 
used in the present study (i.e. crushed granite); and s is a coefficient accounting for the cement 339 
type and is equal to 0.20 for the cement used in the present study (i.e. 52.5N); α and β are constants 340 
determined by the cement type and curing regime of concrete, taking the values of 4 and 0.85 for 341 
Type I cement and moist curing, respectively, in accordance with ACI 209R-92 (2008). 342 

 343 
In addition, the predictions of the following equation from ACI 318-19 (2019) are also shown in 344 
Figure 8 for comparison: 345 
 346 

𝐸 4700 𝑓                                     (5) 347 
 348 

It should be noted that in ACI 318-19 (2019), Eq. 5 is specified only for the 28-day modulus of 349 
elasticity (Ec), and fc’ in the equation is the 28-day compressive strength. However, for comparison 350 
purposes, Eq. 5 was used in the present study to predict the modulus of elasticity at various ages, 351 
making use of the corresponding compressive strength at the same age.  352 
 353 
It is evident from Figure 8 that the equations from all three standards overestimate the test results 354 
of the present study for all the ages. The predictions of the ACI 318-19 equation (Eq. 5) appear to 355 
be closer to the test results than the other two equations (Eqs. 1 and 3). It is also interesting to note 356 
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that compared with the data points of Group 1 with tap water, the data points of other groups with 357 
saltwater seem to be farther away from the three predicted curves. Furthermore, the discrepancy 358 
between the test result and the predicted curves seems to increase with the salinity of mixing water. 359 
The above observation suggests that for the same compressive strength, the modulus of elasticity 360 
of concrete may decrease with the salinity of mixing water. As a result, the three equations for the 361 
modulus of elasticity (e.g. Eqs. 1, 3, and 5) for freshwater concrete may not be applicable to 362 
saltwater concrete.   363 
 364 
[Insert Figure 8] 365 
 366 
5. CONCLUSIONS 367 
 368 
This paper has presented a systematic experimental study on the effects of salinity of mixing water 369 
on the short-term properties of concrete. Saltwater with varying salinities from 0% to 250% of the 370 
world-average ocean salinity level was used in the concrete mixes. The following conclusions can 371 
be drawn based on the test results and discussions: 372 
 373 

1. Isothermal calorimetry tests showed that the rate of hydration heat at early ages and the 374 
cumulative release of hydration heat both increase with the salinity of mixing water.  375 
 376 

2. The rate of shrinkage increased with the salinity of mixing water, especially within the 377 
initial 21 days after casting. At the age of 90 days, the shrinkage strain of the concrete made 378 
with saltwater, with a salinity of 66 g/L, was over twice that of the concrete mixed with tap 379 
water.  380 
 381 

3. The salinity of mixing water generally had a slight negative effect on the concrete strength 382 
after 14 days, while the concrete made with saltwater, with a salinity of up to 33 g/L, had 383 
a higher 1-day strength than that made with tap water. For the three groups of concrete 384 
made with saltwater having a salinity equal to or larger than 49.5 g/L, their strengths at 385 
various ages of up to 90 days were generally similar, and were all lower than the 386 
corresponding strengths of the concrete made with tap water.   387 
 388 

4. The effect of mixing water salinity on the modulus of elasticity of concrete is generally 389 
similar to that on the concrete strength. For concretes with the same compressive strength, 390 
the modulus of elasticity may decrease as a result of the salinity of the mixing water. 391 
 392 
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Tables 1 

Table 1. Mix Proportions 2 

Concrete 
Mix 

OPC 
(kg/m3)

RS 
(kg/m3)

CG 
(kg/m3)

Salt dose 
(g/L) 

Water 
(kg/m3) 

Group 1 350 700 1100 0 224 
Group 2 350 700 1100 18 224 
Group 3 350 700 1100 36 224 
Group 4 350 700 1100 54 224 
Group 5 350 700 1100 72 224 
Group 6 350 700 1100 90 224 

Note: OPC - ordinary Portland cement; RS - river sand; CG - crushed granite. 3 



 

2 
 

 

Table 2. Chemical and phase compositions of cement 4 

Chemical composition % by weight 

SiO2 21.60
Fe2O3 0.41
Al2O3 5.16
CaO 65.55
TiO2 0.17
SO3 3.63
MgO 2.40
Na2O --
K2O 0.26
ZnO --
ZrO2 --

Phase composition % by weight
C3S 57.00
C2S 19.02
C3A 12.99
C4AF 1.24

5 
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Table 3. Chemical compositions of natural seawater, saltwater and tap water (in g/L) 6 

Ion 

Seawater 
average 

(Dickson and 
Goyet 1994) 

Tap water 
for Group 1 

Natural seawater 
Saltwater 

for Group 3 
Chek Lap 

Kok, Hong 
Kong

Repulse 
Bay, Hong 

Kong
F- 0.0013 0.0005 0.0000 0.0000 0.0000
Cl- 19.3524 0.0116 18.1526 18.3124 17.7812
Br- 0.0673 0.0000 0.0659 0.0738 0.0617

SO4
2- 2.7123 0.0176 1.6750 1.6998 1.7438

NO2
- -- 0.0000 0.0000 0.0649 0.0000

NO3
- -- 0.0099 0.0000 0.0314 0.0285

PO4
3- -- 0.0000 0.0000 0.0000 0.0000

Li+ -- 0.0000 0.0007 0.0006 0.0006
Na+ 10.7837 0.0091 10.4194 11.1388 11.0738

NH4
+ -- 0.0000 0.0000 0.0179 0.0057

K+ 0.3991 0.0035 0.3544 0.3926 0.4329
Mg2+ 1.2837 0.0018 1.2152 1.3410 1.2913
Ca2+ 0.4121 0.0169 0.3582 0.4535 0.4609

   
Salinity 35.0119 0.0709 32.2413 33.5268 32.8803

 7 

  8 
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Table 4. Summary of key results 9 

Group Slump 
(mm) 

f 'c,1d 
(MPa)

f 'c,7d 
(MPa)

Ec, 7d 
(GPa)

f 'c,14d 
(MPa)

Ec, 14d 
(GPa)

f 'c,28d 
(MPa) 

Ec, 28d 
(GPa)

f 'c,60d 
(MPa)

Ec, 60d 
(GPa)

f 'c,90d 
(MPa)

Ec, 90d 
(GPa)

Group 1 50 16.9 31.0 26.9 33.7 27.6 35.7 24.4 36.5 26.0 35.8 26.3 
Group 2 60 18.4 31.3 24.3 30.8 25.7 32.9 24.0 32.8 24.0 32.7 23.9 
Group 3 60 20.2 30.1 24.8 32.4 24.3 32.2 22.5 33.6 24.1 33.2 23.3 
Group 4 80 18.1 28.4 21.4 27.3 22.1 29.5 20.9 30.8 20.6 30.7 21.0 
Group 5 90 16.4 26.5 22.2 28.3 21.9 27.2 20.9 29.5 20.7 29.7 20.4 
Group 6 40 17.2 26.3 19.7 29.2 21.9 29.8 21.4 30.7 20.5 30.5 20.2 

 10 

 11 



Figures 1 

 2 

 3 
 4 

Figure 1. Heat evolution of cementitious pastes with various salinities: (a) rate of hydration heat 5 
per gram of cement; and (b) cumulative heat release per gram of cement. 6 
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Figure 2. Time histories of shrinkage of Groups 1, 3 and 5. 9 
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Figure 3. Relationship between shrinkage and water salinity. 13 
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16 

Figure 4. Time histories of mass change of Groups 1, 3 and 5. 17 
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Figure 5. Strength development of concrete: (a) compressive strength; and (b) normalized 22 
compressive strength. 23 
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 26 
 27 

Figure 6. Compressive strengths at: (a) 1 day; (b) 7 days; (c) 14 days; (d) 28 days; (e) 60 days 28 
and (f) 90 days. 29 
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 33 
 34 

Figure 7. Values of modulus of elasticity at: (a) 7 days; (b) 14 days; (c) 28 days; (d) 60 days and 35 
(e) 90 days. 36 
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39 

40 
41 

Figure 8. Modulus of elasticity versus compressive strength at: (a) 7 days; (b) 14 days; (c) 28 42 
days; (d) 60 days; and (f) 90 days. 43 
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