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Abstract 8 

Due to the shortage of fresh water, the use of seawater in concrete production could 9 

alleviate the demand for the limited resource. To promote the use of seawater in ultra-10 

high-performance concrete (UHPC), the effects of seawater on the hardening process 11 

and the corresponding relationship between the macroscopic performance and 12 

hydration, pozzolanic reaction, and microstructure of hydration products were 13 

investigated. Earlier setting times, higher early but lower later compressive strength and 14 

higher shrinkage of UHPC were observed. The modified performance was not only 15 

attributed to the presence of seawater accelerating the early hydration but also due to 16 

the change of microstructure and C-S-H structure. Better early strength and exacerbated 17 

shrinkage were associated with the slightly reduced porosity but refined pore structure, 18 

while lower later-age compressive strength in the seawater group was related to coarser 19 

microstructure and shorter mean chain length (MCL) and lower polymerisation of C-20 

S-H. In addition, the pozzolanic reactivity of silica fume was enhanced, which would21 

also contribute to the increased early compressive strength and exacerbated shrinkage 22 

of UHPC. It should be noted that no Friedel’s salt and brucite were observed in the 23 

seawater UHPC. Moreover, although the incorporation of fly ash (PFA) was able to 24 
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compensate for the adverse effects of seawater on compressive strength and autogenous 25 

shrinkage of UHPC, the exacerbated drying shrinkage was still a concern even when 26 

fly ash was present. 27 

Keywords: UHPC; Seawater; Microstructure; Pozzolanic reaction; Silica fume; 28 

Shrinkage 29 

 30 

1. Introduction 31 

The consumption of concrete for infrastructure has been increasing in countries with 32 

rapid development. The production of concrete has estimated to reach 30 billion tonnes 33 

worldwide [1]. Natural resources such as freshwater for concrete production has also 34 

been in a very high demand [2]. For instance, freshwater shortage and transportation 35 

costs have been great concerns in construction of marine environment, remote areas, 36 

and offshore islands. As an alternative to freshwater, the use of seawater in concrete 37 

has attracted increasing attention to address the shortage and economic issues in 38 

conventional concrete production [3-5]. 39 

To promote the use of seawater in concrete production, the effect of seawater on the 40 

properties of concrete has been widely studied. Incorporating seawater in concrete 41 

could increase the early hydration rate and cumulative heat compared to conventional 42 

concrete [6, 7]. As a result, a denser microstructure at early age was usually observed 43 

in seawater concrete due to the formation of more hydrates [8-10]. Compared to normal 44 

strength concrete prepared with fresh water, a newly generated hydrate, Friedel’s salt, 45 

could be observed in seawater mixed concrete due to the reaction of C3A and chloride 46 

ion in seawater[6, 7, 11, 12]. 47 

The advantages and disadvantages of seawater on the performance of concrete have 48 

also been identified. One of the advantages of incorporating seawater in concrete can 49 
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be demonstrated in the improvement of early age mechanical properties. The early 50 

compressive strength up to 7 d can be improved, while the compressive strength at 28 51 

d is comparable to conventional concrete[4]. However, the disadvantages can be 52 

illustrated in fresh properties and durability. The incorporation of seawater shortened 53 

setting time due to the accelerated hydration [10, 13]. Although seawater can adversely 54 

affect fresh properties of concrete, the effect can be considered as minimal [4]. 55 

Moreover, seawater can also lead to increased drying shrinkage which can result in 56 

cracking, and incorporating supplementary cementitious materials (SCMs) in seawater 57 

concrete has been suggested to minimize drying shrinkage [10]. The risk of steel 58 

corrosion due to the presence of chloride is also the main concern for the use of 59 

seawater[14]. However, because of the proposed incorporation of fibre-reinforced 60 

polymer (FRP) in seawater concrete, steel corrosion is no longer a concern [15, 16]. 61 

Based on the effect of seawater on concrete properties, seawater concrete could be a 62 

feasible solution as an environmentally friendly material in construction to address the 63 

shortage of natural resources for concrete production. 64 

UHPC is an advanced cement-based material which was developed in 1990s[17]. The 65 

characteristics of UHPC include using a low water to binder ratio, high cement content, 66 

large amount of silica fume as well as no coarse aggregate, leading to differences in 67 

performance and hydration from normal concrete. For instance, UHPC possesses 68 

excellent mechanical (compressive strength > 120 MPa according to ATSM 69 

C1856/C1856M[18]) and durability properties, denser microstructure [19, 20] and a 70 

small amount of calcium hydroxide (CH) [21] in its matrix. Thus, compared to 71 

conventional concrete, these unique features might lead to different effects when using 72 

seawater as the mixing water in UHPC. Our recent study regarding the corrosion 73 

behaviour of cement paste and UHPC paste mixed with seawater supported this 74 
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argument. The study showed that propagation of steel corrosion was observed in the 75 

normal cement paste mixed with seawater, which was attributed to insufficient OH− 76 

concentration in pore solution, which is the key factor that can produce a strong 77 

passivation film to inhibit the corrosion process [22]. However, the corrosion behaviour 78 

was different in seawater mixed UHPC. The corrosion of steel was only induced in 79 

seawater mixed UHPC initially, but it was suppressed within the first few days, 80 

resulting from the deficiency of water and oxygen [22]. These variations in corrosion 81 

of steel reinforcement were attributed to the different effects of seawater on the 82 

microstructure and hydrates on UHPC. 83 

Moreover, SCMs, such as silica fume and pulverised fly ash (PFA), can further enhance 84 

the applicability of UHPC by promoting sustainability and improving the properties of 85 

UHPC. In UHPC, due to the characteristics of low water to binder ratio, most of the 86 

cementitious material remains unhydrated and acts as an inert filler. Silica fume and 87 

PFA, as a by-product, can therefore play an important to substitute the cementitious 88 

material as the inert filler in order to lower carbon green footprint in UHPC production 89 

[23]. Moreover, PFA can improve workability, reduce water absorption and minimize 90 

shrinkage [23-25]. However, previous studies did not well investigate the effect of 91 

seawater on the pozzolanic reaction of SCMs in UHPC [26]. 92 

In UHPC production, the lack of fresh water is undoubtedly also one of the challenges. 93 

To promote the application of seawater in UHPC, Teng et.al [27] reported a slight 94 

reduction in workability, density and modulus of elasticity of UHPC incorporating with 95 

seawater, while the early compressive strength increased up to 7 days and decreased 96 

afterwards. Dong et.al [28] studied the flexural behaviour of UHPC incorporating coral 97 

aggregate and seawater and found that the ultimate bending capacity was improved. 98 

Huang et.al [29] studied the mechanical performance and cracking behaviour of UHPC 99 
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mixed with seawater. Li et.al [30] studied the shrinkage behaviour of cement and silica 100 

fume paste at water to binder ratio of 0.2 and showed a reduction in autogenous 101 

shrinkage when mixing with seawater. These previous studies mainly focused on the 102 

performance or engineering aspects of UHPC prepared with seawater. The 103 

understanding of the effect of seawater on hydration, microstructure, and hydration 104 

products of UHPC is still limited. The underlying mechanism controlling the evolution 105 

of macroscopic properties of UHPC incorporating with seawater is also unknown.  106 

Therefore, this study focused on evaluating the effect of seawater on the hydration, 107 

macroscopic properties, and microstructure of UHPC, aiming to obtain the 108 

microstructure and hydration products evolution of UHPC and understand the 109 

hardening process. Correlation between the macroscopic properties, with the hydration, 110 

microstructure of the hydration products of UHPC was revealed.  111 

2. Materials and experimental methods 112 

2.1 Materials  113 

In this study, the binder of the UHPC was produced from ASTM type I ordinary 114 

Portland cement (OPC, 52.5) and a commercially sourced silica fume (Elkem). ASTM 115 

Class F fly ash (PFA) sourced from a local power company was also used as a SCM. 116 

The chemical compositions of the cementitious materials determined by X-ray 117 

Fluorescence Spectrometer (XRF) (Supermin 200, Rangaku Corporation, Japan) are 118 

shown in Table 1. The particle size distributions of the materials determined by a laser 119 

diffraction particle size 144 analyser (Malvern Mastersizer 3000E) are shown in Fig. 120 

1(a). Two types of mixing water, tap water and an artificial seawater specified by 121 

ASTM D1141-98 [31], were used. The compositions of the artificial seawater are 122 

shown in Table 2. River sand with a size ranging from 0.15 to 2.36 mm was used as the 123 

fine aggregate. A Polycarboxylate ether (PCE) superplasticizer (BASF) with a specific 124 
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gravity 1.05 was used. Copper coated straight steel fibre with a diameter of 0.22mm 125 

and a length of 13mm was also incorporated in the UHPC mixtures.  126 

Table 1 Chemical compositions of the cementitious materials (%) 127 

Compositions SiO2 CaO Fe2O3 MgO SO3 Al2O3 K2O Na2O P2O5 

OPC  19.1 65.2 2.96 0.754 4.27 6.06 0.684 0 0.138 

Silica fume 95.7 0.729 0.0733 0.714 0.274 0.446 1.74 0 0.087 

PFA 37.0 14.0 10.9 5.50 2.61 22.9 1.37 3.75 0.528 

OPC: Ordinary Portland Cement; PFA: fly ash; GGBS: ground granulated blast-furnace slag 128 

Table 2 Compositions of the artificial seawater 129 

Compositions NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3 KBr 

Concentration(g/L) 24.5 5.20 4.09 1.16 0.695 0.201 0.101 

2.2 Methodology 130 

2.2.1 Specimen preparation 131 

The mixture proportion of UHPC (Table 3) was obtained based on the modified 132 

Andreasen and Andersen model to optimize the packing of the binder and river sand 133 

[32]. In the modified Andreasen and Andersen model, the volume proportion of cement, 134 

silica fume and PFA can be optimized by using the Least Squares Method with a 135 

partition coefficient to minimize the target grading curve and the mix. A partition 136 

coefficient of 0.23 was used in this study. Two types of mixture, called the control 137 

group (CON) and fly ash group (FA), were prepared using the simulated seawater and 138 

tap water as mixing water. The cumulative volume of cement, silica fume, PFA and 139 

river sand, and the optimal grading curves of the design mixture is shown in Fig. 1.  140 

In this study, paste, concrete and fibre reinforced UHPC specimens were prepared for 141 

different tests. To prepare the paste specimens, the binders, such as cement, silica fume 142 

and PFA, were prepared according to Table 3 (without sand and steel fibre) and dry 143 
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mixed at low speed for three minutes by using a pan mixer. Water and superplasticizer 144 

were then added into the mixer and mixed with the binders for 2 minutes at low speed 145 

and subsequently 3 minutes at high speed. After that, 1- minute low-speed mixing was 146 

applied to remove the bubble produced from high-speed mixing. For the concrete 147 

specimens, river sand was added into the fresh mixed paste and mixed in the mixer for 148 

2 minutes at high speed, followed by 1 minute at low-speed mixing. It should be noted 149 

that 2% steel fibre by volume was added in the specimens for compressive strength, 150 

autogenous and drying shrinkage tests. For the fibre reinforced UHPC specimens, 2% 151 

steel fibre by volume was also added together with river sand before the 2-minute high-152 

speed mixing and 1-minute low-speed mixing. After the mixing process, the paste, 153 

concrete or fibre reinforced specimens were respectively vibrated on a vibration table 154 

for 1 minute to remove entrapped air.  155 

Table 3 Mixture proportions of the UHPC mixtures 156 

Compositions (kg/m3) FC SC FF SF 

Cement 902 902 820 820 

Silica fume 246 246 246 246 

PFA 0 0 82 82 

River Sand 920 920 920 920 

Tap water 156.13 --- 156.13 --- 

Seawater --- 156.13 --- 156.13 

PCE Superplasticizer 34.44 34.44 34.44 34.44 

Steel fibre (2% in volume) 156 156 156 156 

FC: CON group mixed with fresh water; SC: CON group mixed with seawater; FF: FA group mixed with fresh 157 

water; SF: FA group mixed with seawater 158 
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Fig. 1 (a) Particle size distributions of cementitious material and (b) cumulative curve and the optimal grading curve 159 

design 160 

2.2.2 Compressive Strength 161 

The fibre reinforced specimens with the size of 40 mm × 40 mm × 160 mm were cast 162 

in steel moulds to determine the compressive strength of UHPC. The specimens were 163 
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sealed with plastic wraps immediately after casting and demolded at 24h. The 164 

specimens were then cured in tap water at 25 ± 1 oC until the testing ages. The 165 

compressive strength was obtained from three specimens at 1, 7 and 28 days 166 

respectively with the loading rate of 0.9 kN/s.  167 

2.2.3 Slump flow & setting time 168 

The procedure used for slump flow followed BS EN1015-3 [33]. The test was 169 

conducted for the concrete specimens immediately after the mixing process. 170 

Penetration resistance test was also performed on concrete specimens based on ASTM 171 

C403 - 08 to obtain the setting time [34]. A penetration resistance apparatus with an 172 

appropriate needle size selected based on the degree of setting was used to measure the 173 

penetration resistance produced from the 25mm penetration of the corresponding 174 

needle. To prepare the specimen, each specimen was cast in a cylindric container with 175 

a diameter and depth of 150 mm and sealed with plastic wraps immediately after casting. 176 

The specimens were then stored in an environmental chamber at 23°C ± 2 °C prior to 177 

the testing. The initial test was performed at 2 hr after casting, and the subsequent tests 178 

were conducted at ½ hr intervals. It should be noted that the time intervals were adjusted 179 

to obtain sufficient results (at least 6 penetrations). The initial setting and final setting 180 

of the concrete specimens were determined at the time when the penetration value 181 

reached 2.5MPa and 27.6MPa respectively in the plot of penetration resistant – elapsed 182 

time curve[34]. 183 

2.2.4 Autogenous shrinkage & drying shrinkage 184 

The autogenous shrinkage of the fibre reinforced specimens was determined according 185 

to ASTM C1698-19 [35]. The duration of the test was 7 days and the frequency of data 186 

collection for the UHPC autogenous shrinkage strain was once in each hour in the first 187 

day, and twice a day for the rest of the time. 188 
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The test procedure of drying shrinkage of the fibre reinforced specimens was based on 189 

a modified British Standard (BS ISO-Part 8, 2009) [36]. The specimens were cast in 190 

steel moulds with the size of 25 mm × 25 mm × 285 mm and sealed with plastic wraps 191 

for 24h. The specimens were then demolded and cured in water for 48 h. After curing, 192 

the specimens were transferred to and cured in environmental chamber at 25°C ± 2 °C 193 

with a relative humidity of 50% ± 4%. The drying shrinkage strain was tested at 4, 7, 194 

14, 28 and 56 d. 195 

2.2.5 Heat of hydration 196 

The heat flow and cumulative heat of the paste (without aggregate and fibre) of UHPC 197 

specimens were obtained using an I-Cal 4000 isothermal calorimeter. Approximately 198 

50g UHPC pastes prepared according to Table 3 were prepared and placed in plastic 199 

containers. After 15 minutes of hand mixing the specimens were placed into the 200 

calorimeter for the heat flow measurement.  201 

2.2.6 Pore Structure 202 

To obtain the pore structure with the size between 2nm to 200nm, the nitrogen 203 

adsorption and desorption isotherms of the UHPC were determined by Tristar 3020, 204 

Micromeritics. The samples were fractured into small pieces with the size of less than 205 

1mm from the paste specimen. The hydration of samples was stopped at age 1 and 28 206 

d by soaking in ethanol, followed by being dried for 48h in a vacuum oven at 45oC.  207 

2.2.7 Characterization of the evolution of hydration products 208 

The hydration of the samples was stopped at ages 1, 7 and 28 d by soaking in ethanol. 209 

The paste samples were then prepared as dry powder with size less than 45 μm and 210 

analysed by X-ray diffraction (XRD) with Cu-Kα radiation where λ = 1.54 Å operated 211 

at conditions of 45kV and 200mA. The measurement was recorded with a range of 5-212 
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80◦ 2θ with a step size of 0.02◦. The XRD spectra were analysed by MDI Jade 6.5 213 

software.  214 

2.2.8 Nuclear Magnetic Resonance spectroscopy (NMR) 215 

The mean chain length (MCL) and polymerization degree (PD) of C-S-H and the 216 

hydration degree (HD) of the 28 d specimens were studied to explain the result of 217 

compressive strength, via the scanning of 29Si nuclei by a JEOL ECZ 500 MHZ solid-218 

state NMR spectrometer with a 7-mm CP/MAS probe. Approximately 1g powdered 219 

paste samples were prepared according to the TGA procedures and were analysed for 220 

the NMR test. The solid state 29Si NMR spectra of the nuclei were obtained under the 221 

conditions of 4kHz spinning rate, 98.4MHz resonance frequency and 20s relaxation 222 

delay. The spectra were deconvoluted and analysed according to Qn classification [37] 223 

(where Q refers to silica tetrahedra (SiO4) and n refers to different types of silica 224 

tetrahedra) to obtain mean chain length (MCL) and polymerization degree (PD) . The 225 

following are the equations of MCL and PD. 226 

 MCL = 2 × (Q1 + Q2) / Q1 (1) 

 PD = Q2 / Q1                                                                                                  (2) 

2.2.9 Pozzolanic reactivity of silica fume 227 

The 7-d pozzolanic reactivity of silica fume in seawater was studied by isothermal 228 

calorimetry (I-Cal 4000 isothermal calorimeter) and thermogravimetric analysis (TG; 229 

Rigaku Thermo Plus EVO2). The samples were prepared based on the modified 230 

procedures of the previous study [38]. Since seawater can react with potassium 231 

hydroxide solution and form precipitate during the preparation, silica fume was only 232 

blended with reagent grade CH in a mass ratio of 1:3. A portion of the blend without 233 

mixing water was reserved for TG analysis to determine the CH content in the 234 

unhydrated blend. The rest were mixed with tap water or seawater at a liquid to solid 235 
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ratio of 0.63. PCE was also added at a PCE to silica fume ratio of 0.14. The mass ratio 236 

of silica fume, water and PCE was determined based on the mix proportions of Table 237 

3. After mixing, the samples were cured in a sealed plastic container and stored in an 238 

environmental chamber at a temperature 25°C ± 1 °C for 7 d. The samples were then 239 

soaked in isopropanol for 3 days to stop the pozzolanic reaction, followed by vacuum 240 

drying at 40oC for 6 hr. 10 mg of the samples were ground into powder and heated from 241 

30°C to 1000°C at a rate of 10°C/min in N2 environment using a Rigaku Thermo Plus 242 

EVO2. For isothermal calorimetry, tap water and seawater blends were prepared to 243 

measure the heat flow measurements for 7 d. 244 

3. Results 245 

3.1 Evolution of fresh properties of UHPC containing seawater 246 

Regarding the fresh properties, setting time and slump of seawater and tap water group 247 

were shown in Table 4. In CON, the initial and final setting time in the seawater group 248 

were approximately 50% shorter than the tap water group. The initial and final setting 249 

time were also reduced in FA group but with less extent of 25%. The shortened setting 250 

time was attributed to the accelerated hydration [7]. Similarly, the initial and final 251 

setting times of the seawater concrete were also shortened due to the presence of 252 

seawater shown in Table 4. Regarding the slump flow, although the slump flow of the 253 

seawater mixed specimens was about 10 mm higher than that of tap water mixed 254 

specimens, the result was comparable. Furthermore, for FA group, the higher slump 255 

flow was observed compared to CON group. The observation was related to spherical 256 

shape of PFA acting as a lubricant between the binder particles [39] 257 

Table 4 Fresh properties of UHPC and cement paste 258 

 FC SC FF SF  
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Initial 

Setting(min) 
315  205 330 280 

Final 

Setting(min) 
375 240 400 315 

Slump(mm) 210 220 220 230 

TW: tap water; SW: seawater 259 

3.2 Mechanical properties of UHPC incorporated with seawater 260 

Fig. 2 shows the compressive strength results. In the CON group, the compressive 261 

strength of the specimens prepared with seawater was higher than that of the samples 262 

mixed with tap water at 1 d and the difference was approximately 5 MPa. However, 263 

UHPC mixed with tap water attained a higher compressive strength after 7 d. It was 264 

approximately 10 MPa higher than the samples prepared with seawater at 28 d. The 265 

trend of strength development was consistent with previous studies [4, 27]. For the FA 266 

groups, the seawater sample had a slightly higher compressive strength at 1 d. However, 267 

at 7 d and 28 d, seawater showed limited influences on the compressive strength as 268 

similar compressive strength was observed.  269 
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Fig. 2 Compressive strength of UHPC at 1, 7 and 28d 271 
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3.3 Volume stability of UHPC prepared with seawater 272 

The autogenous shrinkage test results are shown in Fig. 3. In CON group, 7 d-273 

autogenous shrinkage the samples mixed of seawater reached approximately 1,100 × 274 

10-6, which was 500 × 10-6 higher than the sample that mixed with tap water. The result 275 

was contradicted to previous study[30]. When the PFA was incorporated in UHPC, the 276 

autogenous shrinkage of both groups showed a decrease. The autogenous shrinkage 277 

was reduced by 27% and 23% in the seawater mixed and tap water mixed samples 278 

respectively, which was attributed to the replacement of cement by PFA [40, 41]. 279 

Indeed, the autogenous shrinkage of the seawater mixed sample, even with the 280 

incorporation of PFA, was higher than tap water mixed samples. 281 

Fig. 4 illustrates the drying shrinkage of the UHPC samples. Similar to that of the 282 

autogenous shrinkage test, the UHPC prepared with seawater induced higher shrinkage 283 

compared with the tap water group.  284 
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Fig. 4 Effect of seawater on drying Shrinkage of UHPC 288 

3.4 Hydration and hydration products of UHPC prepared with seawater 289 

Fig. 5(a) illustrates the heat flow curves of UHPC mixed with seawater and tap water 290 

up to 40 h. The dormant period was approximately 2.5 h shorter in the seawater group 291 

compared with the tap water group. The peaks in the seawater group also occurred 2 h 292 

earlier and were approximately 0.2mW/g higher than that in the tap water group. 293 

Regarding the cumulative heat curves shown in Fig. 5(b), the amount of cumulative 294 

heat of the seawater group also was evidently higher than the tap water group up to 40h. 295 

The result showed seawater promote the hydration of UHPC paste which was attributed 296 

to the presence of seawater ions, including Cl-, Ca2+, Mg2+, Na+ and SO4
2- accelerating 297 

the hydration of C3A and C3S [42, 43]. 298 
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(b) Cumulative Heat 

Fig. 5 (a)Heat Flow and (b) Cumulative heat of UHPC mixed with tap water and seawater  299 

To understand the modification of C-S-H structure due to the presence of seawater, 29Si 300 

MAS-NMR was conducted. Fig. 6 shows the 29Si MAS-NMR spectra and the 301 

deconvoluted peaks of UHPC mixed with tap water and seawater at 28d. Four silica 302 

tetrahedra (SiO4) peaks were observed in all groups at all ages. The peaks of Q0 (-303 

72ppm), Q1 (-81 ppm), Q2(-86ppm) and Q4 refer to SiO4 in cement, bridging SiO4 in C-304 
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S-H, the end-chain SiO4 in C-S-H and SiO4 in PFA and silica fume respectively [44]. 305 

Table 5 shows the 29Si MAS NMR spectrum analysis of the UHPC mixed with tap 306 

water and seawater at 28 d. The MCL and PD in seawater group at 28d were both lower 307 

than tap water group.  308 
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(a) 29Si MAS-NMR spectrum at 28d (b) deconvoluted peaks 28d 

Fig. 6 29Si MAS-NMR spectra and deconvoluted peaks of UHPC mixed with tap water and seawater at 1d and 28d 309 

Table 5 29Si MAS NMR spectrum analysis of UHPC mixed with tap water and seawater at 28 d 310 

 

Qn/% 

MCL PD 

Q0 Q1 Q2 Q4 

FC28 47.62 10.31 14.18 27.89 4.75 1.38 

SC28 49.40 12.12 14.01 24.47 4.31 1.16 

FF28 47.11 9.73 11.89 31.27 4.44 1.22 

SF28 48.51 11.10 12.10 28.30 4.18 1.09 

The results of XRD are shown in Fig. 7. It was surprising to note that no significant 311 

difference was observed in the crystalline hydration products of UHPC samples. The 312 

formation of Friedel’s salt and brucite were expected in the seawater mixed specimens 313 

since several studies on seawater concrete detected the Friedel’s salt through XRD or 314 

TG analysis [45, 46]  315 
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c) XRD at 28d 

Fig. 7 XRD spectrum of UHPC mixed with tap water and seawater at 1, 7& 28d (E = Ettringite; F = Friedel's salt; 316 

Ca = Ca(OH)2; Br = Mg(OH)2; T = C3S; C = Calcite; B = C2S; A = C3A; O = Al2O3) 317 

3.5 Pore structure evolution of UHPC prepared with seawater 318 

The pore structures determined by BET are shown in Fig. 8. The total pore volume of 319 

the seawater and tap water samples at 1 d were comparable. However, in the samples 320 

prepared without PFA, the volumes of pores larger than 50nm and less than 50nm in 321 

SC and FC was 0.0250mL/g and 0.0256 mL/g, and 0.0249 mL/g and 0.0246 mL/g 322 

respectively. Therefore, seawater indeed promoted the formation of a denser 323 

microstructure of UHPC at 1 d as SC had more finer pores than FC. According to the 324 

pore structure at 28 d, seawater did not refine the pore structure as in 1 d. 0.0244 mL/g 325 

and 0.0234 mL/g of pore volume larger than 50nm and 0.008 mL/g and 0.0102 mL/g 326 
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pore volume less than 50nm were observed in SC and FC at 28 d respectively. SC 327 

therefore had a coarser microstructure than FC at 28 d. The result showed seawater 328 

refined the pore structure at the early age but coarsened the pore structure at the later 329 

age. However, the results in the samples prepared with PFA was in the contrary. SF had 330 

less coarser pores and a denser microstructure, and therefore a higher compressive 331 

strength than FF. 332 
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(a) dV/dD Pore Volume of UHPC at 1 d (b) Cumulative pore volume at 1 d 
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(c) dV/dD Pore Volume of CON at 28 d (d) Cumulative pore volume at 28 d 

Fig. 8 dV/dD Pore Volume and cumulative pore volume of UHPC mixed with seawater and tap water  333 

3.6 Pozzolanic reactivity of silica fume 334 

Fig. 9(a) shows the TG and DTG curves of silica fume and CH blends mixed with tap 335 

water and seawater and cured for 7d. In DTG, several mass loss peaks can be observed 336 
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in UHPC. The first peak occurred around 100 to 200 oC was due to the mass loss of free 337 

water and physically water bound on hydrates such as C-S-H [44, 47]. The peak around 338 

450 oC was attributed to dehydroxylation of Ca(OH)2 [48]. The blend mixed with 339 

seawater had evidently a higher peak intensity of C-S-H than the corresponding sample 340 

mixed with tap water. The CH peak in the seawater mixed samples was also higher than 341 

that in the tap water mixed sample. Fig. 9(b) compares the cumulative heat evolved 342 

from the blends. The seawater sample had a higher cumulative heat during the whole 343 

testing period. The cumulative heat evolved is plotted against the amount of CH 344 

consumed by the silica fume in Fig. 9(c). After 7 d, the cumulative amounts of heat 345 

released by the seawater sample and tap water sample were 227.8 J/g SCM and 168.3 346 

J/g SCM respectively. The seawater sample released 26% more heat than the tap water 347 

sample. The seawater mixed sample also recorded approximately 30% higher CH 348 

consumption than the tap water mixed sample after 7d of curing. The higher amount of 349 

C-S-H formation, CH consumption, and cumulative heat evolved provided strong 350 

evidence that seawater enhanced the pozzolanic reaction of silica fume in UHPC[38]. 351 

The enhanced pozzolanic reactivity of silica fume could be attributed to the high 352 

solubility of CH in seawater[49], leading to more dissolved ions for pozzolanic reaction.   353 
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(c)  

Fig. 9 a) TG and DTG curve of CH and silica fume mixed with tap water and seawater at 7d; b) CH consumption by 354 

silica fume mixed with tap water and seawater at 7d; c) cumulative heat against calcium hydroxide consumption for 355 

silica fume mixed with tap water and seawater (note: Unhydrated: silica fume mixed with CH  without mixing water; 356 

SFFW: silica fume mixed with tap water; SFSW: silica fume mixed with seawater) 357 

4. Discussion 358 

4.1 Effect of seawater on fresh properties  359 

The initial and final setting time were shortened due to the presence of seawater. The 360 

role of seawater in shortening setting was related to the accelerated hydration. 361 

Particularly, the process of dissolution of cement particles and nucleation of hydrates 362 

was accelerated in Fig. 5(a). The ions of seawater accelerated the process of dissolution 363 

of cement particles [6, 7] and nucleation process [50], eventually leading to shortened 364 

initial and final setting times. While incorporating PFA in UHPC, prolonged initial and 365 

final setting times were observed in FA group since the retardation of hydration was 366 

reported due to the presence of PFA[51]. 367 

4.2 Effect of seawater on hardening process 368 

An increase in early compressive strength was observed which was certainly related to 369 

hydration and microstructure. However, since a high amount of SCMs was incorporated 370 

into the UHPC, the pozzolanic reaction could also affect the compressive strength.  371 
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1) Improved early hydration degree 372 

Firstly, the improved early strength can be explained in the aspect of hydration. Since 373 

seawater accelerated the hydration, the higher degree of hydration and more C-S-H 374 

formation were observed in the seawater mixed samples [7, 52], resulting higher 375 

compressive strength. 376 

2) Refinement of pore structure at early age 377 

Secondly, regarding the pore structure, although the total porosity was similar, the 378 

accelerated hydration due to seawater promoted a denser microstructure of UHPC 379 

resulting in higher early compressive strength. Particularly, the pores larger than 50nm 380 

was associated with compressive strength [53, 54]. According to Fig. 8, in the samples 381 

prepared without PFA, although the total pore volume of the seawater and tap water 382 

samples at 1 d were comparable, the seawater group had fewer pores larger than 50nm. 383 

While in the samples prepared with PFA, a lesser volume of pores greater than 50nm 384 

were also observed in the seawater mixed sample and the total porosity of the seawater 385 

mixed sample was evidently lower than the tap water mixed sample. As a result, a 386 

denser microstructure was observed in the seawater samples prepared with or without 387 

PFA and contributed to the higher compressive strength.  388 

3) Enhanced pozzolanic reaction of silica fume 389 

Thirdly, the improved early strength might also be associated with the increased 390 

pozzolanicity of silica fume due to the presence of seawater. More C-S-H was formed 391 

by the pozzolanic reaction of silica fume in the seawater samples. The improved early 392 

strength might also be associated with the accelerated hydration of cement by seawater. 393 

Increased formation of Ca(OH)2 was reported due to the accelerated hydration by 394 

seawater [49]. The y increased CH concentration could facilitate the pozzolanic reaction 395 

of silica fume and therefore a better early compressive strength was observed.  396 
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In addition, at the later age, the compressive strength was reduced when seawater was 397 

used as the mixing water. The reduced performance was due to different hardening 398 

process as discussed below. 399 

1) Coarsened pore structure at later age 400 

According to the pore structure at 28 d, although FC and SC had a similar total porosity, 401 

a higher volume of coarser pores was observed in SC. However, the results for the 402 

sample prepared with PFA were contrary. SF had less coarser pores and a denser 403 

microstructure, and therefore a higher compressive strength than FF. The result showed 404 

seawater might refine the pore structure of UHPC prepared with the incorporation of 405 

PFA. 406 

2) Reduced polymerization of C-S-H at later age 407 

In addition, the modification of C-S-H structure due to seawater was associated with 408 

the reduced later compressive strength in SC. The decrease of mean chain length (MCL) 409 

and polymerisation degree (PD) of C-S-H was observed in a previous study due to the 410 

presence of seawater ions, such as Na+ and Mg2+ [45, 55]. These ions could inhibit the 411 

polymerisation of C-S-H by the substitution of the Ca2+ in the interlayer of the C-S-H 412 

structure, especially for low Ca/Si C-S-H [45]. C-S-H formed by fly ash or silica fume 413 

have typically lower Ca/Si ratios and therefore could be sensitive to the inhibition of 414 

C-S-H polymerisation. The effect of MCL and PD on compressive strength had been 415 

reported [56].  416 

In summary, the mechanical performance of seawater UHPC was not only influenced 417 

by effect of accelerated hydration, but also the modification of the pore structure and 418 

C-S-H structure. Although seawater promoted the increased hydration degree of UHPC, 419 

which was confirmed to contribute to the increased mechanical properties initially, the 420 
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adverse effect of coarsened pore structure and shortened MCL of C-S-H outweighed 421 

the positive effect of accelerated hydration. 422 

4.3 Effect of seawater on volume stability 423 

The presence of seawater resulted in higher shrinkage of UHPC, particularly the 424 

autogenous shrinkage, causing higher drying shrinkage at the later age. The autogenous 425 

shrinkage was highly related to the reaction of the binders with water and the pore 426 

structure, which were modified by the presence of seawater [7]. The effect of modified 427 

reactions and pore structure on volume stability of UHPC is discussed as follows. 428 

1) Accelerated hydration and pozzolanic reaction 429 

The increased shrinkage was associated with accelerated hydration in the early age due 430 

to the use of seawater[57]. The accelerated hydration resulted in a higher degree of 431 

hydration and a higher consumption of free water, which therefore lower the relative 432 

humidity in the fine pore structure. This could lead to a higher self-desiccation and 433 

therefore a higher autogenous shrinkage was observed [9, 30]. Apart from hydration, 434 

the pozzolanic reaction of silica fume was also increased because of seawater. The 435 

increased pozzolanic reaction could also lead to larger consumption of free water [58] 436 

and therefore the autogenous shrinkage could be further increased. 437 

2) Refined pore structure at early age 438 

The higher autogenous shrinkage was also associated with the pore size distribution 439 

modified by seawater. According to the pore size distribution in Fig. 8, more pores in 440 

the size range of less than 50nm were observed in the seawater mixed sample at 1 d and 441 

this was also associated with autogenous shrinkage[53, 54, 59]. This size range of pores 442 

mainly contributed to shrinkage as capillary pressure was higher with the smaller pore 443 

[60].  444 
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Shrinkage was an important issue in UHPC that led to durability concerns [61, 62], 445 

while the exacerbation of shrinkage due to seawater might not favour the use of UHPC 446 

with seawater. The conventional measures to reduce the shrinkage was by incorporating 447 

PFA and this measure might no longer be effective as well in mixes prepared with 448 

seawater. 449 

4.4 Comparison with normal strength concrete 450 

Compared to normal concrete, UHPC was characterized by an ultra-low water to binder 451 

ratio, high content of superfine powders and no coarse aggregate, leading to a dense 452 

microstructure and ultra-high performance in terms of mechanical and durability. These 453 

different characteristics would affect the role of seawater on the performance and 454 

microstructure and hydration products in concrete. The main differences are 455 

summarized as follows: 456 

1) Shortened difference of initial and final setting time 457 

For fresh properties, based on previous published literature shown in Table 6, although 458 

the setting time of normal concrete was also shortened, the effect of seawater on setting 459 

time of UHPC was more significant than that in normal concrete. The shortening of 460 

setting time of UHPC was 20% higher. The reason for the observation was possibly 461 

related to the incorporation of silica fume in UHPC since seawater also enhanced the 462 

pozzolanic reaction of silica fume in UHPC.  463 

 464 

Table 6 Difference of setting time between UHPC and conventional concrete 465 

 
Initial 

set(min) 

Final 

set(min) 

FC 315 375 

SC 205 240 

Difference (%) 53.6% 56.3% 
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TW mixed normal 

concrete [13] 
150 397 

SW mixed normal 

concrete [13] 
114 310 

Difference (%) 31.5% 28.1% 

TW: tap water; SW: seawater 466 

2) Similar compressive strength development but unchanged porosity 467 

The effect of seawater on the compressive strength of UHPC and normal strength 468 

concrete was similar. Seawater would accelerate the hydration and promote the early 469 

strength development of both UHPC and normal strength concrete at 1 d but then the 470 

strength development would be reduced afterwards [10]. However, regarding porosity, 471 

this study did not observe significant difference in the seawater UHPC, but the porosity 472 

in seawater normal concrete was reduced[10]. 473 

3) Increased drying shrinkage and autogenous shrinkage 474 

When comparing the drying shrinkage of the seawater mixed UHPC and normal 475 

strength concrete, the results showed the increased drying shrinkage was also observed 476 

in the seawater mixed normal strength concrete and this was attributed to the more fine 477 

pores in the microstructure[4, 10, 57, 63].  478 

However, the result of autogenous shrinkage in normal concrete was different to UHPC. 479 

A study showed a decrease in autogenous shrinkage in an OPC paste prepared with a 480 

0.45 of water to cement ratio and attributed to the thermal expansion due to the 481 

accelerated hydration and the restraint by rapid formation of ettringite [6].  482 

The incorporation of PFA was partially useful for controlling the volumetric change of 483 

concrete. The PFA reduced the autogenous shrinkage regardless of the type of mixing 484 

water used [57]. However, the drying shrinkage reducing effect by using PFA was less 485 

effective according to this study. This might suggest seawater concrete could be a 486 

concern in terms of shrinkage. 487 
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4) Absence of Friedel’s salt in UHPC 488 

It is also noted that Friedel’s salt was not observed in UHPC at all ages according to 489 

Fig. 7, while it could be observed in normal strength concrete. Lollini et al. [64] 490 

attributed this observation to the poor reaction of the alumina phases in cement to form 491 

Friedel’s salt at a low w/b. The absence of Friedel’s salt in this study might also be 492 

related to the presence of a large amount of silica fume [65]. Li et.al [30] also suggested 493 

the dissolution of C3S and C3A enhanced the reaction of silica fume and cement  494 

resulting in enhanced formation of C-S-H for physical binding of chloride. The free 495 

chloride available for the formation of Friedel’s salt would be reduced. However, the 496 

effect of Friedel’s salts on UHPC performance and normal concrete is still unknown. 497 

5. Conclusion 498 

The effect of seawater on the macroscopic performance was investigated and analysed 499 

based on the results of hydration, microstructure and hydration products of UHPC. The 500 

conclusion of this study is summarized as follows: 501 

1. Seawater affected the fresh properties of UHPC. Shortened setting times were 502 

observed which was associated with the accelerated hydration by seawater. 503 

However, a similar workability in terms of slump flow was observed when using 504 

seawater as the mixing water when compared to tap water. 505 

2. Seawater also modified the strength development. The early compressive 506 

strength was improved but the later strength was slightly reduced. The improved 507 

strength was related to accelerated hydration and finer pore structure. The 508 

reduced later strength was attributed to coarser pore structure and shorter MCL 509 

and lower PD of the C-S-H.  510 

3. Seawater increased both the autogenous and drying shrinkage of UHPC. The 511 

increased autogenous and drying shrinkage were related to the accelerated 512 
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hydration and increased volume of pores lesser than 50 nm in UHPC prepared 513 

with seawater.  514 

4. The pozzolanic reaction of silica fume was enhanced by the use of seawater. 515 

Higher CH consumption and more C-S-H formation were observed in the 516 

seawater samples. The increased reactivity contributed to the higher early 517 

compressive strength and higher shrinkage of UHPC.  518 

5. The early compressive strength of the seawater UHPC incorporated with PFA 519 

was higher while the later strength was comparable to the tap water group. 520 

Incorporation of fly ash reduced the shrinkage, but the shrinkage value was still 521 

higher than the tap water mixed samples.  522 
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