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A B S T R A C T   

The innovative paper evaluated the water of the sea as a curing component and mixing con
stituent in high-performance concrete (HPC). This motivation would provide an understanding 
for the reader of how the water from the sea affects the HPC. This paper would provide infor
mation about the mechanism and the influence of prepared high-performance concrete mixed 
with either freshwater or seawater and made to cure in freshwater, seawater, or air. The mech
anism and the influence were evaluated by XRD tests, SEM observations, and petrography 
analysis of HPCs at 3 days, 7 days, 28 days, and 90 days. The structure of the Friedel’s salt in
creases tobermorite and ettringite (3CaO.Al2O3.3CaSO432H2O) and retards portlandite (Ca(OH)2) 
and calcium silicates (2CaO.SiO2 and 3CaO.SiO2) in HPC mixed with seawater for 3–90 days. Air 
curing reduces the formation of portlandite (Ca(OH)2), tobermorite (3CaO.2SiO2.3H2O), ettrin
gite (3CaO.Al2O3.3CaSO432H2O), and calcium silicate (3CaO.SiO2) in seawater HPC while 
increasing the formation of calcium silicate (2CaO.SiO2). SEM analysis supports the mechanism 
and influence of mixing of seawater, curing in the water of the sea, and curing treatment in the 
air. According to data from petrographic analysis and porosity testing, the porosity was decreased 
by the seawater and curing treatment in the seawater in HPC mixes. In terms of hydration 
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components, SEM observation, porosity, and petrographic analysis, the HPC-3 shows the best 
performance in the work.   

1. Introduction 

Currently curing of concrete in freshwater is the most widely-used method for concrete constructions and structural materials 
worldwide because of its easy-to-use. Nevertheless, it is estimated that there may be a shortage of mainstream of freshwater in terms of 
population increase and misusing of freshwater resources [1,2]. The use of saltwater in place of freshwater for curing and mixing of 
concrete might be an efficient technique to save freshwater resources. Due to the high salt content of saltwater and its corrosive impact 
on construction steel, its use in reinforced concrete was prohibited [3]. Nevertheless, high-strength concrete (HSC) and 
fiber-reinforced composite (FRC) could make the using of seawater become an actuality in both curing and mixing purposes for 
sustainability and durability of concrete [4–6]. On the other hand, since the surface of the earth has an extensive sea area and the sea 
contains abundant water that is to meet human needs in the world, the settlement in front of sea is important. This need can be 
enumerated in food sources (fish and marine plants), energy sources (petroleum and wave power plants), transportation, and tourist 
attractions. Therefore, humans would like to take advantage of the settlement in front of the sea as much as possible. To utilize the 
various advantages, various supporting infrastructure was built on the sea coast or above the sea. The supporting infrastructure built is 
seaports, offshore platforms, bridges, and resting places (rest area), etc [7]. Additionally, marine environment is an area with 
aggressive chemicals, e.g., salt and chlorine. The degradation of reinforced concrete structures (RCS) exposed aggressive chemicals in 
marine circle could happen because of attack of chloride ion and saturation of carbon di oxide [8]. The reinforced concrete structure 
encounters the attack of chloride ions because of deicing seawater, salt, and simultaneously the greenhouse-gas releasing [9,10]. The 
movement of chloride ions via the microcracks and porosity structure of concrete may result in decreased the durability of reinforced 
concrete structure, as well as the dissolution of the oxide on construction steel which is coated by the cement matrix, hence accel
erating corrosion. [11–13]. The chlorine ions are absorbed by the cement-based matrix as the salt of Friedel transports and develops 
[14,15]. Furthermore, chloride transport may be slowed by a process known as binding of chlorine, which is one of the most crucial 
steps of diffusion ion of chlorine. [16–19]. The stages of ionic binding may be divided into two categories: alchemy and physique [20]. 
The physique step occurs when cement hydration products, particularly gel of calcium-silica-hydrate, absorb chloride ions. The 
forming of salt of Friedel is regarded as the alchemy step [21,22]. On the one hand, this binding step slows the formation of free 
chloride in the pore solution, which reduces ion diffusion of chloride and delays ion reaching of chlorine in the construction steel. It 
also minimizes voids associated with the development of salt of Friedel, that prevents the distributing of other harmful minerals [14, 
18]. 

On the other hand, construction of infrastructure in an aggressive environment such as the surrounding area or at sea needs to pay 
attention to the material used [7,23–25]. Buildings in an aggressive environmental area must be designed by considering the impact of 
an aggressive environment on the structure and materials. The sea area is an aggressive environment that can affect the materials used, 
especially concrete and steel buildings. Infrastructure construction is generally made of concrete and steel. The concrete used must be 
of high quality if used in an aggressive environment. As we know, the two materials, if contaminated with seawater, will affect the 
quality of the structural material. The corrosion of concrete and steel is influenced by saltwater containing salt solutions, particularly 
alkali (NaCl) and heptahydrate (MgSO4). [26,27]. Due to the increased quantity of ettrengite production caused by the presence of 
sulfate salts, the hardened concrete matrix is harmed, leading to a large increase in volume in the hardened concrete matrix. The large 
volume in the matrix provides internal stresses that cause cracks in the concrete mass to affect the resistance of concrete [26]. Concrete 
materials used in the construction of buildings in aggressive areas, in this case at sea, need high-quality concrete. High-strength 
concrete has high strength and low porosity. High-strength concrete can inhibit or minimize the entry of seawater to get to the 
concrete reinforcement. Besides that, high-strength concrete has high durability to avoid or minimize the corrosion process of concrete 
and reinforcement. Previous research on advance concrete, namely ultra-high-performance cement-based material made using water 
of sea and sand of sea, shown strength of compression as 180 MPa [27]. With increasing age, there will be a reduced in endurance and 
increased in porosity and absorption in the construction material [28]. Another current research on high-strength concrete that used 
seawater as mixing and treatment water showed greater initial strength than the concrete that used freshwater as mixing water [29, 
30]. In addition, research on mortar and concrete using seawater showed that the endurance of grout and other cement-based material 
increased when applying water of sea as mixing constituent [31]. The development of high-performance-concrete employing saltwater 
and sand of sea as mixing and curing component resulted in a modest decrease in workability, elastic moduli, and bulk density. 
Additionally, it demonstrated a modest rise in the initial endurance immediately [32]. 

Considering explanation above, this paper provides a couple of benefits for construction that uses high-performance concrete (HPC) 
material in marine environment. However, making concrete cannot avoid seawater contamination; therefore, it would affect the 
concrete to undergo hydration process until it hardens. This paper describes the mechanism and influence of seawater mixing, 
seawater curing, and air curing in the HPC, with XRD quantitative analyzis of hydration component of HPC, SEM microstructural 
analyzis of HPC, porosity testing, and petrographic analyzis of HPC. The analyzises were carried out at the age from 3 days to 90 days. 
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2. Preparation of material and its tests 

2.1. Mixing constituent of HPC 

The high performance concrete (HPC) utilized materials, namely freshwater, aggregate (crushed stone and sand), binder (Portland 
composite cement), and superplasticizer. 

2.2. Methods 

This study was divided into many stages: material preparation, mixture design, specimen manufacture, curing, and microstructural 
properties test. In addition, this work also used seawater, instead of fresh water in the mixing and in the curing, in case the concrete 
structure were made in an aggressive environment, like sea. For that aim, concretes were stored in a bath of sea water, measuring 2 m 
× 1.5 m × 0.5 m. 

High-performance concrete with a compressive strength more than 50 MPa was used in this study. In the planning and production 
of concrete samples utilizing the self-compacting concrete process. For the mix-design of HPC, it was followed the method of the 
European Guideline of self-compacting concrete [33]. The water/cement was kept constant at 1.1 in the HPC mix design, as recom
mended by the EFNARC. The water/cement factor of 0.35 was determined in the formulation of the HPC mixture. The average slump 
flow value is 722.5 mm for HPC using fresh water as the mixed water and 678.5 mm for HPC using seawater as the mixing water. The 
slump flow value meets the workability requirements of concrete using the SCC method, which is between the values of 650–800 mm. 
The components and curing conditions for one cubic meter of high performance concrete are listed in Table 1. 

A mixer is used in the process of mixing concrete. After all the mixture compositions remained homogeneous, the mixture was 
poured into a cylindrical mold with a size of 10 cm × 20 cm. After the concrete is dry, the sample is taken from the mold and placed in 
the air and immersed in seawater or fresh water to cure. Concrete samples are preserved for 3, 7, 28, and 90 days in air, seawater, or 
fresh water in an immersion bath. Concrete samples are preserved for 3, 7, 28, and 90 days in air, seawater, or fresh water in an 
immersion bath. After treatment and reaching the appropriate age, the samples were then tested for XRD, SEM, and petrography. 
Samples for testing and microstructural analysis (SEM, XRD, and petrography) were made by cutting cylindrical samples to sizes 
according to their respective test standards. The samples analyzed were between 0.5 and 2.0 cm from the cylindrical surface. The 
number of samples for each variation of concrete and the age variation of each sample for each measurement of SEM, XRD, and 
petrography is 1 sample. 

2.3. Quantitative analysis with XRD and SEM for component of cloride and salt of Friedel and hydration components, and observation of 
porosity and petrography in HPC 

The XRD test analyzed the quantity of the microstructural components in the HPC, namely tobermorite, portlandite, ettringite, salt 
of Friedel, alite, belite, aluminate, and ferrite. The quantitative analysis with XRD was conducted to the rules based on ASTM 
C1365–18 standard [34]. The high-performance-concrete microstructures were analyzed using SEM analysis using a Tescan Vega. The 
porosity of high-performance-concrete was measured and computed according to the ASTM C642–13 standard [35]. The petrographic 
test was used for petrographic test is used to determine the morphology, type, size, and number of pores in the 
high-performance-concrete. An Olympus BX 51-P polarizing microscope was utilized for the petrography test, which followed ASTM 
C856/C856M-20 guideline [36]. 

3. Findings and arguments 

3.1. Analysis X-ray diffraction and quantitative hydration components of HPC for cloride and salt of Friedel 

The results of the hydration components of HPCs are shown in Table 2, including the chloride content and Friedel’s salt for each 
type of HPC. Table 2 shows the effects of the curing phases of fresh water, seawater, and air. In addition, it is also seen how the effect of 
curing time on each type of HPC. These four mixtures are concrete mixtures made of portland cement and aggregate and super
plasticizer and fresh water or sea water, which are preserved either in fresh water or sea water or air. The data shows that all of the 
hardened specimens have major clinker phases such as portlandite, tobermorite, ettringite, tri-calcium silicate, and di-calcium silicate, 
which are very similar to each other. Type HPC-1 proves that there is no chloride or Friedel’s salt content. HPC-2 also showed that there 

Table 1 
Composition of high performance concrete ingredients for one cubic meter and curing conditions.  

Types of Concrete Ingredients of mixture (kg/m3) Curing Conditions 

Fresh water Sea water Cement Sand Gravel SP Water of fresh Water of sea Dry air 

HPC-1  204  0  601.3  770.1  785.1  6 + – – 
HPC-2  204  0  601.3  770.1  785.1  6 – + – 
HPC-3  0  204  601.3  770.1  785.1  6 – + – 
HPC-4  0  204  601.3  770.1  785.1  6 – – +
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Table 2 
Quantitative hydration component results of HPCs made of two different mixing water- fresh water and seawater and cured in three different conditions- freshwater, seawater, and air at 3, 7, 28 and 90 
days.  

Hydration components Types of HPC 

HPC-1 HPC-2 HPC-3 HPC-4 

3 7 28 90 3 7 28 90 3 7 28 90 3 7 28 90 

Portlandite (Ca(OH)2) (%) 13.69 16.61 19.71 22.92 13.74 16.93 19.57 20.57 12.63 13.9 15.08 15.7 13.49 14.52 17.7 18.16 
Tobermorite (3CaO.2SiO20.3 H2O) (%) 26.32 34.27 39.42 45.83 25.31 38.09 42.5 45.94 31.58 36.36 43.24 46.74 30.71 33 39.27 42.29 
Salt of Friedel (3CaO.Al2O3.CaCl2.10H2O)(%) – – – – – 1.59 5 6.4 0.42 1.07 5.54 6.86 0.15 0.22 0.36 0.37 
Ettringite (3CaO.Al2O3. CaSO4.32 H2O) (%) 1.05 1.35 3.53 6.25 1.34 2.12 3.26 7.66 1.05 2.14 5.32 7.09 0.06 0.11 0.24 0.25 
Chloride (Cl2) (%) – – – – – 1.06 2.17 3.77 4.84 5.35 5.54 5.93 2.06 2.53 1.45 1.62 
Tricalcium silicate (3CaO.SiO2) (%) 25.26 15.58 10.37 8.33 23.97 13.76 7.93 5.37 21.05 13.37 9.76 6.98 22.41 17.71 13.1 12.44 
Dicalcium silicate (2CaO.SiO2) (%) 33.68 32.19 26.97 16.67 35.64 26.45 19.57 10.29 28.43 27.81 15.52 10.70 31.12 31.91 27.88 24.87 
Tetra-calcium Aluminoferrit (%) – – – – – – – – – – – – – – – – 
Tri-calcium aluminate (%) – – – – – – – – – – – – – – – – 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100  
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Fig. 1. SEM microstructure of HPC-1 made of water of fresh and cured into water of fresh for analyzing the influence of chloride content and salt of 
Friedel on micro-structure in HPC-1 at various curing ages. 

E. Bachtiar et al.                                                                                                                                                                                                       



Case Studies in Construction Materials 17 (2022) e01208

6

was no chloride and no Friedel salt content at 3 days, even though it was preserved in seawater. However, starting at the age of 7 days, 
the curing effect of seawater has entered the concrete. Both HPC-3 and HPC-4 derive their chloride content and Friedel’s salt 
component because they are both seawater and preserved in both seawater and air. Also, the HSC-4 sample showed that even though it 
wasn’t kept in seawater, it still had chloride content and Friedel’s salt because it had been mixed with seawater. 

During immersion in HPC seawater, HPC-3 showed the highest chloride and friedel salt content. With increasing chloride content 
and Friedel’s salt, the tobermorite component, which is the main strength contributing component, increases in HPC-3. The same 
increasing trend in tobermorite was observed in HPC-4, as it was mixed with seawater. Tobermorite and tricalcium silicate were 
reduced in HPC-2 preserved in seawater, while portlandite, ettringite, and dicalcium silicate were increased. Furthermore, neither the 
chloride component nor Friedel’s salt are formed. 

HPC-1 shows the general hydration components of portland cement (Table 1). By comparing the results of the chloride content and 
Friedel’s salt together with the hydration component, it is evident that seawater has different effects on the hydration characteristics of 
HPC. The air curing effect is lower than the sea water curing for HPC. The results are in line with what Dias and Papadakis [37,38] 
found in their study. 

3.2. SEM analysis for microstructure of HPCs and mechanism of cloride content and Friedel’s salt 

SEM pictures reveal the chloride concentration, salt of Friedel, and their impact on hydration components in HPC at 3th-day, 7th- 
day, 28th-day, and 90th-day. Besides, Fig. 6 shows image of SEM microstructure of HPC-1 to analyse morphology in the HPC-1. As 
noted in the 3.1 section, differences were observed in the micro-structure among different concrete mixes in water of sea curing, which 
may have led to change in micro-structure of cement matrix, including chloride concentration, salt of Friedel, and calcium-silica- 
hydrate gel. 

By comparing the results, there is primarily displaying the effect of curing of sea water, curing of air, and mixing of concrete with 
sea water in the SEM pictures of H-P-C-1, H-P-C-2, H-P-C-3, and H-P-C-4 at three, seven, twenty-eight, and ninety-day ages. The 
method by which concrete mixes with sea water and cures in sea water and air seems to be different for various HPCs. Due to the 
complete mixing and curing of HPC in sea water, the chloride content and Friedel’s salt may expedite cement hydration, resulting in 
the creation of extra hydrates, as Li et al. [39], led to much solid gel in HPCs. While the average bond capacity of the binder gel in 
H-P-C-2, H-P-C-3, and H-P-C-4 was typically the same as in HPC-1, the chloride concentration and salt of Friedel may have contributed 
to the gels’ stability (Fig. 1). The four images appear to have different microstructural situations. At 3th-day, outer surface of HPC-1 
seems to be less uniform, less dense, and with a variety of pore diameters (Fig. 10a). As shown in Fig. 10b, HPC-1 at 7 days old has much 
uniform and dense surface than HPC-1 at 3 days old, and the void stance has reduced in comparison to HPC-1 at 3th-day. As seen in 
Fig. 1c, the surface of HPC-1 after 28 days is more homogenous and denser than that of HPC-1 at 3th-day and 7th-day, and the void 
situation is reduced in comparison to HPC-1 at 3th-day and 7th-day. As seen in Fig. 1d, outer surface of HPC-1 at 90 days is the most 
homogenous and dense in the microstructures of HPC-1, and the pore size is less than that of HPC-1 at 3th-day, 7th-day, and 28th-day. 
Therefore, when the age of HPC-1 mixed in water of fresh and cured in water of fresh increases, the microstructure becomes much 

Fig. 2. SEM microstructure of HPC-1 made of water of fresh and treated in curing of water of fresh for 1 day to examine morphology and its impact 
on both hydration components and chloride and salt of Friedel levels in HPC-1. 
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Fig. 3. SEM microstructure of HPC-2 mixed with water of fresh and cured in water of sea to analyse the influence of chloride content and salt of 
Friedel on microstructure in HPC-2 at various curing ages. 
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uniform and dense, and the pore volume decreases (Fig. 1). 
The SEM image of microstructure of the HSC-1 mixed freshwater and cured in freshwater at 1 day old shows the formation of 

calcium-silica-hydrate gel (C-S-H), calcium hydroxide mass, and ettringite compounds. The calcium-silica-hydrate looks like a white 
flower shaped and the CH seems square mass and ettringite is a thin prism shaped needle (Fig. 3). The changes in hydration com
ponents could be attributed to the curing of seawater and mixing of concrete with water of sea. The corporation of water of sea curing 
and mixing of concrete with water of sea could optimize void and the compositions of hydration component and microstructure of C-S- 
H (Fig. 1 and 2). Fig. 3 displays SEM pictures of HPC-2 at 3th-day, 7th-day, 28th-day, and 90th-day to examine chloride concentration 
and salt of Friedel on HPC-2 microstructure. Besides, Fig. 4 displays the SEM microstructure of HPC-2 at 28 days to analyse morphology 
in the HPC-2. 

The production of chloride content and salt of Friedel in HPC is a complex stage that is influenced by a variety of circumstances e.g., 
seawater curing, concrete mixing with water of sea, and exposure to a detrimental marine environment. This complicated process 
could be simplified by the work with SEM observation. It is obvious that once chloride content is not in the HPC-2 system, there is not 
Friedel’s salt in HPC-2 system (Fig. 3). In other words, the salt of Friedel content grows as the chloride concentration increases. 
Friedel’s salt would be more than 1.5% in the present HPC-2 system if the chloride concentration reaches 1%. Therefore, with the 
forming of chloride content, tobermorite increases and hydracalumite eventually converts into salt of Friedel, becoming the one-of-a- 
kind Friedel’s salt. When chloride and salt of Friedel are added to the HPC-2 system, the chloride binding effect rises in solution. When 
the chloride concentration is sufficiently high, as it is in HPC-2 after 90 days, this process results in the forming of pure salt of Friedel 
and a rise in tobermorite in the HPC-2 system. The four photos seem to exhibit a variety of microstructural characteristics. At 3th-day, 
the presence of salt crystals was not readily apparent. The white salt crystals got clearer after 7th-day, 28th-day, and 90th-day. For 
further information, see Fig. 4, which depicts the crystal shape generated on HPC-2. 

In the HPC-2 system, salt formation of Friedel exhibits unique properties. When the system’s subatomic particles are limited to clor 
and hydroxide, no solid liquid is created. This is also supported by the shift in CH mass amount seen in Fig. 8. There is, however, an 
inverse effect. As a result, it may be deduced that the variable chloride content is due to salt of Friedel polymorphism (Figs. 3 and 4). 
Fig. 5 illustrates SEM examination of HPC3 at three-day, seven-day, 28-day, and 90-day ages to determine the chloride content and 
Friedel’s salt concentrations, as well as their effect on hydration components in high-performance concrete. Additionally, Fig. 9 depicts 
the SEM microstructure of HPC-3 at 28 days for the purpose of analyzing HPC-3 morphology. 

As can be observed from the SEM pictures, there is a clear distinction between HPC-3 and other HPCs after curing in either water of 
sea, water of fresh, or air. With turning out the chloride and Friedel’s salt in HPC-3, the increase in the tobermorite led compact, dense, 
and bright microstructure to HPC-3 at 3 days (Fig. 5). Since the chloride content and Friedel’s salt is very small and intermingling in 
SEM image of HPC-3 at 3 days, there is no visible in there. With next ages of HPC-3, there starts to be visible the chloride content and 
Friedel’s salt (Fig. 6). 

The hydration products are more numerous, the slurry gets thicker, and visible holes progressively reduce in HPC-3 over a period of 
three to ninety days. Numerous calcium hydroxide masses could be seen from the HPC-3, as well as a fibrous gel of calcium-silica- 
hydrate and a brilliant ettringite prism. Other components, such as aluminate, iron, and magnesium hydrates, and so on, are 
embedded in both the CH mass and the gel of calcium-silica-hydrate. After 90 days of saltwater curing, the tobermorite hydrate, CH 
mass, and C-S-H gel completely cover the microstructure of HPC-3. Literature also found that in Portland cement-based material 
containing sea water, at 63rd-day, the hydration rate could be slowed by unhydrated cement particle stack and water of sea [39]. 
Furthermore, the surface shape of hydration products between HPC-3 and HPC-1 is significantly different each other. A large number 
of prisims ettringite and masses CH and gel of calcium-silica-hydrate along with chloride content and salt of Friedel are found in HPC-3, 

Fig. 4. Morphology of HPC-2 Microstructure using SEM, submerged in seawater for 28 days.  
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Fig. 5. SEM microstructure of HPC-3 with seawater curing.  
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which are the hydration products of gypsum and tobermorite and oxide of silicate. As for the HPC-3, a large number of hydration 
products e.g., aluminates, ferrites, sulfates, peri-classes, and alkalis are strictly interlaced with CH mass and gel of 
calcium-silica-hydrate, making the microstructure of HPC-3 denser than that of other HPCs, therewith abbreviating the void of the 
HPC-3, which is dependable with the following petrography analysis. Fig. 4 displays pictures of SEM examination of HPC-4 at three 
different ages: three days, seven days, 28 days, and ninety days to examine the chloride content and salt of Friedel, as well as their 
impact on hydration components in high-performance concrete. 

Fig. 7 displays pictures of SEM examination of HPC4 at three different ages: three days, seven days, 28 days, and ninety days to 
examine the chloride content and Friedel’s salt, as well as their impact on hydration components in high-performance concrete. Be
sides, Fig. 8 shows image of SEM microstructure of HPC-4 at 90 days to analyse morphology in the HPC-4. 

The hydration products of HPC-4 have been discovered through the research. It comprises salt of Friedel, chloride content, and 
carbonates in its micro-hydration-structure, in addition to gel of calcium-silica-hydrate, mass of calcium hydroxide, and ettringite. The 
chloride content led abundant Friedel’s salt in HPCs as well as HPC-4. Younis et al. found that these corrosive expansive solutions result 
in the slight decrease in the porosity of HPCs [40]. Compared the HPC-4 with other HPCs in the work, there has a higher tobermorite, 
dicalcium silicate, and tricalcium silicate in the matrix. This also further shows that corrosive chloride content can accelerate the 
hydration of CH, gel of calcium-silica-hydrate, and ettringite to form a solid microstructure. Work published previously was shown that 
this acceleration can abbreviate the microstructure of HPCs [41]. Furthermore, with the rise in chloride component, there is 
hexagonal-shaped Friedel’s salt the microstructure of HPC-4 at 90 days (Fig. 8). In HPCs, the calcium carbonate hydrated gradually 
increases because of air curing. It also demonstrates that, while air curing aids in the hydration of HPCs, HPC-4’s matrix is denser than 
that of other HPCs. This outcome complies with literatüre’s findings [40,41]. When comparing Fig. 8 to other figures of SEM images of 
HPCs, it can be seen that the micro-morphology of the interior mud of HPC-4 is identical after air curing. SEM and XRD analyses 
revealed that the hydration product chloride concentration in HSCs is comparable to the hydration products of salt of Friedel. This 
confirms that the effects of chloride and salt of Friedel on the micro-morphology of HPCs are identical. 

3.3. Porosity and petrography analyzis of HPC 

Regularly, there is an ongoing discussion regarding on the porosity of concrete. The shape and dissemination of void in HPC was not 
evaluated detailedly. The pore can be broadly classified into two groups to formation method and size: the entrained pore which is the 
smallest space with typical size of 0.1 µm and entrapped pore which is the largest space with typical size of greater than 1 µm. Void size 
is assumed to be evenly disseminated in this study, and Wang et al. also imply the same pattern [42,43]. There are air space, capillary 
void, gel void, and pore in cement-based materials. They are all different sizes, arranged, and linked [44]. The point regarding on void 
is that the durability of cement-based product is mainly affected by characteristic of porosity[45,46]. As one may expect, a smaller void 
in concrete combined with sufficient binding capacity results in increased concrete durability [47–50]. Mindess et al. has participated 
in the discussion on porosity. According to Mindess, the traditional categorization of void in concrete included two types: void of gel 
(<10 µm), that is connected with the creation of hydration product, and void of capillary (10 µm~10 000 µm), that are responsible for 
the majority of transport activities [51]. Additionally, the pore structure of cemant-based material contributes to diffusivity, e.g., 
chloride intrusion and Friedel’s salt, which is mostly ascribed to the action of void of capillary and their connectedness [52]. Table 3 

Fig. 6. SEM morphology of HPC-3 microstructure.  
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Fig. 7. SEM morphology of HPC-4 microstructure.  
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shows results of petrography testing on the HPC-1 cured in fresh water at 3days, 7 days, 28 days, and 90 days. 
In hardened HPC, a pore is an empty volume in the cement matrix that contains only air. The type, size, shape, arrangement, and 

abundance of the pores are factors controlling chemical attack on the cement matrix. The percentage of air-pore volume is regularly 
specified by the design of the mixture of HPC [53]. A large quantity of very small air pores are suitable because it tends to shorten the 
average distance between any point in the paste and a pore, which was known a spacing factor. Therefore, the cement matrix is 
preserved from chemical attack e.g., chloride content and Friedel’s salt. Besides, because pore is to weaken the HCC, spacing factor, 
which is much less than the maximum ensuring preservation from chemical attack, is inefficient and should be eluded [53]. From 
3days to 90days, porosity of HPC-1 reduced 26%. Similar reducing trend is observed in internal pore and isolated pore in micro
structure of HPC-1 (Table 3). Fig. 8 shows images of petrographic analyzis of HPC-1 cured in fresh water at 3 days, 7 days, 28 day, and 
90 days. This figure also shows interaction among cement matrix and aggregate stack, porosity structure of HPC-1, intergranular pores, 
and isolated pores in the HPC-1. 

Considering a non-pore microstructure in the HPC, it is well known that the interfacial transitition zone is feeble than concrete 
matrix, and hence fracturing in microstructure of concrete is commonly appeared in the ITZ. Then, micro-crack propagates in cement 
matrix and additional crack happens within mortar [54]. Regularly, gravel stack reacts elastically throughout the fracture process of 
concrete. Therefore, the isolated pore and intergranuler pore are an indicator for the continuum damaged plasticity (CDP) model [55, 
56] used to construe the mechanic behavior of both cement-based solid materials. Percent of porosity, internal pore and isolated pore 
were established from petrographic investigation of the delicate piece of the HPC-1. Micro-cracks were also observed in the inter
section between cement paste and aggregate stack in the HPCs. Microscopic examination of the coarse aggregate stack showed 
intergranular fractures (Fig. 9a, b, c, d). This data implies that during concrete curing, defects and fissures were enlarged in the highly 
serpentinized aggregate particle stack. Therefore, there is triggering defects and weaknesses in the HPC-1. Table 4 shows results of 
petrography testing on the HPC-2 cured in fresh water at 3 days, 7 days, 28 days, and 90 days. 

From 3 days to 90 days, porosity of HPC-2 reduced 26.2%. Similar reducing trend is observed in internal pore and isolated pore in 
microstructure of HPC-2 (Table 4). HPC-2 showed a fine cohesion among cement matrix and aggregate stack. This could be attributed 

Fig. 8. Image of SEM microstructure of HPC-4 at 90 days.  

Table 3 
Results of petrography testing on the HPC cured in fresh water at 3 days, 7 days, 28 days, and 90 days.  

Type of HPC Age (day) Pore (%) Internal pore (Intr-p) (µm) Isolated pore (Isl-p) (µm) 

Concrete matrix Aggregate Amount Minimum Maximum Minimum Maximum 

HPC-1 3  14.4  2  16.14  172.7  1106.8  
9.2 

20.4 

7  12  1.6  13.54  117.4  346.9 8.3  19.3 
28  10.71  1.85  12.38  110.5  249.9 3.3  17 
90  10.65  1.74  12.36  89.5  237.7 3.1  13.7  
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both the binding capacity of chloride content, which was mentioned in introduction section, and the petrographic features of 
serpentine in the HPC-2. Fig. 10 shows images of petrographic analyzis of HPC-2 cured in fresh water at 3 days, 7 days, 28 day, and 90 
days. This figure also shows interaction among cement matrix and aggregate stack, porosity structure of HPC-2, intergranular pores, 
and isolated pores in the HPC-2. Besides, in the total of HPC-2 cured in sea water led to chloride content and Friedel’s salt as of 3days, a 
reaction zone of chemical attack was detected a few microns thick (Fig. 10). 

Unlike HPC-1, the sea water curing provided a better cohesion for the cement matrix of HPC-2. Nevertheless, there was shown vein 
as well as internal pore and isolated pore in the cement paste of HPC-2 (Fig. 10a, b, c, d). HPC-2 manufactured with water of fresh and 
cured in water of sea, on the other hand, had greater cohesiveness than HPC-1 made with fresh water and cured in fresh water, HPC-3 
made with water of sea and cured in water of sea, and HPC-4 made with water of sea and cured in air. In regularly, the water of sea 
curing presented the greatest cohesion in the work. Zone of local reaction was also discovered surrounding and inside the aggregate 
particle stack’s micro-cracks (Fig. 10a, b, c, d). The thin section’s comprehensive analysis showed concentrate on the aggregate stack- 
to-cement matrix fragment contact angel and identify several distinguishing characteristics [57]. In reality, numerous sorts of contact 
angles exist depending on whether the aggregate’s surface is smooth or contains defects caused by the fragment. Fig. 10 shows not only 
interpenetration between the two parts, aggregate and cement matrix, but also direct touching with a consistent and regular pattern. 
Usually, the paste of cement seems to have had a significant interaction with the aggregate stack, since the chloride binding aids the 
development of a complete link between the two components. Besides, it must be noted that such fragment being analyzed obtained 
from the HPC-2, and therefore such connection may be due to binding of chloride and salt of Friedel. Despite this, it is achievable to 

Fig. 9. Images of petrographic analyzis of HPC-1 cured in fresh water at 3 days, 7 days, 28 day, and 90 days- interaction among cement matrix and 
aggregate stack, porosity structure of HPC-1, intergranular pores, and isolated pores in the HPC-1. 
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note that the angel between cement matrix and aggregate stack is roughly, continuous, and regular (Fig. 10a, b, c, d). This apparent 
interaction among the two components could be seen above all on the fragment at 3 days, 7 days, 28 days, and 90 days. This indicates 
that the cement paste has taken up the usual course of the gravel stack. Therefore, the adhesion is a sign that is clearly better than that 
of HPC-1, HPC-3, and HPC-4. Table 5 shows results of petrography testing on the HPC-3 cured in fresh water at 3 days, 7 days, 28 days, 
and 90 days. 

Because HPC-3 was combined with water of sea and cured in water of sea, its porosity decreased by 19% from 3 day to 90 days. 
Similar reducing trend was observed in internal pore and isolated pore in microstructure of HPC-3 (Table 5). Such kind of evaluation 
was also made by Winslow and Liu previously. They discovered that the porosity of concrete paste is high, and that the difference in 

Fig. 9. (continued). 

Table 4 
Results of petrography testing on the HPC-2 in seawater.  

Type of HPC Curing age (Day) Pore (%) Internal pore (µm) Isolated pore (µm) 

Concrete matrix Aggregate Amount Minimum Maximum Minimum Maximum 

HPC-2 3  14.4  2  16.14  
172.7 

1106.8  9.2  20.4 

7  11.8  2.05  13.54 117.4  346.9  8.3  19.3 
28  10.64  2.2  12.38 110.5  249.9  3.3  17 
90  10.62  2.05  12.36 89.5  237.7  3.1  13.7  
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porosity grows as hydration increases. Additional a bigger porosity is mostly found in the ordinary paste’s entrance pore width, such as 
internal pore and isolated pore [58]. Fig. 11 shows images of petrographic analyzis of HPC-3 cured in sea water at 3 days, 7 days, 
28 day, and 90 days. This figure also shows interaction among cement matrix and aggregate stack, porosity structure of HPC-3, 
intergranular pores, and isolated pores in the HPC-3. 

In addition to the fact that mentioned above, like HPC-2, the water of sea curing provided a better cohesion for the cement matrix of 
HPC-3. Despite there was shown unvein structure, it was clearly observed the internal pore and isolated pore in the cement paste of 
HPC-3 (Fig. 11a, b, c, d). HPC-3 manufactured with sea water and cured in sea water, on the other hand, had greater cohesiveness than 
HPC-1 made with water of fresh and cured in water of fresh, HPC-2 made with water of fresh and cured in water of sea, and HPC-4 
made with sea water and cured in air. In the study, the curing water of sea of HPC-3 combined with water of sea produced lower 
cohesiveness than the curing water of sea of HPC-2. Zone of local reaction was also discovered surrounding and inside the aggregate 
particle stack’s micro-cracks (Fig. 11a, b, c, d). Table 6 shows results of petrography testing on the HPC-4 cured in fresh water at 3 days, 
7 days, 28 days, and 90 days. 

From 3 days to 90 days, porosity of HPC-4 reduced only 8.3%, because the HPC-4 was mixed with water of sea and cured in air. In 
other words, it was not treated like HPC-3 which was mixed with water of sea and cured in water of sea. This kind treatment results in 
increase in cohesion and reducing in internal pore and isolated pore. Similar reducing trend was observed in internal pore and isolated 
pore in microstructure of HPC-3 (Table 6). Porosity of HPC-4 is bigger than that of both HPC-1, HPC-2, and HPC-3 at 90 days. This 
could be attributed that air curing for HPC mixed with sea water is not useful and, though HPCs have same ingredients, the air curing 

Fig. 10. Images of petrographic analyzis of HPC-2 cured in fresh water at 3 days, 7days, 28 day, and 90 days- interaction among cement matrix and 
aggregate stack, porosity structure of HPC-2, intergranular pores, and isolated pores in the HPC-2. 
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retards the binding capacity of chloride in the HPC-4. As the water/cement was kept constant, the porosity of HPC-4 was not increase 
with hydration, like being in the work which was conducted by Winslow and Liu [58]. Fig. 12 shows images of petrographic analyzis of 
HPC-4 cured in air at 3 days, 7 days, 28 days, and 90 days. This figure also shows interaction among cement matrix and aggregate stack, 
porosity structure of HPC-4, intergranular pores, and isolated pores in the HPC-4. 

Additionally, other critical factor is the need for the usage of superplasticizer in HPC with the same slump. This reduction in water is 
required because to the HPC’s decreased porosity, that makes the concrete much adhesive. As a result, it is concluded that super
plasticizer and sea water curing indicate increased resistance to chemical assault by chloride and salt of Friedel. It could not be an issue 
since the cement content would not have to be increased to maintain the requisite w/c ratio, which would result in a reduction in the 
ultimate cost of the HPC mixture [59]. It should also be noted that the HPC that is workable easily is desirable material guaranteed by 
the right water/cement. In terms of porosity, the HPC-4 has greater internal pore and isolated pore than that of both HPC-1, HPC-2, and 

Fig. 10. (continued). 

Table 5 
Results of petrography testing on the HPC-3 in fresh water at 3 days, 7 days, 28 days, and 90 days.  

Type of HPC Curing age (Day) Pore (%) Internal pore (µm) Isolated pore (µm) 

Concrete matrix Aggregate Amount Minimum Maximum Minimum Maximum 

HPC-3  3  13.05  1.65  14.79  119.8  666.6  6.4  18.6  
7  11.2  1.2  12.94  90.2  332.4  5  19.5  

28  10.62  1.64  12.36  79.5  233.4  3.9  15.1  
90  10.50  1.50  12.24  50.5  233.1  1.9  12  
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HPC3, because it encountered a combined influence, e.g., mixing of sea water and curing in air (Fig. 12). The combined influence 
results in improper hydration and poros media in microstructure of HPC. This could be attributed that the mechanism of air curing 
opens disconnections among cement matrix and aggregate stack in the HPC-4. 

4. Conclusions 

The entry of chloride and the formation of Friedel’s salt in HPC is the effect of the water used as mixing and treatment water. HPC-1 
found no chloride and Friedel’s salt. In HPC-2, no chloride and Friedel salt were found after 3 days of treatment with seawater, but after 
7 days, the chloride had entered and Friedel’s salt was formed in HPC. Because HPC uses seawater as a mixing water, HPC-1 and HPC-3 
discovered chloride and friedel salt. The amount of chloride and friedel salt increased with increasing curing time. 

The amount of portlandite, tobermorite, and etringite compounds in all types of HPC increased with the curing time or the age of 
the concrete. On the other hand, the amount of tricalcium silicate and dicalcium silicate decreases with increasing curing time or the 
age of the concrete. The number of HPC tobermorite using seawater as mixing and curing water was greater than HPC using fresh water 
at an early age (3 days), but the porosity value was lower. 

The concrete mixed with seawater and treated with seawater increases the hydration components of tobermorite and ettringite as 
well as concrete in general. The SEM analysis supports the data obtained in the XRD analysis. Similar increases and decelerations in the 

Fig. 11. Images of petrographic analyzis of HPC-3 cured in sea water at 3days, 7days, 28 day, and 90days- interaction among cement matrix and 
aggregate stack, porosity structure of HPC-3, intergranular pores, and isolated pores in the HPC-3. 
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hydration component were shown in the SEM analysis of the HPC. Petrographic analysis and porosity testing are provided to un
derstand the micropore structure, for example, internal pores and isolated pores in HPC and reduced porosity in HPC mixed with 
seawater and cured in seawater. In this study, HPC-3 showed the highest performance in terms of component hydration, SEM ob
servations, porosity, and petrographic analysis. 
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Fig. 11. (continued). 

Table 6 
Results of petrography testing on the HPC-4 cured in fresh water at 3 days, 7 days, 28 days, and 90 days.  

Type of HPC Curing age (day) Pore (%) Internal pore (µm) Isolated pore (µm) 

Concrete matrix Aggregate Amount Minimum Maximum Minimum Maximum 

HPC-4 3  13.05  1.65  14.79  119.8  666.6  
6.4 

18.6 

7  12.6  1.2  14.34  114.5  560.4 9  19.1 
28  12  2  13.74  108.1  490.2 8  18.8 
90  11.96  1.44  13.70  106.3  416.7 5.2  19.8  
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Fig. 12. Images of petrographic analyzis of HPC-4 cured in air at 3 days, 7 days, 28 day, and 90 days- interaction among cement matrix and 
aggregate stack, porosity structure of HPC-4, intergranular pores, and isolated pores in the HPC-4. 
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