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Abstract

The development of infrastructure in archipelago countries often faces difficulties and challenges due to the lack of fresh
water. Hence, in some cases, the usage of seawater is favourable, in particular for concrete making. Little studies have
been conducted on comparing the seawater, and freshwater concretes, especially on microstructure analysis. The
objective of this study was to reveal the compressive strength, elasticity, and microstructure of concrete using seawater
and freshwater as the mixing water. The methodology of this study was mix design, making test specimens, curing test
specimens, and microstructure analysis. The tests of concretes were conducted for each sample with variations of 1, 3, 7,
and 28 days and the mechanical behavior were tested using compressive strength and elasticity as parameters. At the
same time, the microstructure was examined using an X-Ray Diffraction (XRD). The results showed an increase in
compressive strength and elasticity of seawater and freshwater concretes at all variations with insignificant differences
observed between the two types of concretes. It was also discovered that the formation of Friedel's salt
(3Ca0.Al,0,.CaCl,.10H,0) in the seawater concrete was not in the freshwater concrete. In conclusion, the
differentiation of microstructure did not significantly affect the compressive strength and elasticity between seawater and
freshwater in mixing concrete.
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1. Introduction

There is currently a very rapid development in concrete technology and several innovative research works have
been conducted to improve the quality of concrete, especially with a bid to finding solutions to many problems
observed in the materials used for mixing and overcoming the problems arising from the use of these concretes in the
field. The significant challenges faced by engineers is the lack of clean water to be used in mixing, workability, work
processes, especially structures with complex reinforcement, high structure, and negligence in the maintenance.

A shortage of freshwater supplies raised global consideration to use seawater as an option for concrete mixing [1].
Recently, seawater and sand containing chloride are used as mixing materials in some parts of the world. In some
developed countries, civil engineers have thought about the future challenges of reducing the use of clean water for
this process, considering the increase in infrastructural development [2]. Freshwater and seawater might contain
impurities that affect the quality of mixing water for concrete. Fortunately, the presence of impurities has shown a
favourable effect on strength development at early ages and strength reduction in a long duration of time [3]. The
utilization of seawater and sea-sand in concrete construction has been reviewed previously. Studies have shown the
benefit of sea-sand and seawater to produce faster early strength of concrete as compared to ordinary concrete. Instead,
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both types of concrete achieved comparable long-term strength [4]. Alrowaih and Alruwayeh [5] reported the effect of
salts like sodium chloride at varied concentrations as curing for the mechanical strength of solid concrete cubes and
specimens. Moreover, salts content in seawater found to increase the compressive, tensile, flexural, and bond strengths
of the concrete [6]. Teng et al. [7] developed a new type of ultra-high-performance concrete for marine construction
using seawater and sea-sand as a solution of freshwater, river-sand, and coarse aggregate shortages. More studies
reported the compressive strength and slump flow of self-compacting concrete (SCC) using two types of water [8] and
self-compacting concrete using seawater as mixing water without curing method [9].

The microstructure analysis of concrete made using seawater and freshwater as mixing and curing water showed a
comparison of their properties, including fresh and hardened properties [10] and particular components [10]. The
presence of components in concrete play a function for its microstructure, thus controlling the behavior is possible
[11]. Another study showed beneficial relationships between compressive strength and microstructure characteristics
of self-compacting concrete analyzed up to 90 days ages when using seawater [12].

Indonesia is an archipelagic nation with most of its areas lacking quality water sources for drinking, not to mention
the freshwater for infrastructure purposes. The limitation of the quantity of freshwater in several regions led to the
inevitable use of seawater in mixing and maintaining concretes, especially for buildings located in coastal areas like
port. As far as our concern, the relationship between immersion time and microstructure characteristics of concrete
made using seawater and freshwater has yet investigated. Hence, in this study, we reported the compressive strength,
elasticity, and microstructure of concrete using seawater and freshwater as mixing water.

2. Research Methodology

The materials used in the study were Portland Composite Cement (PCC), freshwater, seawater, local crushed stone
at a maximum size of 20 mm, local sand at 4.75, and superplasticizer. The research was conducted in the laboratory
using an experimental method. The self-compacting concrete (SCC) was designed using European Federation of
Specialist Chemical Concrete Construction Systems method, and the SCC was mixed using water and cement with a
volume ratio of 1:1. Figure 1 shows the flowchart of the research methodology.

Mix Design E> Making test specimens E> Curing test specimens

Conclusions <: Microstructure analysis <: Testing test specimens

Figure 1. Flowchart of the research methodology

All the ingredients were mixed in three consecutive stages. First, fine sand and coarse aggregate in Saturated
Surface Dry (SSD) condition were mixed for £ 1 min. Second, the cement was poured into the concrete-mixing
machine containing the aggregate and mixed for about 1-2 minutes. Third, after a homogenous mixture was achieved,
the water was mixed with superplasticizer, incorporated into the concrete, and mixed for about 2-3 minutes. The
mixture was homogenized using a concrete mixer. However, using a water-cement factor of 0.37, the 32 cylindrical
concrete made from seawater contained 32.98 kg of water, 93.15 kg of cement, 90.57 kg of sand and 187.06 kg of
crushed stones while 32 samples produced from freshwater had 33.79 kg of water, 93.99 kg of cement, 71.62 kg of
sand and 203.51 kg of crushed stones. After the measurements and observations, the SCC was inserted into the 150 x
300 mm cylinder size. Furthermore, 28 cylinders were made for each of the samples and the specimens were tested
before treatment, and for 1, 3, 7, and 28 days. The seawater concrete was denoted by SCC-SC and freshwater concrete
by SCC-FC. The photo of the cylinder concrete sample model is shown in Figure 2.

Figure 2. Cylinder Concrete Sample Model
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The two mechanical tests conducted were on the compressive and tensile strength at 1, 3, 7, and 28 days with each
treatment having three samples. The standard test for the compressive strength was conducted according to the
Indonesian National Standards (SNI) with the number 1974-2011. Moreover, Equipment Universal Testing Machine
(UTM) was used by providing a static monotonic uniaxial compressive load at an average speed of 0.14 to 0.34
MPa/sec and the value was calculated using the following equation:

Fc' = — 1
¢'= 1)
Where Fc’ is the concrete compressive strength in MPa, P is Peak load in N, and A is the surface area of the cylinder
in mm.

Furthermore, the standard test to split tensile strength was conducted based on the SNI with the number 03-2491-
2002 and the value was obtained using the following equation:

T = 2P 2
LD &)
Where T is splitting tensile strength in MPa, P is the maximum applied load indicated by the testing machine in N, L is
the length in mm, and D is the diameter in mm.

The microstructural characteristics of the concrete were studied using molecular microstructure testing through the
use of X-Ray Diffraction. The analysis was conducted on both types of concrete on the first, second, seventh, and
twenty-eighth day. Data obtained from the tests were analyzed using regression analysis through the use of mechanical
testing as the dependent variable and microstructure as the independent variable.

Table 1. The Types and amount of testing

Number of Test Items for Immersion

Concrete Test Form of a test object
1day 3days  7days 28 days

Compressive strength Cylinders (150 x 300) mm 3 3 3 3
SCC-FC Tensile Cylinders (150 x 300) mm 3 3 3 3
Microstructure Cylinders (150 x 300) mm 1 1 1 1
Compressive strength Cylinders (150 x 300) mm 3 3 3 3
SCC-sC Tensile Cylinders (150 x 300) mm 3 3 3 3
Microstructure Cylinders (150 x 300) mm 1 1 1 1

3. Results and Discussion
3.1. Compressive Strength

This is the most important mechanical property in determining the quality of concrete. It was calculated using the
ratio comparison of cement, coarse and fine aggregates, water, and several mixtures. The results obtained for both
SCC-SC and SCC-FC are shown in Table 2.

Figure 3 shows SCC the compressive strength of the two treatments to be increasing with the duration. However,
the values obtained for SCC-SC is slightly higher than SCC-FC towards the 28th day. This in agreement with the
previous research ¢ onducted by Bachtiar et al. (2013 and 2014) [12, 13] which showed the compressive strength of both
mortar and concrete using seawater to be higher than for distilled water or freshwater. Moreover, the value obtained was
observed to have improved for the SCC-SC from 1st to 3rd, 3rd to 7th, and 7th to 28th day by 24.16%, 39.92%, 67.44%
respectively and the value at the last day was 44.88 MPa. The differences between the SCC-SC and SCC-FC for these
periods were 23.13%, 39.83%, and 67.88% respectively, and the value for the SCC-FC on the last day was 44.03 MPa.

Table 2. The compressive strength test of SCC-SC and SCC-FC

Compressive strength fc’ (MPa)

Samples

1 day 3 days 7 days 28 days
1131 19.23 31.11 45.25
SCC-SC 10.75 16.97 29.70 44.40
10.56 17.54 29.98 44.97
Average 10.84 17.91 30.26 44.88
10.46 18.67 30.55 42.42
SCC-FC 10.18 15.84 29.41 44.69
9.90 18.10 29.70 44.97
Average 10.18 17.54 29.89 44.03
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The improvement in the values of the compressive strength for both SCC-SC and SCC-FC were observed in all the
days. The strength of the concrete produced using the seawater may be increased due to the possibility of the
formation of crystals, making the structure denser as a result of the salt content. This is in line with the study
conducted [14], which showed the addition of sodium chloride in fresh concrete to lead to the formation of crystals of
Friedel' salt 3Ca0.Al,05.CaCl,.10H,0. This was observed to have the ability to improve the pH and alkalinity, which
further activates the hydration of cement paste and provide a more solid structure with smaller pores. Another research
by [15] also reported the presence of chloride to have accelerated the development of early age concrete strength slag
up to about 7-14 days.
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Figure 3. Compressive strength of SCC-FC and SCC-SC

3.2. Splitting Tensile Strength

The elasticity test conducted also showed the SCC-SC has the capability to provide modulus of elasticity almost the
same as SCC-FC as shown in Table 3. Figure 4 shows the values of the splitting tensile strength increases with age.
The values for SCC-SC were slightly higher than what was recorded for SCC-FC up to the 28th day. Moreover, the
values were observed to have improved for the SCC-SC from 1st to 3rd, 3rd to 7th, and 7th to 28th day with 49.56%,
64.83, and 81.54% respectively and the value on the 28th day was 32209.46 MPa. Whereas, the improvement for the
SCC-FC at the same age were 47.28%, 62.75%, and 81.37% respectively with 31804.47 MPa recorded for the 28th
day. These results are in agreement with the findings of the previous research works [16, 17].

Table 3. The splitting tensile strength test of SCC-SC and SCC-FC

Splitting tensile strength (MPa)

Samples
1 day 3 days 7 days 28 days
16531.53 21983.10 27063.64 31343.86
SCC-SC 15899.95 20342.42 26307.82 32539.54
15458.45 20314.28 25419.80 32744.99
Average 15963.31 20879.93 26263.75 32209.46
15549.36 20944.09 26246.78 28935.27
SCC-FC 14948.76 18828.81 25878.61 31763.77
14612.36 2010.30 25511.97 34714.36
Average 15036.83 19958.06 25879.12 31804.47
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Figure 4. Splitting tensile strength of SCC-FC and SCC-SC

As suggested by Kaushik and Islam [18], higher early-age strength of seawater concrete was attributed to lower
porosity due to the acceleration in the hydration. In comparison, the lower long-term strength was attributed to the
leaching of the hydration products. Wegian [6] revealed magnesium sulfates (Mg,SO,) in seawater reacts with
calcium hydroxide (Ca(OH)) in the pore solution to form soluble magnesium hydroxide (Mg(OH),) and gypsum
(CaS0,4.2H,0). These phases may cause expansive crystallization pressure to cause a decrease in concrete strength.
While several explanations have been proposed, the decrease likely depends on cement and seawater chemistry, the
use of supplementary cementitious materials, and the curing regime used.

3.3. Microstructure Characteristic

The microstructure analysis showed some detectable differences between the concretes produced using seawater
and freshwater, probably due to the variations in their compositions. Table 3 shows the results for the microstructure
analysis on both SCC-SC and SCC-FC at the age of 1 day, 3 days, 7 days, and 28 days. The tobermorite percentage in
SCC-SC was found to be higher than in SCC-FC, while the portlandite percentage was shown to be smaller.

The presence of NaCl was considered the most fundamental component affecting the chemical bonding reaction in
the concrete. This research found significant differences in the microstructures of SCC-SC and SCC-FC, including
their chloride and Friedel’s salt contents. These contents were not detected in concretes made using freshwater but
found in those produced with seawater. Meanwhile, compositions of chemical compounds and elements commonly
found in concrete were only different in their amounts in both types based on the time applied.

Table 4. Microstructure analysis

. Age (Days)
Test Sample Microstructure phase (%)
1 3 7 28

SCC-SC . 10.23 9.37 7.58 6.18

Portlandite, (Ca(OH),)
SCC-FC 11.09 12.28 16.80 22.0
SCC-FC (3Ca0.25i0,.3H;0) 29.97 31.58 39.2 51.35
Scc-sc Friedel’s salt 0.3 1.39 3.25 7.71
SCC-FC (3Ca0.Al,05.CaCl,.10H,0) . . . .
scc-sc Ettringite 0.82 2.6 483 6.38
SCC-FC (3Ca0.Al,05.CaS0,.32H,0) . . . .
Scc-sc ) 1.75 1.26 0.17 0.05

Chloride (CI)

SCC-FC - - - -
SCC-SC Tricalcium silicate 20.16 16.61 9.5 -
SCC-FC (3Ca0.Si0y) 20.65 17.92 10.8 -
SCC-FC (2Ca0.Si0y) 38.29 38.22 33.2 26.65
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3.3.1. The Effect of Immersion Time on Calcium Hydroxide Formation

Calcium hydroxide [Ca(OH,)] is one of the molecules formed from the reaction of elements of silica in cement and
water. This molecule is easily reacted with other elements or chemical compounds to give the concrete more strength.
Table 4 shows that calcium hydroxide content of SCC-FC increases with increasing immersion time, but it decreases
for SCC-SC. This different result was reported by Bachtiar et al. (2014) [12] that calcium hydroxide content of
concrete both seawater and freshwater as mixing were increased with increasing immersion time. The molecule of
Ca(OH), is soluble and easily reacts with other compounds. Through the use of seawater, this molecule reacts
chemically with NaCl to form calcium chloride while with freshwater, the formation value of calcium hydroxide
increased due to the reaction between silica elements in cement and water during the given time. On the contrary, this
value decrease in concrete made using seawater as the mixing and immersion agents and this might be due to the
contamination of chloride or other elements not observed using freshwater.
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Figure 5. Linear regression model of immersion time and formation of Ca(OH),

The regression correlation between the immersion time and the formation of calcium hydroxide in SCC-SC is
illustrated in Figure 5 to obtain an equation of y = 9.644e % with a correlation coefficient (r) of 0.925 and
determination coefficient () of 0.855. The correlation value obtained indicated a significant effect of immersion time
to the formation of calcium hydroxide. This means a more extended period of immersion leads to a longer reaction
between calcium hydroxide and chloride element from seawater, thereby, reducing the level of calcium hydroxide in
the concrete. Moreover, the determination coefficient obtained showed the effect of immersion time on the formation
of calcium hydroxide at a percentage of 85.5%. On the contrary, for the SCC-FC, the correlation value (r) for SCC-FC
was found to be 0.920, indicating a strong correlation between the immersion time and the formation of calcium
hydroxide in freshwater concrete. This value implied a more extended period of immersion leads to the formation of
more calcium hydroxide. Besides, the determination coefficient of r>= 0,846 indicated the effect of immersion time to
the formation of calcium hydroxide was at 84.6%.

3.3.2. The Effect of Immersion Time on Friedel’s Salt Formation

NaCl could react with tricalcium aluminate to form calcium aluminate chloride hydrate (Friedel’s salt; the chemical
formula is 3Ca0-Al,O3-CaCl,-10H,0). Friedel’s salt is essential several reasons. First, it is more stable than the
hydroxy aluminate. A range of hydroxyaluminates differing in molecular water contents is known, but all are unstable
with respect to mixtures of hydrogarnet and alumina hydrate (gibbsite). Second, hydroxyaluminates phases exhibit
anion exchange: their composition is sensitive to their local chemical environment. Thus, when chloride diffuses into
cement, diffusion profiles may be affected by ion exchange and binding into hydroxyaluminates phases; the
hydroxyaluminates serves as a “sink” for chloride ions and thereby retards diffusion of chloride [19].

Friedel’s salt only exists in concrete which using seawater as mixing water. The result of the reaction formed
between calcium hydroxide and NaCl, called calcium chloride, reacts again with other chemicals present in cement,
namely aluminate compounds. As a result of this reaction form Friedel salt, which functions to fill the pores in the
concrete. Friedel’s salt formation increases with the increasing of immersion time, as seen in Table 4. The correlation
between immersion time and formation of Friedel’s salt is displayed in Figure 6. It shows the non-linear regression
relationship percentage of Friedel’s salt and immersion time of SCC-SC. Percentage of Friedel’s salt and immersion
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time relationship equation is y = 0.736e>%™* with a correlation coefficient, r = 0.821 and determination coefficient, r? =
0.647 means that the immersion time has a 67.4% effect on Friedel salts. Correlation value showed a positive

correlation is strong, and this means that the more Friedel salt content in concrete, the more pores in the concrete-filled
by it.
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Figure 6. Linear regression model of immersion time and formation of Friedel’s salt

3.3.3. The Effect of Immersion Time on Tobermorite

The reaction between tricalcium silicate or dicalcium silicate and water led to the formation of tobermorite and
calcium hydroxide. As seen in Table 4, that tobermorite content of SCC-SC is a bit higher than SCC-FC. This result
similar to reported by Bachtiar et al. (2014) [12] that tobermorite of seawater concrete higher than freshwater concrete.
Based on data was obtained, that increasing of tobermorite led to increasing compressive strength and splitting tensile
strength of both SCC-SC and SCC-FC. Figure 7 shows the correlation between immersion time and the formation of

tobermorite. The results showed more extended immersion of specimen caused the higher formation of tobermorite in
the concrete.

Tobermorite or calcium silicate hydrate (C-S-H) filled about 70% of the chemical compounds in concrete and
played an important role in compressive strength formation. Furthermore, the regression analysis of the immersion
time and formation of tobermorite in the SCC-SC concrete obtained an equation of y = 32.93e"%™ with a correlation
coefficient (r) of 0.945 indicating a strong positive correlation of immersion time and tobermorite formation.
Consequently, a longer period of immersion caused more formation of tobermorite. Moreover, the determination
coefficient (r?) obtained was 0.893 which showed that about 89.3% of the tobermorite formation was affected by the
immersion time. Similar trend was also observed in the SCC-FC concrete with an equation of y = 30.90e%%% r at

0.957, and r® at 0.915. The value of r? indicated approximately 91.5% of tobermorite formed was affected by the
immersion time.
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Figure 7. Linear regression model of immersion time and formation of tobermorite
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4. Conclusions

e The compressive strength and splitting tensile strength of two types of concretes studied, SCC-SC and SCC-FC,
were significantly increased with the immersion time and not significantly different, although the SCC-SC has
higher values. The highest compressive strength and splitting tensile strength were 44.8 MPa and 32209.46
Mpa, which obtained for SCC-SC with 28 days immersion time;

e The formation of Friedel’s salt was observed in concrete produced from seawater (SCC-SC), thereby binding
the chloride to reduce the amount of free chloride and filled the pores of the concrete. The formation of this salt
was increased significantly at 7.71% with decreasing period of immersion for 28 days. On the contrary,
Friedel’s salt and chloride did not exist in concrete produced from freshwater (SCC-FC);

e The more extended immersion of the specimen leads to the higher forms of tobermorite in concrete. It can be
seen that the regression analysis of the immersion time and formation of tobermorite in the SCC-SC concrete
obtained an equation of y = 32.93e%%™* with a correlation coefficient (r) of 0.945 indicating a strong positive
correlation of immersion time and tobermorite formation;

e The interesting thing show for calcium hydroxide (Ca(OH),) formation, the longer immersion of specimen
gives different effect to SCC-SC and SCC-FC. The value decrease in concrete made using seawater as the
mixing and immersion agents, but an increase in concrete made using freshwater. The formation of calcium
hydroxide [Ca(OH,)] was found to reduce at about 6.18% due to the chemical bonding with the chloride for
SCC-SC;

¢ In this study, microstructure analysis of the concrete using seawater and freshwater as mixing water did not
significantly affect the mechanical behaviour of the concrete. Although, the effect of the chloride and porosity
were not examined further in this research.
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