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Abstract:

In this study, the feasibility of using seawater from the
Bay of Bengal in concrete production was investigated,
comparing it with the conventional method of using
freshwater. A critical literature review was conducted
alongside the experimental study. Two water sources
(seawater and freshwater) were used during different
phases of concrete production (casting-curing, only
casting, and only curing). In addition, two types of coarse
aggregates (brick chips and stone chips) were used.
Consequently, experiments were conducted under eight
different conditions. The results revealed that in
freshwater, compressive strength increased with longer
curing periods; however, for seawater, the strength
initially increased but decreased upon prolonged curing.
The highest reduction in compressive strength (12,7-
23,5 %) occurred when seawater was used in the
casting-curing phase. Using stone chips with seawater
was more effective than using brick chips. Higher
densities were observed with stone chips; however, the
use of seawater caused negligible changes in concrete
densities. Seawater can be used for concrete production
in certain specified structures, potentially conserving
freshwater resources and promoting environmental and
economic sustainability.
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1 Introduction

Earth is a water-dominant planet, with more than two-thirds (71 %) of the Earth's surface
occupied by water. Approximately 96,5-97,5 % of the water on Earth is contained in the seas,
and the rest (less than 3,5 %) is freshwater, where less than 1 % of the water is usable for life,
ecosystems, and human activities. Seawater is abundant, constantly circulating, affects both
humans and the environment globally, and provides a means of transportation for human
civilisation. However, unlike freshwater, seawater is often not readily available in a usable form
because of the complex combination of several salts, including organisms, dissolved gases,
suspended sediments, and organic matter, all of which depend on geographic and geomorphic
factors [1; 2; 3].

Recently, water scarcity has emerged as a major global issue because of the increasing gap
between freshwater demand and supply [4 5]. Freshwater demand has increased owing to the
advancement of civilisation with development in all sectors, such as the agricultural, industrial,
and economic sectors. In contrast, freshwater supply is constrained because of the higher
usage, shortage, and pollution of sources. In such circumstances, using water from alternative
sources instead of freshwater for different water-consuming sectors, such as concrete
production, different industries, and sanitation facilities, is becoming a concern in addressing
such global water scarcity issues [6]. According to previous studies, freshwater supply has
become an issue for more than 40 % of the world's population, and 44 countries are anticipated
to face either extremely high or high water stress levels by 2040 [7; 8]. Therefore, despite the
common belief that seawater is unsuitable for many applications, abundant seawater usage is
not only necessary but also plausible as an alternative to freshwater, where possible, to ensure
sustainability.

Besides agriculture, concrete production is among the world’s most water-consuming sectors
as a major water-intensive industry. The concrete production sector is an unavoidable part of
human civilisation because of its worldwide significance and popularity. From the Pantheon
and Colosseum in Rome and the Burj Khalifa in the UAE were built using concrete. In addition
to the economy, the efficiency, workability, strength, and stiffness make concrete an important
material in infrastructure construction. However, this sector consumes large amounts of
freshwater, increasing environmental concerns. According to the literature, the concrete
industry (casting, curing, and washing aggregates) consumes over one trillion gallons (more
than one and a half billion tons) of freshwater annually worldwide [9; 10; 11]. According to other
studies, approximately 500 | of freshwater is required per cubic meter of concrete production;
this amount may vary based on the design of the concrete mix and/or concrete grades [12].
Concrete production was responsible for 9 % of all industrial water withdrawals globally in
2012, approximately 1,7 % of the world's total water demand. A projection indicated that by
2025, some regions would use 75 % of their water for concrete production and face water
scarcity problems [13].

Typically, freshwater or potable water (safe for human consumption) is used for concrete
production. However, water usage from several non-potable sources, such as wastewater,
greywater, and water from rivers, has also been reported in literature addressing
environmental and sustainability issues [14; 15; 16].

Under such circumstances, because seawater is abundantly available, its use in concrete
production provides an alternative to freshwater, particularly in countries with sea or ocean
borders, islands, and coastal regions that have limited access to fresh water and where long-
distance transportation of freshwater is required, which significantly increases cost and energy
consumption. The literature highlights the connection between seawater and concrete, dating
back to the Romans, who constructed the first concrete structures along the Mediterranean
coast. This legacy also continued into modern times, with World War ll-era structures built near
the coastal regions of California and Florida [3; 17].

Bangladesh, the largest deltaic nation in the world, is a developing country in South Asia that
shares a southern border with the Bay of Bengal. Among the most densely populated countries
in the world, 6,4 % of land is covered by water. 20-30 % of the nation's population resides in
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the country's coastal zone, which encompasses 19 of the country’s 64 districts. By 2050, the
estimated population of this coastal zone will be 60,8 million [18-20]. Several large construction
projects are currently in progress and many more are scheduled as part of the government’s
development agenda [14; 15; 21]. Additionally, a large amount of infrastructure has been
constructed in coastal regions. Thus, in the context of Bangladesh, water scarcity,
infrastructure development in coastal areas, groundwater depletion issues, and climate change
may be resolved by using large amounts of seawater as an alternative water source instead
of freshwater in the concrete manufacturing sector.

The main aim of this study was to determine the possibility of using seawater in concrete
production through a critical literature review. To achieve this goal, the study had the following
objectives:

o0 To analyse seawater and compare the obtained results with those obtained using
freshwater (tap water).

0 To assess the impact of seawater on the density and compressive strength of concrete
in comparison with freshwater.

0 To compare the results of this study with those of previous studies via a comprehensive
literature review.

2 Methodology
2.1 Seawater and freshwater sampling

The seawater was sourced from the Bay of Bengal, and the collection point was close to
Kolatoli Beach, Cox’s Bazar, Chittagong Division, Bangladesh. Seawater samples were
collected from a single location, without considering seasonal, tidal, or depth-related variations.
Freshwater supplied by the Dhaka Water Supply Authority (DWASA) was collected from a tap
at the University of Asia Pacific (UAP) in Dhaka, Bangladesh. Figure 1 shows the details of
seawater sampling from the Bay of Bengal. 1 L of seawater was collected for water quality
parameter testing, and another 250 L was collected for concrete casting-curing. The required
amount of freshwater was collected from the tap. Precautions and appropriate procedures
were followed for water sampling, transportation, and preservation.

2.2 Water quality parameter testing

Table 1 lists the selected water quality parameters and testing procedures. 29 different quality
parameters, including 10 metals, were tested in both seawater and freshwater. The metal ions,
cadmium (Cd?¢), calcium (Ca?¢), copper (Cu?¢), iron (Fe?d), lead (Pb?*h), magnesium (Mg39),
nickel (Ni?¢), potassium (K¢), sodium (Nad), and zinc (Zn?¢), were tested in the laboratory of
the NGO FORUM, Dhaka, Bangladesh.

The remaining parameters were tested in the Environment Engineering and Chemistry
laboratory of the UAP, Dhaka, Bangladesh, including the pH, colour, turbidity, salinity, alkalinity
as CaCOs, conductivity, total phosphorous (TP), total solids (TS), total suspended solids
(TSS), total dissolved solids (TDS), total hardness (TH), dissolved oxygen (DO), chemical
oxygen demand (COD), biochemical oxygen demand (BOD), and the concentrations of ions
like sulphate (SO4%), chloride (CI), nitrite (NO2’), nitrate (NO3’), and ammonium (NH.*).

2.3 Collection and testing of concrete materials

In this study, Ordinary Portland Cement (OPC) of the “Seven Rings Cement” brand (BDS EN
197-1:2003, CEM 1I/B-M(S-V-L), Grade: 42,5 N/mm?; Clinker: 65-79 %; Slag, fly ash, and
limestone: 21-35 %; Gypsum: 0-5 %) was used as a cementitious material. Dust-free and dry-
conditioned local sand were used as fine aggregates.

Standard brick chips (3/4-inch downgrades; manually crushed from first class bricks) and
standard stone chips (3/4-inch downgrades) were used as coarse aggregates.

All concrete materials were collected from a local market. Saturated-surface dry-conditioned
coarse aggregates with rough textures and angular shapes were used after thorough washing
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to remove dust and other impurities. As listed in Table 2, ASTM International procedures were
followed for testing the different materials. Figure 2 shows photographs of the material testing.
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Figure 1. Sampling location of seawater from the Bay of Bengal
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Table 1. Water quality parameters and testing procedures

Water quality parameter(s)

Apparatus

pH, conductivity, DO, salinity,
TS, TDS, and TSS

HACH HQ40d multi-parameter meter with
PHC30H, LDO101, and MTC101 probes

color, turbidity, NO2", NO3", NHs4*, SO4%, and TP

HACH DR 6000 spectrophotometer

COD HACH DRB 200 COD reactor
BOD HACH BOD 'I_'RAKII manometric instrument with
an incubator at 20 °C for 5 d
alkalinity as CaCOs, CI, and TH Titration method
metals Atomic Absorption Spectroscopy (AAS)

Table 2. Concrete parameters and testing procedures

Concrete materials Test(s) Testing procedure
cement initial and final setting time ASTM International C191
sand Bulk ?ﬁ::g;(;rg;ﬁ?/ugssm ASTM International C136
brick chips Bulk Specific Gravity (SSD) ASTM International C127
stone chips Bulk Specific Gravity (SSD) ASTM International C127
fresh concrete Slump test ASTM International C143
harden concrete compressive strength ASTM International C 39

2.4 Experimental cases and specimen deta

ils

Eight different experimental cases were considered in this study (Table 3), and 120 specimens
(each specimen was 100 mm in diameter and 200 mm in height) were prepared using a
volumetric mix design method. The Cement: FA: CA ratio was 1:1,5:3 and the water—cement
ratio was 0,45. Table 3 lists the details of the experimental cases and specimen details.

Table 3. Specimen details

Experimental Experiment Wat-er types us-ed CA Mix Specimen
case no. identification name Casting | Curing ratio quantity
phase phase
1 SBS sea sea brick
2 SBF sea tap brick
3 SStS sea sea stone
4 SStF t t
sed ap SION® | 4.1,5:3 15
5 FBF tap tap brick
6 FBS tap sea brick
7 FStF tap tap stone
8 FStS tap sea stone
Total number of specimens 120

ACAE | 2026, Vol. 17, Issue No. 33

Page | 27



Hasan, M. M. et al. Application of Bay of Bengal seawater in concrete production

Figure 2. Photographs of material testing: a) sand; b) brick chips; c) stone chips; and
d) cement

2.5 Mixing, casting, and curing of the specimens

Cylindrical specimens were cast for eight different experimental cases. Before casting, the
concrete materials and specimen moulds were properly prepared. The aggregates were kept
in the specified casting water for 24 h (for the SBS, SStS, SBF, and SStF cases, the coarse
aggregate was kept in seawater; for the FBF, FStF, FBS, and FStS cases, it was kept in
freshwater). The aggregates were then separated from the water and dried to obtain the SSD.
The materials were properly mixed using a mixing machine according to the specifications for
casting. During the mixing phase, seawater was used for the SStS, SStF, SBS, and SBF cases,
and freshwater was used to produce the FStF, FStS, FBF, and FBS cases. A water—cement
ratio of 0,45 was maintained in all cases. After mixing, the fresh concrete was immediately
compacted into the prepared moulds. Compaction was performed in two layers, with 25
separate tampings in each layer. A 16-mm-diameter and 50-cm-long rod was used for tamping.
After tamping, the upper surfaces of the moulds were properly finished. A slump test was
performed before casting. After casting, the specimens were left to dry for 24 h, remoulded,
and cured for specified days in specified waters. For SBF, SStF, FBF, and FStF, freshwater
was used for curing, whereas specimens of SBS, SStS, FBS, and FStS were cured with
seawater. The curing periods were 7, 14, 28, 60, and 90 d. Compressive strength was tested
using the ASTM C 39 method after a specified curing period. Figure 3 illustrates the different
steps of the experiment. Following proper codes, all tests were conducted at the Engineering
Materials Laboratory, UAP, Dhaka.
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Figure 3. Experiment steps: a) specimen mould preparation; b) mixing of concrete; c)
mould filed with concrete; d) trowelling; e) curing of specimens; and f) testing of
specimens

2.6 Statistical analysis

Statistical analysis was performed using single-factor analysis of variance (ANOVA) in
Microsoft Excel software at a 95 % confidence level (a = 0,05). Differences between seawater-
and freshwater-mixed concretes were considered statistically significant at p < 0,05.

3 Results
3.1 Seawater characteristics

Table 4 lists a detailed comparison of the seawater and freshwater characteristics based on
29 water quality parameters, including 10 metals. These characteristics were assessed against
conventional specifications and guidelines for concrete manufacturing. The pH of seawater
was 7,57, which was slightly higher than that of tap water (6,58). Both values fall within the
standard range for potable water (6,5-8,5) and are considered suitable for concrete production.
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Table 4. Water quality details

sl Water quality Unit Tap Seawater Limit References
No. parameter water
3 [22; 23]
>5 [24; 25]
1 pH 6,58 7,57 6 [26]
6-8 [27]
7-9 [28]
2 DO mg/L 5,06 7,25
3 Colour Pt-Co 5 33 - ---
4 Turbidity JTU 17,62 8,43 2000 [29]
5 Salinity ppt 0,1 29,2 - -
50000 [30]
6 TS mg/L 179,6 28112 5000-10000 [31]
4000 [23]
7 TSS mg/L 8 12 2000 [26; 32; 33]
50000 [34]
8 TDS mg/L 171,6 28100 2000 [26; 28; 32]
< 6000 [29]
9 BOD mg/L <0,2 2,9
10 COD mg/L 1,2 3,8
11 Ammonium (NH4 Y mg/L 0,15 5,02 --- ---
12 Nitrate (NOF Yo mg/L 0,3 0,4 500 [35]
13 Nitrite (NOF Yo mg/L 0,001 0,003
14 Total Hardness (TH) mg/L 137 5670 - -—-
15 | Alkalinity as CaCOs | mglL | 132 115 500 [28]
1000 [27; 33]
360 [36]
16 Chloride (CI) mg/L | 150-600 | 19285 2500000 [24’[32 32]
4500 [35]
400 [26]
600 [36]
17 Sulphate (SO4?) mg/L <1 228 1000 [24; 35; 37]
2000 [24; 25; 34]
3000 [30]
18 | Total Phosphorus (TP) mg/L 0 3,7 100 [24; 35]
19 Conductivity S/m 356 46
20 Cadmium (Cd?¢) mg/L 0,005 < 0,002
21 Calcium (Ca?¢) mg/L 75 424 2000 [28]
22 Copper (Cu?) mg/L 1 < 0,01 500 [33]
’ 600 [38]
23 Iron (Fe?¢) mg/L 1,0 1,52 - -
24 Nickel (Ni24) mg/L 0.1 <0,02
25 Potassium (K*) mg/L 12 1257 2000 [28]
100 [35]
26 Lead (Pb?¢) mg/L <0,05 0,07 500 [33]
600 [38]
27 Magnesium (Mg?¢) mg/L 30-35 159 2000 [28]
28 Sodium (Na*) mg/L 200 8252 2000 [28]
100 [35]
29 Zinc (Zn3¢) mg/L 5 0,08 500 [33]
600 [38]

Other water quality parameters, such as colour, solids, TH, BOD, COD, NH4 ,¢S0.%, and TP,
were significantly higher in seawater than those in freshwater. This increase in organic and
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inorganic content may raise concerns about the potential effects on concrete durability and
performance; however, these values were still evaluated in line with the established limits for
their acceptability in concrete production. The surface salinity and Clw concentration of
seawater were 29,2 ppt and 19285 mg/L, respectively, which were, as expected, significantly
higher than those of freshwater. Moreover, the Clw concentration is well above the
recommended limit of 4500 mg/L for concrete production. Among the 10 metals analysed,
Ca%p, Mg?p, K+, and Na+ showed high concentrations, while the levels of Cd?$, Cu?, Fe?¢,
Pb2%¢, Zn?$, and Ni2p were either lower or only slightly higher. Notably, the concentration of Na+
in the seawater exceeded the standard limit set for concrete production. Elevated levels of Cl-
and Na+ can pose risks to the durability of concrete, particularly in terms of reinforcement
corrosion.

27 out of the 29 water quality parameters met the recommended or limiting values for concrete
production, as listed in Table 4. Additionally, the characteristics of the seawater used in this
study were compared with the findings of other studies (Table 5), allowing for a broader
contextual understanding of the suitability of seawater for concrete manufacturing. Six water
quality parameters, including Na*, K*, Ca?*, Mg?*, CI', and SO4%*, were compared. The Mg?*
and SO.+* concentrations were found to be the lowest in the water of the Bay of Bengal,
whereas the K+ concentration was the highest. For Cl-, the maximum and minimum ranged
from 33400-3000 mg/L, and the value was 19285 mg/L in the water of the Bay of Bengal. The
concentrations of Na* and Ca?" were 8252 and 424 mg/L, respectively.

Table 5. Seawater quality comparison

Concentrations (mg/L)

Ref. Sampling Locati
e ampling Location Na e Ca? | Mg¥ e SOz
o) | SouthChinaSea Victora | 5170 | 447 | 579 | 1040 | 33400 | -
Harbor, Hong Kong
[40] Neilingding Island, China 228 278 7220 688 10600 1080
[41] Al-Khor coastal area, Qatar - 18600 2359
[41; 42] Arabian Gulf, UAE 15000 | 520 | 500 | 2300 | 26000 | 3700
[43] Zhoushan Islands, China | 11750 | 335 | 331 | 1157 | 14818 | 2489
ay | (oY Biocayte B MAML | oses | 320 | 389 | 1323 | 18759 |
[45] Not Specified 9290 | 346 | 356 | 1167 | 17087 | 2378
[46] ltoshima, Fukuoka 9900 | 350 | 360 | 1200 | 18720 | 2370
prefecture, Japan
[47] | Chek Lap Kok, Hong Kong | 10419 | 354 | 358 | 1215 | 18153 | 1675
[48] Not Specified 10125 | 387 | 376 | 1180 | 17136 | 2412
gy | Elekobeach LagosState, | 475 | 210.6 | 1644 | 6000 | 1400
Nigeria
[50] Melbourne 11940 | 622 | 1430 | 20700 | 3420
[51] Norway Sea 9460 | 348 | 351 | 1130 | 19420 | 2583
(52] North Sea 12200 | 500 | 430 | 1110 | 16550 | 2220
- Marmara Sea 8100 | 340 | 328 | 1035 | 14390 | 2034
Black Sea 4900 | 230 | 236 | 640 | 9500 | 1362
[54] Baltic Sea 1800 | 67 98 | 240 | 3000 410
55] Atlantic Sea 10735 | 380 | 424 | 1416 | 19920 | 2697
Yell Daf
[56] ellow Seanear Dafeng | ,7a) | 58 | 408 | 1207 | 19360 | 2702
port, Jiangsu, China
[57] ASTM D114198 10833 | 398 | 419 | 1292 | 19437 | 2769
this Kolatoli Beach, Cox’s Bazar, 8252 1257 424 159 19285 228
study Bangladesh
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3.2 Concrete material characteristics

The physical characteristics of the materials used in the concrete mix design are listed in Table
6. The properties of the materials exhibited standard characteristics for concrete mix design.

Table 6. Details of concrete materials

Material(s) Properties
cement Unit weight: 3100 kg/m3; Normal consistency: 28,25 %
sand Fineness Modulus (FM): 2,62; Bulk Specific Gravity (SSD): 2,62
brick chips Bulk Specific Gravity (SSD): 2,07
stone chips Bulk Specific Gravity (SSD): 2,63

3.3  Slump test

A slump test was performed to assess the workability of freshly mixed concrete. A higher slump
indicates that the concrete is highly workable. The slump test results for sea and freshwater
for a 0,45 water—cement ratio are shown in Figure 4. With stone chips, slump value was 17,5
cm for seawater and 19,25 cm for freshwater. However, with brick chips, the slump value was
16,25 cm for seawater and 15,25 cm for freshwater; the values were lower than those when
stone chips were used.

25
m Stone chips Brick chips

20 19,25
17,50 16,25

15,25
15

Slump Value (cm)
=)

Sw FW
Water Type

Figure 4. Slump test values (SW: seawater; FW: freshwater)

The slump differences between seawater and freshwater mixes were relatively small, even
though the dissolved salts present in seawater (primarily Na¢, Clgy and SO can influence
the rheology of fresh concrete by altering the ionic strength of the pore solution. The
mechanistic explanation for this phenomenon may be that the increased ionic concentration
can slightly compress the electrical double layer around the cement particles, promoting limited
flocculation, whereas some cations may enhance particle dispersion. These opposing effects
can offset each other, resulting in practically insignificant variations in the observed slump
values and overall workability.

3.4 Overall results

Tables 7 and 8 list the overall results (average value * standard deviation) of the two key
properties of concrete (compressive strength and density) under different experimental
conditions. The standard deviation was used to represent the variability among the replicate
specimen results within each experimental group. As listed in Table 7, the compressive
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strength increased significantly (p < 0,05) with increasing curing time when freshwater was
used (in both the FStF and FBF cases), which is typical. However, for concrete mixed and
cured with seawater, the strength initially increased but then decreased significantly (p < 0,05)
for extended curing periods (60 d and 90 d). Stone chips consistently exhibited significantly
higher strength than brick chips (p < 0,05) over a curing period of 28-90 d. After a 90 d curing
period, the lowest strength values were observed in the SStS (26,1 + 1,4 MPa) and SBS (25,9
+ 0,1 MPa) cases, where seawater was used for both mixing and curing. The highest strengths
were found in the FStF case (34,1 + 5,3 MPa) and the FBF case (29,6 + 0,4 MPa), when
freshwater was used during both phases, which is consistent with expectations. The
compressive strength of the seawater concrete with stone chips (SStS) was not significantly
different (p = 0,48) from that of the freshwater concrete with stone chips (FStF) after 7 d of
curing. However, after 90 d, SStS showed a significantly higher compressive strength (p =
0,02). Similarly, seawater concrete with brick chips (SBS) exhibited significantly lower
compressive strength (p = 0,0006) than freshwater concrete with brick chips (FBF). As listed
in Table 8, no significant change (p > 0,05) was observed in the concrete density when
seawater was used for mixing and curing. Similarly, the curing period had no significant effect
(p > 0,05) on the concrete density across all experimental cases. However, a significant
difference (p < 0,05) was observed after 90 d of curing depending on the type of coarse
aggregate used. For stone chips, the density ranged from 2353 + 14 to 2431 + 28 kg/m?,
whereas for brick chips, it ranged from 2045 + 33 to 2239 + 63 kg/m?3. The results from the
eight experimental cases are further discussed in the following sections and categorised
according to the casting-curing, casting, and curing phases.

Table 7. Compressive strengths (mean and SD) of concrete in various experimental

cases
Compressive strength (MPa)
Sl-No. | Exp. case 7d |  14d 28 d 60 d 90 d
Freshwater
1 FStF 204 +1,1 23,1+0,5 291+14 32,0+£0,5 34,1+5,3
2 FBF 20,1+0,6 23,004 274+04 26,0+0,0 29604
Seawater
3 SStS 21,2+20 253+0,8 30,0+0,5 29,9+0,9 26,1+14
4 SBS 20,7+1,0 252+0,7 27,0+0,5 26,7+0,7 259+0,1
5 SStF 249+0,5 27,9+0,2 253+1,6 33,6 £0,0 30,4+5,6
6 SBF 198+1,4 232+1,2 258+1,3 26,9+0,9 28,0+0,9
7 FStS 20,5+0,3 242+1,2 29,6 +0,3 29,8+0,2 33,5+0,7
8 FBS 19,3+1,2 222+19 26,3+0,8 27,5+0,7 26,7+1,0

Table 8. Densiti

es (mean and SD) of concrete in various experimental cases

Sl. No.

Exp. case

Density (kg/m3)

7d | 14 d | 28d 60d | 90d
Freshwater
1 FStF 2399 + 30 2381+ 22 2362+ 48 | 2406+ 15 | 2400 £ 15
2 FBF 2064 + 2 2066 + 16 2064 + 29 2060+ 0 | 2070+ 14
Seawater
3 SStS 2378 + 16 2392 + 3 2411 + 22 2353+ 14 | 2431+28
4 SBS 2055+ 9 2068 + 22 2074 + 11 219225 | 2058 +3
5 SStF 2399+ 21 2412 + 22 2398 + 16 2416 +4 | 2394+ 17
6 SBF 2045 + 33 2051 + 21 2055 + 8 2239+ 63 | 2064 + 22
7 FStS 2408 + 25 2382 + 40 2376+29 | 2415+33 | 2391+8
8 FBS 2060 + 9 2077 + 14 2079 + 21 2103+ 36 | 2073 +16
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3.5 Water quality effects on compressive strength and densities
3.5.1 Casting and curing phases

Figure 5 shows the compressive strengths and densities of the concrete specimens cast and
cured with seawater and freshwater. According to Figure 5, when freshwater and stone chips
were used (FStF), the compressive strength was found to be 20,4 + 1,1 MPa at 7 d and
increased to 34,1 £ 5,3 MPa at 90 d. However, using brick chips with freshwater (FBF) resulted
in a compressive strength of 20,1 + 0,6 MPa at 7 d and 29,6 £ 0,4 MPa at 90 d of curing.
Casting-curing with seawater and stone chips (SStS) provided compressive strengths of 21,2
+ 2,0 MPa and 26,1 + 1,4 MPa after 7 and 90 d of curing, respectively. However, using the
same water with brick chips produced lower compressive strengths (SBS: 20,7 + 1,0 and 25,9
+ 0,1 MPa after 7 and 90 d of curing, respectively).

Casting-Curing water variation
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Figure 5. Compressive strengths and densities of concrete using seawater for casting-
curing

Figure 5 also shows that stone chips had a higher compressive strength than brick chips. For
specimens cured in freshwater, the strength generally increased with the curing time; however,
an experimental anomaly occurred after 60 d for one set (FBF). In contrast, during casting-
curing with seawater, the compressive strength increased initially up to 28 d but then started
to decrease during prolonged curing periods (60 and 90 d), regardless of the type of coarse
aggregate used. Figure 5 also shows the density of the concrete. Brick chips resulted in a
significantly lower concrete density (p < 0,05) than stone chips. This is indicated by the lower
densities of the FBF and SBS specimens compared to those of the FStS and SStS specimens.
However, the type of water used for mixing and curing (freshwater vs. seawater) had an
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insignificant effect (p > 0,05) on the density of the concrete specimens. Similar findings were
reported in a previous study [58].

3.5.2 Casting phase

Figure 6 shows the compressive strength and density of the concrete obtained using seawater
during the casting phase. The stone chips (FStF and SStF) increased the strength by
approximately 4,5 MPa after 7 d of curing.
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Figure 6. Compressive strengths and densities of concrete using seawater for casting

After 90 d of curing, the strength decreased to approximately 3,7 MPa, suggesting that
prolonged exposure to seawater may have negatively affected the compressive strength of the
concrete. The compressive strength decreased in all curing periods (7, 14, 28, and 90 d)
compared with that of the freshwater-cured specimens with brick chips (FBF). An exception
was noted at 60 d, when there was a slight improvement in compressive strength; however,
this could be an anomaly. Statistical analysis supported these observations. At 7 d, a significant
difference was found between FStF and SStF (p = 0,003), indicating that curing days
influenced the early-age compressive strength. However, no significant difference was
observed between the FBF and SBF (p = 0,772). At 90 d, the difference between FStF and
SStF became statistically insignificant (p = 0,303), suggesting a diminishing effect of the curing
type over time. Conversely, FBF and SBF showed a significant difference at 90 d (p = 0,0186),
indicating that long-term curing conditions play a more pronounced role for this combination
(seawater casting with brick chips). In addition, Figure 6 shows that the concrete produced
with stone chips exhibited higher densities than that produced with brick chips under all curing
conditions; however, these differences were not statistically significant (p > 0,05). When
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seawater was used during the casting with brick chips, there was generally no alteration in
densities compared to freshwater casting, except for a notable increase of 179 kg/m? after 60
d of curing in the SBF specimen (2239 kg/m3®) compared to the FBF specimen (2060 kg/m3).
However, the seawater containing stone chips showed no significant differences.

3.5.3 Curing phase

The effects of curing water variation on the compressive strength and density are shown in
Figure 7. When cast with freshwater and cured with seawater (FStF, FStS, FBF, and FBS) with
stone chips, the compressive strength increased during the initial curing periods (7, 14, and 28
d). However, after 60 and 90 d, the compressive strength decreased. For the brick chips, the
compressive strength decreased in most curing periods, except for 60 d, when it showed an
increase of 1,5 MPa. According to Figure 7, other comparisons showed that the compressive
strength decreased with stone chips (SStF and SStS) by 4,7 MPa in all the curing periods,
except for 28 d. However, when comparing SBF and SBS, the compressive strength initially
increased and then decreased over a longer curing period. The literature also confirms an
initial compressive strength increment (up to 5,25 % for 7 d and 11,87 % for 14 d) with seawater
curing [3]. Under the variation in curing water, the compressive strength of the brick chips
concrete (FBF vs. FBS) showed a statistically significant difference (p = 0,003) after a 90d
curing period, indicating a meaningful long-term strength variation only for this mix pair.

The density results indicate that only the type of coarse aggregate influences the concrete
density, with stone chips concrete showing a higher density than brick chips concrete, whereas
curing water has negligible effects. Furthermore, the density showed no statistically significant
differences between any mix pairs.
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Figure 7. Compressive strengths and densities of concrete using seawater for curing
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3.6 Percentile changes

In Figures 8 and 9, the effects of seawater (percentile changes) on the compressive strength
and density of concrete after 90 d of curing are shown under three experimental conditions:
Case 1, casting and curing with seawater; Case 2, casting with seawater but curing with
freshwater; and Case 3, casting with freshwater but curing with seawater. The three cases
were further divided based on the coarse aggregates used (stone and brick chips).
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As shown in Figure 8, for the concrete prepared with seawater, a decrease in compressive
strength was observed in all cases, with reductions ranging from 1,8-23,5%. Maximum
significant reductions of 23,5 % and 12,7 % (p < 0,05) were recorded when seawater was used
for both the casting and curing of stone chips and brick chips concrete, respectively (i.e. Case
1). When seawater was used for casting only, the compressive strength reduction of stone
chips was significant (p < 0,05) at 10,9 %, whereas that of brick chips was smaller (5,4%) and
statistically insignificant (p > 0,05). In the case of seawater curing, the reduction in the
compressive strength of stone chips was minimal (1,8 %) and not significant (p > 0,05),
whereas for brick chips, a significant reduction of 9,8 % (p < 0,05) was observed (Case 3).
Considering the types of coarse aggregates used, the compressive strength was reduced more
with stone chips than with brick chips. However, in the third case (curing in seawater), the
compressive strength reduction was lower for stone chips than for brick chips, indicating a
reversal of the usual trend for this specific curing condition. The strength was reduced by 9,8%
with brick chips, whereas the reduction was much lower (1,8%) with stone chips. This may be
due to the higher porosity compared to that of the stone chips. This porosity may allow more
seawater to penetrate the concrete, leading to a build-up of salt concentrations over time. This
can cause efflorescence, which is the migration of salt to the surface, which can weaken the
concrete matrix and reduce its overall compressive strength.

By contrast, stone chips are less porous, which limits the penetration of seawater and reduces
the impact of salt accumulation. This suggests that stone chips are more resistant to the
detrimental effects of long-term seawater exposure, making them an effective choice for curing
concrete in seawater.

As shown in Figure 9, the percentage changes in density were negligible. In most cases, a
slight decrease in the density was observed, with a maximum reduction of 0,6 %. However, an
increase of up to 1,3 % was recorded when seawater was used for casting and curing with
stone chips. Overall, changes in density were not statistically significant (p > 0,05). These
results indicate that the use of seawater has no significant effect on the density of concrete, in
contrast to its pronounced impact on the compressive strength. This finding is consistent with
previous studies [41].

3.7 Specimen failure patterns

Figure 10 shows the failure patterns of the different concrete specimens at different curing
ages. Cone-shear and columnar failures were observed in different experimental cases. The
results revealed that the failure trends were independent of the effects of water collected from
fresh or sea sources.
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()

Figure 10. Failure patterns of the specimen: a) and b) 7 d; c) and d) 14 d; e) and f) 28 d;
g) and h) 60 d; i) and j) 90 d

3.8 Comparison with the literature

Research on concrete production using seawater has been reported in the literature. The
percentage of different opinions on seawater-concrete research is shown in Figure 11 a),
where 68 papers from 1974-2011 were studied. It was concluded that seawater has the
potential to be used as mixing water in concrete production [58]. Positive and negative opinions
were almost identical in number. More than 26 papers from to 2012—-2023 were studied, and
Figure 11 b) shows the summarised findings. The positivity increased significantly to 46%,
indicating a shift toward more favourable findings for the use of seawater for concrete
production in recent studies.

1974-2011 (68 Papers) 2012-2023 (26 Papers)

Initial increase and
subsequent decrease
31% ]

Figure 11. Different opinions of concrete mixed with seawater: 1974-2011; 2012-2023

Figure 12 shows the reviewed results from various literature of similar studies [17; 59-67]; only
the casting-curing phase was considered. The maximum and minimum compressive strengths
observed were 58,0 MPa at 28 d [65] and 13,8 MPa at 7 d [60], respectively. Over the long-
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term curing period (90 d), the maximum and minimum compressive strengths were 54,6 and
23.1 MPa, respectively. In this study, the measured compressive strengths were 30,0 MPa at
28 d, 21,2 MPa at 7 d, and 26,1 MPa in the long-term. All values are acceptable for a specific
infrastructure. In general, compared with freshwater, the compressive strength of seawater
was higher [17; 59-62]. However, the exceptions are studies where the compressive strength
decreased [66; 67], and [63-65] and this study, where the compressive strength initially
increased but decreased in long-term.

The reason for the initial increase in compressive strength may be the effect of NaCl in the
seawater. NaCl usually accelerates the dissolution of tricalcium silicate and, consequently, the
hydration reaction. This acceleration produces more hydration products that fill the pores of
the concrete and alter its microstructure.

In addition, the high concentration of sulphate in seawater is responsible for the long-term
reduction in strength. Sulphate compounds react with calcium hydroxide, resulting in the
formation of expansive products that exert pressure on the surrounding concrete, leading to
the development of micro-cracks and a subsequent reduction in the compressive strength of
the concrete [3]. In addition, another study stated that seawater-produced cement mortar
begins to leach soft hydration products, gradually reducing the strength of the concrete [68].
These mechanisms were proposed based on the literature and theoretical considerations; no
microstructural or chemical characterisation, such as scanning electron microscopy (SEM), X-
ray diffraction (XRD), or chemical phase analysis, was conducted in this study to
experimentally confirm these effects.

The compressive strength reduction observed in this study (1,8-23,5 %) is consistent with
reductions of approximately 5-20 % at later ages, as reported previously, along with slight
early-age strength gains followed by a long-term decline due to seawater exposure [3; 59-62].
The seawater used in this study also exhibited a chloride concentration comparable to that of
ASTM D1141 synthetic seawater (approximately 19000—-20000 mg/L), indicating that the
experimental conditions were reasonably representative of typical marine environments [57].
However, variations in other ionic constituents, such as Mg?$ and K¢, may influence concrete
performance and contribute to differences observed across studies.

80
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Cases with References

Figure 12. Impact of seawater on compressive strength: a literature review (FF:
casting-curing with freshwater; SS: casting-curing with seawater)

In the literature, some remedial measures have also been suggested to use seawater in
concrete production to minimise negative impacts, including i) adding loam to the concrete mix
[69]; ii) using blast furnace slag (BFS) cement or blended cement instead of OPC, corrosion
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inhibitors, and corrosion-resistant reinforcement [48]; iii) replacing fine aggregate with ground
BFS and ground basaltic pumice [70]; and iii) adding mineral admixtures, such as BSF, fly ash,
and metakaolin [48; 71-76]. In addition to compressive strength, other properties such as
Densities [this study], Tensile strength [59; 61], and Durability [59] were unaffected or negligibly
affected when seawater was used. The flexural strength decreased [59] and slightly increased
[61] in seawater. These findings support the notion that seawater has the potential for use in
concrete production in specific structures and environments, with the possibility of conserving
freshwater resources and contributing to environmental and economic sustainability.

4 Limitations of the study

Along with the significant findings, this study has some inherent constraints and limitations, as
follows:

0 Seawater was collected from a single location in the Bay of Bengal without considering
seasonal, tidal, or depth-related variations. Consequently, these findings may not be
generalisable to the entire sea, other seas, or geographical regions. Therefore, site-
specific assessments and adaptations may be required to optimise the use of seawater
for concrete production. Thus, there may be confusion when obtaining an overall
picture of the entire seawater.

o Only two concrete properties, compressive strength and density, were investigated
along with two common types of coarse aggregates (brick and stone chips). Other
important properties, such as durability, shrinkage, and permeability, were not
considered.

0 This study focused on concrete cured for a maximum of 90 d, which may not fully
capture the long-term impacts of seawater exposure.

0 These findings are relevant only to regions where seawater is readily available and can
be feasibly used in concrete production. These results may have limited practical
application in areas without access to seawater.

o0 This study was limited to unreinforced (plain) concrete. Corrosion inhibitors or fibre-
reinforced-polymer (FRP) reinforcement are required for reinforcement applications
with seawater.

5 Conclusions

The effects of seawater on the behaviour of concrete (compressive strength and density) were
investigated through a critical literature review. The major findings of this study are as follows:

o The pH, TS, TH, ammonium concentration, DO, colour, salinity, turbidity, BOD, COD,
TP, and all metal concentrations were high in seawater, whereas turbidity, conductivity,
and alkalinity as CaCO3 concentrations were high in tap water. However, despite the
high concentrations of chloride and sodium, the physicochemical properties of
seawater satisfy most standards for water use in concrete.

0 The compressive strength increased with prolonged in tap water; however, in seawater,
initial increases were observed, followed by a decrease upon prolonged curing. The
compressive strength was reduced (1,8-23,5 %) with seawater, irrespective of the three
phases (casting-curing, casting, and curing), and using seawater in both the casting
and curing phases resulted in the highest compressive strength reductions, ranging
from 12,7-23,5 %.

o Coarse aggregates adversely affect casting-curing and curing with seawater. Brick
chips were more detrimental than stone chips during the curing phase, suggesting that
the use of stone chips with seawater is more effective.

0 Higher densities were observed for stone chips as coarse aggregates than brick chips.
However, the use of seawater led to negligible changes in the concrete density.

0 The literature on seawater-concrete research from 1974 to 2024 indicates a positive
shift toward more favourable findings for the use of seawater for concrete production.
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o0 The results of this study, along with the literature review, suggest that seawater can be

used for concrete production in certain specified structures, potentially conserving
freshwater resources and contributing to environmental sustainability and economic
benefits. However, further research is required to clarify the impact of seawater on other
concrete characteristics, particularly durability-related parameters, such as chloride
penetration, sulphate resistance, reinforcement corrosion risk, permeability, and long-
term exposure beyond 90 d.
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