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Abstract

:

In this study, the effect of adding waste oyster shell powder (WOSP) on the strength and microstructure of cementitious composites was experimentally investigated. The test variables included the WOSP replacement ratios (0, 25, 50, and 75%) by weight of cement, the type of curing water (tap water and seawater), and the curing period (7, 28, 90, 180, and 365 d). The compressive strength, flexural strength, and initial and secondary sorptivity were measured at specific ages. Moreover, scanning electron microscopy (SEM) and X-ray diffraction (XRD) measurements were conducted, and their results were analyzed. Samples with WOSP replacement ratios greater than 25% exhibited a rapid reduction in measured strength values. The correlation between compressive strength and initial sorptivity tends to be slightly higher than that between flexural strength and initial sorptivity. The one-year investigation revealed that there was no significant effect of using different curing waters on strength development. The effect of the curing period was evident in enhancing the strength only in the early stages, with no significant increase in strength observed after 28 d. The XRD analysis revealed that most samples prepared with WOSP contained CaCO3, and the peak of CaCO3 tended to increase with an increasing WOSP replacement ratio. The SEM results revealed that a high replacement ratio of WOSP can have a negative influence on cement hydration and the pozzolanic effect. The limitations of this study and future work were also discussed.
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1. Introduction


Cement production releases substantial amounts of CO2 into the atmosphere [1,2,3,4,5]. CO2, generated during the process of heating limestone to produce clinker, can accelerate climate change and global warming as a greenhouse gas [6,7,8,9]. Cement factories emit air pollutants such as sulfur dioxide (SO2) and nitrogen oxides (NOx), which, when present in high concentrations in the atmosphere, can lead to health problems and ecosystem pollution [10,11,12,13]. Consequently, cement production can lead to the destruction of natural environments and ecosystems; this emphasizes the need to reduce cement consumption by using alternative resources [14,15,16,17,18,19]. The use of alternative materials to replace cement is essential for promoting environmental protection and sustainability in the construction industry. These alternative materials that typically partially or fully substitute for cement offer numerous advantages, including the reduction in CO2 emissions associated with cement production, resource conservation, improved waste management, and enhanced durability [20,21,22]. Some well-known cement substitute materials include fly ash (FA) and silica fume (SF). Recently, novel alternative materials such as limestone, volcanic ash, and recycled plastics have been researched for creating sustainable concrete mixtures [23,24,25,26,27].



In South Korea, waste oyster shells (WOS) have become an urgent problem that needs to be addressed because of the excessive amount produced every year compared with the limited storage space available. Approximately 300,000 tons of oyster shells are annually produced, which translates to a minimum of 300 kg of oyster shells generated every day [28]. WOS can negatively influence marine ecosystems if collected from polluted areas or if contaminated with harmful substances. Oyster shells mainly consist of CaCO3 and have been widely used in agriculture and habitat restoration [29,30,31,32]. Similarly, they can be used in concrete as fillers to restore pores within concrete and improve its material properties.



Several studies have been conducted to investigate the effects of adding waste oyster shell powder (WOSP) as a replacement for fine aggregate or cement on the mechanical properties and durability of concrete [33,34,35,36,37,38,39,40]. These efforts aim to successfully recycle WOS and contribute to sustainable construction practices. Yang et al. investigated the effects of WOSP addition on the short- and long-term properties of concrete and reported that the strength gain at an early age was unaffected by WOSP addition [33,34]. However, there was no further increase in strength at long-term ages compared with the control sample. They also examined the effect of WOSP on concrete durability and observed improved resistance to freezing and thawing as well as reduced water permeability. Similarly, Kuo et al. confirmed that a WOSP replacement ratio of less than 20% did not show a significant difference in compressive strength compared with the control sample, and they concluded that WOSP was effective in replacing fine aggregates [35]. They also reported reduced water absorption with the addition of WOSP and suggested an optimal replacement rate of 5% for its application in construction. Liu et al. investigated the changes in the properties of cement mortar containing WOSP and reported that the use of polyvinyl alcohol as a pretreatment was effective in improving durability [36]. Overall, it can be observed that a replacement ratio of less than 20% might contribute to early strength gain, whereas a replacement ratio of more than 20% can lead to a significant reduction in strength. Bamigboye et al. investigated the feasibility of seashells as binders in concrete casting [37]. They concluded that the compressive strength can be reduced by adding seashells, and that a replacement ratio higher than 50% can have a negative influence on workability. Soltanzadeh et al. indicated that increasing the WOSP replacement ratio can lead to reduced strength because of the lower reactivity of WOSP compared with ordinary Portland cement [38]. They also noted that WOSP with a small particle size can function as a filler, filling the voids between the aggregate and cement paste. Han et al. reported a 45% reduction in the compressive strength of cement mortar when 30% of the cement was replaced with WOSP [39]. Seifu et al. concluded that WOSP can be used to fill inner pores, resulting in the formation of monocarbonates and hemicarbonates during the hydration process. This, in turn, contributes to the stability of ettringite [40]. Table A1 lists the reported compressive strengths of cementitious composites with various waste shell powder (WSP) replacement ratios [41,42,43,44,45,46,47,48]. The compressive strength values measured at 28 days varied depending on the type of shell and replacement ratios. This emphasizes the importance of conducting further studies to better utilize WOSP in cementitious composites.



Microstructural changes, such as the hydration process and pore structures, caused by the addition of WOSP to cementitious composites are of significant concern because they can influence both strength development and durability [39,49,50,51]. Han et al. indicated that the use of WOSP can accelerate cement hydration, and this trend was observed during the early stages, likely within the first day [39]. Similarly, this acceleration can contribute to an early strength gain, whereas the later strength may be reduced. Liu et al. reported that the incorporation of WOSP, with a mesh size of 3000 µm, can lead to dense microstructures in cement mortar, reducing both the total pore volume and the diameter size [49]. Liao et al. confirmed that the incorporation of WOSP resulted in a better pore distribution, as revealed by mercury intrusion porosimetry (MIP) tests [50]. Chen et al. conducted a comprehensive investigation to clarify the effects of different supplementary cementitious materials (SCMs), including FA and ground granulated blast furnace slag, on the material properties of crushed oyster shell mortar [51]. They reported a retarded hydration process when SCMs were used, particularly at an early age. WOSP is generally considered an inert material; thus, the inclusion of other pozzolanic materials is necessary to render it functional in cementitious composites. The particle size of WOSP plays a significant role in the microstructures of cementitious composites. However, the performance can vary based on several factors, including the type of shell, pretreatment, and presence of SCMs.



To enable massive consumption of WOSP, discovering various applications using the developed optimal mix ratio is necessary. One possible application for the effective utilization of WOSP is in marine concrete structures, such as the production of artificial concrete reefs [52,53,54]. Kong et al. studied the feasibility of adding WOSP to produce porous concrete to create an artificial reef. They reported that the amount of WOSP was a key factor in determining the mechanical properties, durability, and alkalinity [52]. Klathae investigated the possibility of using WOSP as a cement replacement to produce interlocking blocks. To ensure appropriate mechanical properties, the replacement ratio should not exceed 20% [53]. Xu et al. conducted a field test to investigate the environmental effects of artificial reefs produced with WOSP and reported slightly improved quality based on short-term monitoring [54]. However, in marine applications, the impact of seawater on strength development and microstructural changes should be clearly understood. This is crucial because seawater contains harmful ions, including chloride ions, which can negatively influence the performance of concrete. Choi et al. compared the early-age mechanical properties of mortar samples exposed to either conventional tap water or seawater conditions [55]. They reported the positive effect of seawater, showing early strength gain and improved durability. They also highlighted the additional hydration caused by seawater, which can fill the pores ranging between 50 and 200 µm. However, Park et al. confirmed the retarded cement hydration rate in mortar samples containing various SCMs exposed to seawater [56]. The effects of seawater on the strength development and durability changes in cementitious composites are controversial, and an experimental investigation must be conducted prior to their application in marine environments.



Numerous studies have been conducted to enhance the use of WOSP in cementitious composites. However, further research is still essential for a more effective utilization of WOSP, and long-term investigations to monitor changes in the mechanical properties are required. Notably, the situation regarding WOSP can significantly vary depending on the region, country, and environmental conditions. In this regard, we experimentally examined the effects of WOSP, collected and prepared in South Korea, on the strength development and microstructural changes in cementitious composites exposed to different water conditions.




2. Research Significance


Numerous experimental studies have been conducted to investigate the feasibility of using WOSP in cementitious composites to reduce waste materials and promote sustainable construction. However, the mechanical properties of samples containing WOSP can significantly vary depending on the replacement ratio and the curing period. Additionally, utilization of waste oyster shells can differ depending on the region and country. Therefore, in this study, an experimental program was designed, and a comprehensive investigation was conducted to explore the crucial factors influencing the strength and microstructure of cementitious composites produced from WOSP. These factors include the WOSP replacement ratio, the curing age, and curing conditions. This research is part of an ongoing project focused on recycling WOSP in marine concrete structures such as in applications related to floating renewable energy systems, breakwaters, and artificial reefs. It is expected to provide a solution for the better utilization of WOSP considering its long-term properties.




3. Materials and Methods


Figure 1 summarizes the test variables and methods used in this study. These variables include different WOSP replacement ratios, curing water types, and curing ages. The measured values included compressive strength, flexural strength, and sorptivity (both initial and secondary). Additionally, X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses were conducted on representative samples. Detailed information on the selected materials, test variables, and test procedures is provided in the following sections. To simplify the test analysis, samples were denoted using nomenclature. For example, ‘W50-TW-90D’ denotes a mortar sample in which 50% of the cement is replaced with WOSP by weight and cured under tap water for 90 d.



3.1. Materials and Sample Preparation


As summarized in Table 1, Type I ordinary Portland cement (OPC; Chunma Cement, Seoul, South Korea), SF (Elkem 940U; Elkem, Oslo, Norway), and WOSP were used to prepare the samples. WOSP was sourced from a local company that recycles oyster shells. Dried silica sand (ACS Corporation, Seoul, Republic of Korea) and a polycarboxylate-based high-range water-reducing superplasticizer (SP, Flowmix 3000 U; Dongnam, Gyeonggi-do, Republic of Korea) were used. Figure 2a–c show the SEM images, whereas Figure 3a,b show the particle size distributions and XRD results of the raw materials. The XRD pattern of SF showed a diffuse band at 15–30° corresponding to amorphous silica, while that of WOSP showed peak at 29.5° due to the presence of calcium carbonate. Table 2 lists the mix proportions used to prepare the samples, which replaced 0, 25, 50, or 75% of the cement weight at a constant water-to-binder (w/b) ratio of 0.36. Table 3 lists the chemical compositions of the tap water and seawater used for curing.



Table 4 includes pH, salinity, and temperature of tap water and seawater. pH was measured using a digital pH meter (Testo SE & Co., Seoul, Republic of Korea). Seawater used for curing was obtained from Yeongdeok, Republic of Korea. All the prepared raw materials were placed in a mixing pan considering the densities of the raw materials, and dry mixing was conducted for 3 min. Subsequently, water and SP were added, and the mixture was stirred for an additional 4 min. The mixing procedure adopted in this study was determined based on our previous study, considering both suitable workability and ensuring a high WOSP replacement relative to the weight of cement [40]. Prepared samples were cured in tap water under constant conditions of 20 °C and 60% relative humidity (RH) until the age of testing. The samples cured in seawater were placed in a moist chamber maintained at 20 ± 2 °C and 90–95% RH. Cubical specimens with dimensions of 50 mm × 50 mm × 50 mm, cylindrical specimens with dimensions of D100 mm × H200 mm, and beam specimens with dimensions of 40 mm × 40 mm × 160 mm were prepared for each mixed group. After one day of casting, the samples were removed from the molds and placed in a chamber at constant temperature and humidity. After the designated curing period, the tests were performed, and each measurement was conducted at least three times.




3.2. Testing and Measurements


The compressive strength, flexural strength, and sorptivity of the mortar samples were measured following the standards outlined in ASTM C109, ASTM C348, and ASTM C1585, respectively [57,58,59]. The compressive and flexural strength measurements were conducted using a hydraulic universal testing machine (UTM) at constant loading rates of 900 N/s and 0.02 mm/min, respectively. The cylindrical specimens cured under different water conditions were removed from the chamber and cut to a height of 50 mm for the sorptivity test. Subsequently, the side of the sliced specimen was sealed with epoxy to prevent water exposure, and the top of the specimen was covered with a thin plastic sheet to prevent water evaporation during testing. The compressive and flexural strengths were calculated as follows:


f′c = Pmax/A,



(1)




where Pmax pmax is the maximum force (N), and A is the contact area (=2500 mm2) of the cubical specimen.


f′b = Pmaxl/bd2,



(2)




where Pmax is the maximum force (N), l is the span length (mm), b is the width (mm), and d is the height (mm) of the flexural specimen. Sorptivity was estimated using the following equation:


I = mt/ad,



(3)




where mt is the mass of the sample measured at each time interval (g), a is the area exposed to water (mm2), and d is the density of water (g/mm3). The initial and secondary sorptivities were estimated based on slopes from 1 min to 6 h and 1 to 7 d, respectively.



XRD (Bruker DE/D8 Advance, Bruker, Germany) was used to investigate the phase compositions of the mortar samples containing different proportions of WOSP. The prepared samples were scanned within the range of 2θ between 5° and 70° at a scan speed of 0.02° and 0.3° per second using 45 kV voltage and 40 mA current. SEM images were captured using a TESCAN VEGA3 microscope (Tescan Korea, Seoul, Republic of Korea). These images were then analyzed to investigate the phase change in the cementitious composites resulting from the weight-based replacement of cement with WOSP.




3.3. Analysis


The test results were analyzed using statistical analysis, and p-values were obtained. The one-way analysis of variance (ANOVA) test was used to confirm the effect of different curing water conditions on the strength development of the samples, with the null hypothesis implying no significant difference in strength between the samples. Compressive and flexural strength development ratios (SDRc and SDRf), normalized based on the strength at 365 d, were estimated to investigate the effect of the test variables on the strength changes. XRD and SEM images of representative samples were used to support the conclusions for each test variable.





4. Test Results


4.1. Compressive Strength


Figure 4 summarizes the measured mean compressive strengths and standard deviations (SDs). The maximum mean strength value was 48.12 MPa, with an SD of 2.18 MPa (W0-TW-365D), while the minimum strength value was 5.19 MPa, with an SD of 0.25 MPa (W75-TW-7D). The samples exposed to seawater conditions exhibited a 9% higher variation in the mean compressive strengths compared with those exposed to tap water. This difference may be attributed to the chemical composition of the seawater. The high variation in samples exposed to seawater was consistent with previous results showing a 14% increase, as reported by Choi et al. [55]. It should be noted that the difference in variation becomes more significant with higher WOSP replacement ratios. For instance, the differences in the SDs between tap water and seawater at 50 and 75% WOSP replacement ratios were 47 and 82%, respectively. A detailed analysis, comparison, and effect of the test variables on the measured values are discussed in the following sections.




4.2. Flexural Strength


Figure 5 presents the measured flexural strengths and SDs. The maximum mean flexural strength value was 9.77 MPa, with an SD of 0.67 MPa (W0-SW-90D), while the minimum strength was 2.05 MPa, with an SD of 0.32 MPa (W75-SW-7D). In the case of flexural strength, the difference in variation between the samples under the TW and SW conditions was only 4%. However, similar to the compressive strength results, the difference in SDs became significant with increasing WOSP replacement ratios. For example, samples that included 75% WOSP and were cured under SW conditions exhibited a 29% higher average SD than samples cured under TW conditions. Figure 6 illustrates the relationship between the measured compressive and flexural strengths under various curing water conditions.



The values calculated according to ACI 363R and CEB-FIP are also shown in Figure 6 for comparison [60,61]. A strong correlation between the two strength values was observed, with high R-values (0.9576 and 0.9466) based on the linear regression for both conditions. The measured values in this study generally surpassed the values estimated from ACI 363R and CEB-FIP, particularly for the strengths measured at later ages. However, the values aligned well within those at 28 d under TW conditions.




4.3. Sorptivity


Figure 7a–d show the changes in the measured initial and secondary sorptivities for the curing period. Under conventional TW conditions, the initial sorptivity ranged from 0.057 to 0.325 mm/min0.5, while the subsequent sorptivity ranged from 0.005 to 0.058 mm/min0.5. In SW conditions, the initial sorptivity ranged from 0.05 to 0.275 mm/min0.5, and the secondary sorptivity ranged from 0.005 to 0.042 mm/min0.5. The SW conditions exhibited smaller variations in the measured sorptivity than the TW conditions. Furthermore, the TW conditions showed a stronger correlation between the measured sorptivity and curing age than the SW conditions. In this study, we focused on using the initial sorptivity rather than the secondary sorptivity to examine the effects of the test variables and conducted further analysis. In this study, the R2 values for the relationships between strength and initial sorptivity were generally low as shown in Figure 8. However, the correlation between compressive strength and initial sorptivity tends to be slightly higher than that between flexural strength and initial sorptivity.





5. Analysis


5.1. Effect of WOSP Replacement Ratio on the Strength and Microstructures of Cementitious Composites


As expected, an increase in the WOSP replacement ratio resulted in a corresponding decrease in strength values, and this trend became more pronounced beyond a 25% replacement ratio. With an increase in the WOSP replacement ratio from 25 to 75%, the 28 d compressive strength was reduced by more than 70%, and the 28 d flexural strength decreased by approximately 54%, regardless of the curing conditions. These results are consistent with those of previous studies reporting a significant reduction in strength with replacements exceeding 50% [37,39]. Figure 9 and Figure 10 show the effects of varying the WOSP replacement ratios on SDRc and SDRf of the samples exposed to TW and SW, respectively. In both figures, the spacing is arranged in the order of high-strength development from bottom to top, rather than by age, to facilitate better comprehension. Overall, the samples incorporating WOSP exhibited similar or higher SDRc and SDRf values than the control samples, particularly during the initial seven days. However, samples with higher WOSP content displayed an irregular increasing trend in strength development compared with the control sample. Additionally, both SDRc and SDRf increased when the WOSP-containing samples were cured under seawater conditions, implying that an appropriate curing procedure is crucial for achieving the anticipated strength before exposure to marine environments. Figure 11 shows the failure modes used to select the representative samples. Samples with higher WOSP replacement ratios exhibited more brittle failures, resulting in a lower maximum strength. This observation can also be attributed to the lower reactivity of the samples containing higher WOSP, as previously discussed [38]. Figure 12 shows the SEM images captured at 28 d for representative samples (W0-TW-28D, W25-TW-28D, W75-TW-28D, W0-SW-28D, W25-SW-28D, and W75-SW-28D), confirming a previously identified trend of low reactivity with more WOSP replacement. Based on a comparison of the SEM images, it can be observed that the samples with a higher WOSP replacement ratio exhibited lower reactivity than the control sample. Therefore, the function of WOSP as a filler in cementitious composites was not activated owing to its excessive powder content. That is, an excessively high inclusion of WOSP can disrupt its intended role, leading to a reduction in strength. The absence of WOSP leads to denser microstructures, which is in line with previous findings [62,63]. Overall, it can be concluded that a high WOSP replacement ratio can negatively influence strength development owing to reduced reactivity. WOSP contains calcium carbonate, which contributes to the material properties of the cementitious composites. For example, finely ground WOSP can act as a supplementary cementitious material by reacting with cement hydration products and contributing to the strength and durability of cementitious composites. However, the use of WOSP beyond certain limits can significantly reduce the strength.




5.2. Effect of Curing Water on the Strength and Microstructures of Cementitious Composites


Table 5 summarizes the results of the statistical analysis using ANOVA, confirming that there was no significant difference between the strengths of the samples exposed to different curing water conditions. Specifically, the F-statistic for the compressive strength was 0.086, which was not significant at a significance level of 0.05. This indicates that there was no statistically significant difference between the compressive strengths under the two water conditions. A p-value of 0.770 further supports this conclusion. Similarly, for the flexural strength, the F-statistic was 0.454 with a p-value of 0.501, indicating no significant difference between the measured values, as summarized in Table 5. However, the effect of different curing waters on compressive strength development was confirmed only in the early stages. For example, at 7 and 28 d, the mean compressive strengths of the seawater-cured samples were 8.8% and 4.8% higher than those of the tap-water-cured samples, respectively. However, the effect of seawater on the development of compressive strength diminished after 90 d. For example, the compressive strength development of samples cured in seawater reached only 56% of that of samples cured in tap water. A similar trend was observed for the measured mean flexural strength values at 7 and 28 d. These results may be attributed to the presence of some ions such as chloride and sulfate in seawater, which accelerates the rate of cement hydration as pointed out by previous studies [64,65,66,67]. Consequently, faster material setting and initial strength gain were observed regardless of the WOSP content. This trend is also consistent with previous studies that indicated the effect of seawater on early strength gain [68,69].



Figure 13 shows the XRD patterns of the representative samples (TW-7D, SW-7D, TW-28D, and SW-28D) cured under different water conditions for 7 and 28 d. CaCO3, a component that forms C–S–H bonds, was observed at approximately 30°, whereas SiO2 appeared at approximately 26.5° in substantial quantities. The XRD analysis revealed that most samples prepared with WOSP contained CaCO3, and the peak of CaCO3 tended to increase with an increasing WOSP replacement ratio, as depicted in Figure 13. Conversely, the control samples showed a peak of SiO2 at 26.5° with less CaCO3 compared with that in the WOSP samples. Furthermore, the 50 and 75% WOSP replacement groups exhibited similar trends in their XRD patterns, regardless of the curing period. This may be attributed to the slow pozzolanic reaction caused by the excessive amount of WOSP.



The results of XRD patterns for the reference samples are in good agreement with previous studies, revealing the presence of ettringite, portlandite, calcium carbonate hydrate, aluminate, and quartz [70,71]. This finding is consistent with the reported preferential formation of hemicarbonate in the presence of calcium carbonate [70]. All samples exhibited peaks associated with hydration and carbonation products. The intensity of peaks corresponding to unhydrated clinker minerals like alite and belite was lower, as expected [71].



Seawater exposure was expected to contribute to the formation of ettringite, gypsum, brucite, and the peak of Friedel’s salt due to the presence of ions like SO42−, Mg2+, and Cl− [40]. Further investigation using fractal analysis and thermodynamic methods might be necessary to understand the changes in the hydration process and microstructure of cementitious composites containing WOSP [72,73,74,75]. Overall, it can be concluded that the WOSP replacement ratio has a significant influence on the strength development and microstructural changes than the curing water type. However, long-term investigations on weight loss, mass change, and pore structure using thermogravimetric analysis and MIP are necessary.




5.3. Effect of Curing Periods on the Strength and Microstructures of Cementitious Composites


The strength changes were examined between the ages of 7 and 365 d. The mean values gradually increased, demonstrating a strong correlation with the WOSP replacement ratio. For instance, the mean compressive strength increased by 84% and 52% between 7 and 365 d under the TW and SW conditions, respectively. Similarly, the mean flexural strength increased by 57% and 37% under the same conditions. The samples cured under conventional water conditions exhibited higher strength values than those cured in SW. However, some samples exposed to SW exhibited early-age strength gain, although its impact was restricted to the early stages.



It can be concluded that the curing period influences the strength development, whereas the rate of increase is affected by a combination of other test variables. Notably, no substantial strength gain was observed after 28 d. The mean compressive strength changes in the samples cured under TW and SW conditions were modest, reaching only 10% and 6%, respectively, between 90 and 365 d, except for the W75-SW group. Moreover, for the samples with a 25% WOSP replacement ratio, the strength changes were negligible, regardless of the curing period. This finding aligns with the findings of previous research [33,34]. This implies that strength measurements at 28 d may be sufficient to assess the effectiveness of WOSP as a cement replacement.



The microstructural changes in the WOSP samples were investigated only during the early stages. Tricalcium silicate (C3S) is generally considered the most reactive component contributing to early strength development and the hydration process of cement. While also reactive, tricalcium aluminate (C3A) tends to contribute more to the initial setting and early strength development. Additionally, it can be associated with certain types of early hydration issues, such as flash setting or rapid stiffening of cement [76,77]. This was the rationale for selecting the testing period for microstructural changes. However, further studies on the long-term microstructural changes are required.





6. Discussion


In this study, we examined the effects of various WOSP replacement ratios, curing water types, and curing durations on the mechanical properties and microstructures of cement mortars produced using WOSP as a cement replacement. However, further research is required for the efficient use of WOSP as a cement replacement material. Comprehensive research across multiple disciplines is essential for the wider adoption of WOSP in cementitious composites.



First, in-depth material characterization, such as analysis of WOSP’s chemical composition (including calcium carbonate content and trace elements) and particle size distribution, is essential. Therefore, it is necessary to assess its impact on the workability and strength of concrete. Subsequently, researchers should focus on optimizing the mix design, determining the ideal percentage of WOSP, and determining its effect on the water-to-cement ratio. We confirmed that a WOSP replacement ratio higher than 25% should not be used because it can negatively influence the strength development and durability. The mechanical properties, including compressive, flexural, and tensile strengths, should be evaluated to ensure that the concrete meets the required standards. Durability performance, such as corrosion resistance and freeze–thaw resistance, is also crucial, particularly in concrete structures exposed to marine environments. Economic viability and environmental impact assessments along with compatibility studies with other admixtures are integral.



In addition, the specific surface area (SSA) of waste oyster shell powder (WOSP) is expected to significantly affect the mechanical properties of cementitious composites. WOSP with a high SSA and a regular particle shape can effectively enhance properties such as strength, stiffness, and durability when used as a replacement material in cementitious composites [39,49,78]. This enhancement is attributed to the increased reactivity and nucleation sites provided by the high SSA of WOSP, leading to improved hydration and densification of the cementitious matrix. A higher SSA of WOSP also implies that smaller quantities of the material are required to achieve the same desired effects compared with WOSP with a lower SSA. This efficiency in material usage translates to reduced costs and waste production, making WOSP a sustainable and economically viable alternative in cementitious composites.



In this study, the effects of three limited test variables on the strength development and microstructural changes in cementitious composites were experimentally investigated under controlled laboratory conditions. However, this study is part of an ongoing research project focusing on recycling WOSP in marine concrete structures, in applications such as floating renewable energy systems, breakwaters, and artificial reefs. Thus, field trials are imperative to validate laboratory findings, and long-term monitoring of concrete structures built with WOSP is essential for assessing durability over time.




7. Conclusions


In this study, the effect of the addition of waste oyster shell powder (WOSP) on the strength development and microstructural changes in cementitious composites exposed to two different water conditions for 7–365 d was experimentally examined. The measured compressive strength, flexural strength, sorptivity, SEM, and XRD results were analyzed, and the following conclusions were drawn:




	(1)

	
A WOSP replacement ratio higher than 25% negatively influenced strength development, and reduced reactivity was observed based on the SEM and XRD results.




	(2)

	
The effect of different curing waters on compressive strength development was confirmed only in the early stages, potentially related to the presence of chloride in seawater, which accelerates the rate of cement hydration.




	(3)

	
The mean strength values gradually increased between 7 and 365 d, with no substantial strength gain beyond 28 d.




	(4)

	
The stronger correlations were observed between the compressive strength and initial sorptivity, with higher R values in comparison with the flexural strength.




	(5)

	
The XRD analysis revealed that most samples prepared with WOSP contained CaCO3, and the peak of CaCO3 tended to increase with an increasing WOSP replacement ratio.




	(6)

	
The SEM results revealed that a high replacement ratio of WOSP can have a negative influence on cement hydration and the pozzolanic effect.









Overall, the WOSP replacement ratio exhibited a dominant effect on both the strength and microstructure compared with the other variables. Further studies are necessary to examine the long-term changes in the microstructures. Because this study is part of an ongoing research project focusing on recycling WOSP in marine concrete structures, the limitations highlighted herein are further examined and reported.
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Table A1. Compressive strength values of cementitious composites containing various waste shell powders [41,42].






Table A1. Compressive strength values of cementitious composites containing various waste shell powders [41,42].





	
Classification

	
Type of Cement

	
w/c Ratio,

Cement to Sand Ratio *

(%)

	
Replacement Ratio

(%)

	
Compressive Strength

(28 days, MPa)

	
Reference






	
Cockle

	
Type I Ordinary

Portland cement

	
35.51

(w/c)

	
0.0

	
36.20

	
Olivia et al.

[43]




	
2.0

	
30.84




	
4.0

	
32.24




	
6.0

	
28.86




	
8.0

	
30.56




	
Oyster

	
Type I Ordinary

Portland cement

	
1:4 *

	
0.0

	
7.50 to 15.00

	
Lertwattanaruk et al.

[44]




	
5.0




	
10.0




	
15.0




	
20.0




	
Cockle

	
Ordinary Portland cement

	
35.82

(w/c)

	
0.0

	
38.00

	
Olivia et al.

[45]




	
4.0

	
36.00




	
Clam

	
Ordinary Portland cement

	
35.82

(w/c)

	
0.0

	
38.00

	
Olivia et al.

[45]




	
4.0

	
39.00




	
Oyster

	
Ordinary Portland cement

	
40.00

(w/b)

	
0.0

	
38.00

	
Abinaya et al.

[46]




	
2.5

	
40.00




	
5.0

	
42.00




	
7.5

	
40.00




	
10.0

	
39.50




	
Oyster

	
Ordinary Portland cement

	
-

	
5.0

	
5% increased

	
Zhong et al. [47]




	
Oyster

	
Ordinary Portland cement

	
-

	
5.0 to 20.0

	
Up to 35% decreased

	
Zhong et al. [47]




	
Oyster

	
Ordinary Portland cement

(CEM I 52.5)

	
40.00

(w/c)

	
0.0

	
60.30

	
Ez-zaki et al.

[48]




	
8.0

	
50.00 to 57.50




	
16.0

	
37.50 to 52.50




	
33.0

	
27.50 to 42.50








* Cement to sand ratio.
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Figure 1. Test variables and methods selected in this study. 
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Figure 2. SEM images of raw materials (a) OPC, (b) SF, and (c) WOSP. 
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Figure 3. (a) Particle size distributions and (b) XRD patterns of raw materials. 
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Figure 4. Compressive strength values of samples exposed to (a) tap water and (b) seawater. 






Figure 4. Compressive strength values of samples exposed to (a) tap water and (b) seawater.



[image: Buildings 13 03078 g004]







[image: Buildings 13 03078 g005] 





Figure 5. Flexural strength values of samples exposed to (a) tap water and (b) seawater. 
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Figure 6. Relationship between compressive strength and flexural strength: (a) tap water condition and (b) seawater condition. 
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Figure 7. Measured sorptivity values: (a) initial sorptivity at TW condition, (b) initial sorptivity at SW condition, (c) secondary sorptivity at TW condition and (d) secondary sorptivity at SW condition. 
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Figure 8. Relationships between strength and initial sorptivity: (a) compressive strength and (b) flexural strength. 
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Figure 9. Strength development ratio of compressive strength (SDRc) according to WOSP replacement ratio and cured at (a) tap water condition and (b) seawater condition. 
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Figure 10. Strength development ratio of flexural strength (SDRf) according to WOSP replacement ratio and cured at (a) tap water condition and (b) seawater condition. 
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Figure 11. Failure modes of representative cubical samples: (a) W0-TW-28D; (b) W25-TW-28D; (c) W50-TW-28D; (d) W75-TW-28D; (e) W0-SW-28D; (f) W25-SW-28D; (g) W50-SW-28D; and (h) W75-SW-28D. 
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Figure 12. SEM images of representative samples: (a) W0-TW-28D; (b) W25-TW-28D; (c) W75-TW-28D; (d) W0-SW-28D; (e) W25-SW-28D; and (f) W75-SW-28D. 
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Figure 13. XRD patterns of representative samples: (a) TW-7D; (b) SW-7D; (c) TW-28D; and (d) SW-28D. cc = calcium carbonate; e = ettringite; h = hemicarboaluminate; p = portlandite; q = quartz. 
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Table 1. Chemical characteristics (in mass- %) of raw materials.
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	Constituent (%)
	OPC
	SF
	WOSP





	CaO
	61.40
	1.54
	85.12



	SiO2
	21.23
	96.90
	1.78



	Al2O3
	5.64
	0.29
	0.31



	Fe2O3
	3.38
	0.15
	0.41



	MgO
	2.20
	0.18
	0.32



	SO3
	2.25
	–
	1.01



	K2O
	1.15
	0.64
	0.12



	Na2O
	0.11
	0.16
	5.31



	Cl
	0.06
	–
	0.24



	MnO
	–
	0.03
	–



	P2O5
	–
	0.05
	0.19



	Loss of Ignition
	2.58
	0.05
	5.19










 





Table 2. Mix proportions of mortar samples (weight % of cement).
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ID

	
OPC

	
SF

	
WOSP

	
Silica Sand

	
Water

	
SP

	
Flow (mm)






	
C100W0

	
1

	
0.25

	
-

	
1.45

	
0.45

	
0.012

	
235.0




	
C75W25

	
0.75

	
0.25

	
217.5




	
C50W50

	
0.50

	
0.50

	
180.0




	
C25W75

	
0.25

	
0.75

	
178.5











 





Table 3. Chemical compositions of tap water and seawater used in this study.






Table 3. Chemical compositions of tap water and seawater used in this study.





	Ions
	Tap Water (mg/L 1)
	Seawater (mg/L)





	Chloride (Cl−)
	39.1
	21,075



	Sodium (Na+)
	86.2
	17,075



	Sulfate (SO42−)
	58.8
	2258



	Magnesium (Mg2+)
	–
	973



	Calcium (Ca2+)
	–
	364



	Potassium (K+)
	–
	549



	Nitrate (NO3−)
	16.1
	–







1 mg/L = ppm, 1% = 10,000 ppm.













 





Table 4. pH, salinity, and temperature of tap water and seawater.






Table 4. pH, salinity, and temperature of tap water and seawater.





	
Type of Water

	
pH

	
Salinity (%)

	
Temperature (°C)




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
Tap water

	
7.11

	
1.12

	
0.07

	
-

	
21.70

	
0.69




	
Seawater

	
8.35

	
0.19

	
2.56

	
0.21

	
20.50

	
0.51











 





Table 5. ANOVA test results for all compressive and flexural strength values of samples cured under different water conditions.






Table 5. ANOVA test results for all compressive and flexural strength values of samples cured under different water conditions.





	
Compressive Strength (MPa)




	
Groups

	
Count

	
Sum

	
Average

	
Variance




	
TW

	
100

	
2305.8

	
23.06

	
177.812




	
SW

	
100

	
2252.6

	
22.53

	
152.62




	
Source of Variation

	
SS

	
df

	
MS

	
F

	
p-value

	
F crit.




	
Between groups

	
14.1

	
1

	
14.12

	
0.0855

	
0.7703

	
3.88885




	
Within groups

	
32,712.8

	
198

	
165.22

	

	

	




	
Total

	
32,726.9

	
199

	

	

	

	




	
Flexural Strength (MPa)




	
Groups

	
Count

	
Sum

	
Average

	
Variance




	
TW

	
100

	
491.5

	
4.91

	
5.949




	
SW

	
100

	
515.3

	
5.15

	
6.529




	
Source of Variation

	
SS

	
df

	
MS

	
F

	
p-value

	
F crit.




	
Between groups

	
2.8

	
1

	
2.83

	
0.454

	
0.5012

	
3.88885




	
Within groups

	
1235.3

	
198

	
6.24

	

	

	




	
Total

	
1238.1

	
199
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