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ABSTRACT 
The objective of this study is to reduce the amount of free chloride that causes corrosion by employing 

different binders and to attain the free chloride level permitted by the relevant standards. The chloride 

content was determined by the X-ray fluorescence method. It was observed that the chloride binding 

capacity increased when the CaO/Al₂O₃ ratio decreased up to 4-6. On the other hand, it was determined 

that the chloride binding capacity decreased slightly when the CaCO3/Al₂O₃ ratio increased from 0 to 

0.3-0.5, though no significant effect was observed after 0.5. The majority of binders demonstrated 

results below the maximum chloride level determined by the standards, which is a great opportunity to 

use seawater as mixing water for reinforced concrete. 
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Reducción del riesgo de corrosión de materiales a base de cemento mezclados 

con agua de mar. 
 

RESUMEN 
El objetivo de este estudio es minimizar la cantidad de cloruros libres responsables de la corrosión 

mediante el empleo de diferentes conglomerantes, y alcanzar el nivel de cloruros libres permitido 

por las normas pertinentes. El contenido de cloruros se determinó utilizando el método de 

fluorescencia de rayos X. Se observó que la capacidad de fijación de cloruros aumentaba a medida 

que la relación CaO/Al₂O₃ disminuía hasta un valor comprendido entre 4 y 6. Por otro lado, se 

determinó que la capacidad de fijación de cloruros disminuía ligeramente al incrementar la relación 

CaCO₃/Al₂O₃ de 0 a 0.3-0.5, aunque no se evidenciaron efectos significativos para valores 

superiores a 0.5. La mayoría de los conglomerantes evaluados presentaron resultados por debajo 

del límite máximo de cloruros establecido por las normas, lo cual constituye una oportunidad 

importante para el uso de agua de mar como agua de mezcla en el hormigón armado. 

Palabras clave: Agua de mar; Fijación de cloruros; Cloruros libres; CaO/Al₂O₃; CaCO₃/Al₂O₃. 
 

Redução do risco de corrosão de materiais à base de cimento misturados com 

água do mar. 
 

RESUMO 
O objetivo deste estudo é reduzir a quantidade de cloretos livres que causam corrosão por meio da 

utilização de diferentes aglomerantes e alcançar o nível de cloretos livres permitido pelas normas 

pertinentes. O teor de cloretos foi determinado pelo método de fluorescência de raios X. Observou-

se que a capacidade de fixação de cloretos aumentou à medida que a relação CaO/Al₂O₃ diminuiu 

até valores entre 4 e 6. Por outro lado, verificou-se que a capacidade de fixação de cloretos 

diminuiu ligeiramente com o aumento da relação CaCO₃/Al₂O₃ de 0 a 0.3-0.5, embora não tenha 

sido observado efeito significativo para valores superiores a 0.5. A maioria dos aglomerantes 

apresentou resultados abaixo do limite máximo de cloretos estabelecido pelas normas, o que 

representa uma excelente oportunidade para o uso de água do mar como água de mistura no 

concreto armado. 

Palavras-chave: Água do mar; Fixação de cloretos; Cloretos livres; CaO/Al₂O₃; CaCO₃/Al₂O₃. 
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1. INTRODUCTION 
 

Water use on a global scale has increased 6 times in the last century because of industrial 

development, rapid population growth, socio-economic developments, and the increase in 

unconscious consumption, and it continues to increase by 1% every year (UNESCO 2020). One of 

the industries where water is used extensively is the construction industry. In addition to cleaning, 

curing, and general use, a significant amount of water is consumed in concrete production. It is 

reported that 1.66*1010 m3 of fresh water, which equals 18% of global yearly use by industry, is 

yearly utilized for the production of concrete (Miller, Horvath, and Monteiro 2018). Global water 

scarcity and huge consumption of fresh water for concrete production have forced scientists to seek 

alternative mix waters. One of the alternatives is thought to be seawater. The first studies came out 

in the 1970s, and a few articles were published yearly related to seawater mixed concrete until the 

2010s (Nishida et al. 2015); however, as a result of the rapid increase in global water scarcity and 

concrete production, the interest in the subject has increased dramatically and hundreds of studies 

have been published in recent years (Ebead et al. 2022). The changes in the fresh state properties, 

mechanical strength, and microstructure of concrete caused by the use of seawater as the mix water 

have been studied in many articles and are relatively well understood. It is stated in the studies, the 

use of seawater as the mix water reduces the workability of the concrete and increases the early 

strength by accelerating the hydration reactions; however, minor effects are observed at later ages 

(Aydoğan, Akca, et al. 2024; Ebead et al. 2022; Etxeberria and Gonzalez-Corominas 2018; 

Khatibmasjedi et al. 2020; Lim et al. 2015; Mohammed, Hamada, and Yamaji 2004; Younis et al. 

2018). As a result of these findings, seawater is thought to be a good alternative as the mix water 

for plain concrete (Aydoğan, Akca, et al. 2024; Ebead et al. 2022). However, the use of seawater 

as the mix water is not suggested, even prohibited in the related standard (EN 1008), for reinforced 

concrete. The high chloride concentration increases the risk of the steel reinforcement. When the 

chloride ions accumulated on the surface of the reinforcement exceed the critical chloride content 

(Ccrit), which can be described as critical free chloride content, corrosion of the reinforcement 

begins, the strength of the reinforcement is reduced with the formation of corrosion, the expansion 

of the area between the concrete and the reinforcement reduces adhesion, and the structure of the 

reinforced concrete element is deteriorated with cracking of the concrete (Angst et al. 2009; Neville 

2011). The main method used to prevent corrosion by external chloride ingress is to decrease 

chloride diffusion by reducing the permeability of the concrete. However, with the use of seawater 

as the mix water, chloride ions are already penetrating the concrete. Another method that increases 

the durability of concrete against chloride ions in the case of external attacks is to bind the free 

chloride ions inside the concrete.  

Chloride ions can be found in concrete in two forms; which are free chloride and bound chloride. 

Only the free chloride leads to corrosion (Angst et al. 2009; Rilem TC 178 2002; Zhao et al. 2021). 

Therefore, reducing the free chloride content and encouraging the bound chloride content can be a 

promising method to mitigate the corrosion risk caused by chloride (Martin-Perez et al. 2000; 

Wang et al. 2020). Free chlorides can be bound chemically or physically (Homayoonmehr et al. 

2022; Zhao et al. 2021). The chloride ions can be physically adsorbed by the surface of C-S-H, 

which is called physically bound chloride (Homayoonmehr et al. 2022; Hu et al. 2018). In addition, 

alumina components of the binders and some hydration products (mostly AFm phases) can react 

with chloride ions to form Friedel’s salt (Homayoonmehr et al. 2022; Li, Farzadnia, and Shi 2018; 

Wang et al. 2020; Zhao et al. 2021). As a result, the free chloride ions are chemically bound in 

Friedel’s salt. The possible chemical reactions for Friedel’s salt formation are as follows (Li et al. 

2018): 
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Ca(OH)2+C3A.CaSO4.14H2O+Cl-
C3A.CaCl2.10H2O                                                                                    (1) 

 

C3A.CaCO3.10H2O+ Cl-
C3A.CaCl2.10H2O                                                                                                        (2) 

 

3Ca(OH)2+CaCl2+Al2O3+7H2O
-
C3A.CaCl2.10H2O                                                                                        (3) 

 

As can be seen from (1) and (2), the presence of monosulfoaluminate (C3A.CaSO4.14H2O) and 

monocarboaluminate (C3A.CaCO3.10H2O) encourage Friedel’s salt formation (Florea and 

Brouwers 2012; Guo et al. 2019; Homayoonmehr et al. 2022; Wang et al. 2020). In addition, more 

alumina content in the binders can increase chloride binding capacity as in (3) (Cheng et al. 2018; 

Li et al. 2018; Shi et al. 2015; Thomas et al. 2012). On the other hand, while the aluminum content 

is important for the chloride binding and Friedel’s salt formation, it was stated that the CaO/Al2O3 

ratio is a more predominant parameter (Gbozee et al. 2018; Wang et al. 2019). The optimum 

CaO/Al2O3 ratio was found to be in the range from 3 to 7 for maximizing the chloride binding in 

the case of the external chloride attack (Homayoonmehr et al. 2022; Wang et al. 2019). Therefore, 

adjusting the alumina content of the binders in the range and/or increasing AFm phases (as 

hydration products) can permit using seawater as the mix water in reinforced concrete for structural 

purposes. The following mixtures were the subject of this study: 

Replacement of metakaolin in Portland cement: Cement production is responsible for 5-7% of 

global CO2 emissions due to the clinkerization process and the use of fossil fuels (He et al. 2019; 

Worrell et al. 2001). One of the best solutions to reduce the contribution of cement production to 

global CO2 emission is decreasing clinker content in the binder by using mineral additives (Worrell 

et al. 2001). Metakaolin is the most used supplementary cementitious material (SCM) together with 

seawater due to its higher alumina content. Lower porosity and higher mechanical properties were 

reported for the concrete cast using metakaolin due to the filler effect and pozzolanic activity of 

material (Li et al. 2015). Researchers stated that the use of metakaolin as SCM increased the 

chloride binding capacity and Friedel’s salt formation (Li et al. 2015; Shi et al. 2015; Wang et al. 

2020). Studies have generally focused on low amounts (<10%) of metakaolin in a concrete cast 

using seawater. Within the scope of this study, cement-based materials will be produced together 

with seawater cast using 5%, 10 %, 15%, and 20% of metakaolin replacement.  

Metakaolin and limestone blended cement: One of the most used mineral additives is limestone 

due to its lower cost, high availability, and lower environmental effect. In fact, some CEM II 

cements, which are standard cements, contain up to 35% limestone (Lothenbach et al. 2008). While 

some studies showed that the compressive strength is unaffected by limestone addition up to 15% 

replacement (Dhir et al. 2007; Livesey 1991), some researchers stated that compressive strength 

reduces gradually after 5-10% substitution level (Lollini, Redaelli, and Bertolini 2014; Lothenbach 

et al. 2008). Studies also showed that limestone addition increases the chloride penetration (Bentz 

2006; Ghrici, Kenai, and Said-Mansour 2007), however, it can improve the formation of the 

carboaluminate phase (Chen et al. 2023), which can bind chloride (as in (2)), when it is used 

together with alumina-rich mineral additives. Therefore, increasing carboaluminate phase by using 

metakaolin and limestone in the Portland cement system can be a promising, environmental, and 

economical method to mitigate the corrosion caused by chloride in seawater-mixed cementitious 

materials. Within the scope of this study, cement-based materials will be produced together with 

seawater by using 5%, 10%, and 15% limestone replacement together with %15 metakaolin 

addition. 

Replacement of red mud in Portland cement: Red mud is a waste material from aluminum 

production. Approximately 1-1.5 tons of red mud is obtained as waste from each ton of aluminum 

production (Evans 2016; Wang et al. 2018). Due to its high alkaline content, heavy metals, and 

dangerous chemicals, red mud causes serious damage to the natural life in the area where it is stored 
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and threatens vitality by mixing with the groundwater (Xue et al. 2016). However, only 4% of the 

red mud has been used in various industries. It is believed that the use of red mud as a mineral 

additive together with Portland cement will make much more serious contributions to the 

consumption of red mud on a global scale compared to other uses (Zhang et al. 2021). However, 

unlike the known mineral additives, red mud contains very low SiO2. In the studies, although 

untreated red mud was not considered as a pozzolan because it does not meet some requirements, 

it was reported that it could cause secondary (pozzolanic) reactions (Díaz et al. 2015; Ribeiro, João 

António Labrincha, and Morelli 2011). Moreover, the filler effect of red mud was highlighted 

(Ribeiro, João António Labrincha, et al. 2011). Additionally, it was stated that red mud mitigated 

the corrosion caused by external chloride attack by the formation of Friedel’s salt (Ribeiro, João 

Antonio Labrincha, and Morelli 2011; Ribeiro, João António Labrincha, et al. 2011). Therefore, 

red mud addition can be a good alternative to eliminate the corrosion effect of seawater-mixed 

cement-based materials. Within the scope of this study, cement-based materials will be produced 

together with seawater by using 5%, 10 %, 15%, and 20% of red mud replacement.  

Use of calcium aluminate cement (CAC) and replacement of limestone in the CAC system: CAC is 

quite different from Portland cement in terms of the phases it contains. While the main components 

of Portland cement are C3S and C2S, CAC contains a high amount of CA (CaAl2O4) (40-70%) 

(Kim, Son, and Lee 2021). Due to the different compositions, the products formed as a result of 

CAC hydration are also quite different. The hydration products at room temperature are CAH10, 

C2AH8, and AH3 (Bizzozero 2014; Lapeyre et al. 2022). CAH10 and C2AH8 are metastable phases. 

For this reason, they transform into the C3AH6 phase by time and/or high temperature. As a result 

of these transformations, the porosity of the concrete increases and strength decreases (Neville 

2011). On the other hand, it was reported that limestone addition prevents the phase transformations 

by reacting with CA to form CO3-AFm and consequently stabilize the strength in the long term 

(Kim et al. 2021; Luz and Pandolfelli 2012).  

It was reported that the corrosion resistance and chloride binding properties of concrete produced 

with CAC are better than those produced with Portland cement (Ann et al. 2010; Li et al. 2017). In 

addition, the CO3-AFm (monocarboaluminate) phase, which is a hydration product when limestone 

is added to the CAC system, can bind chloride ions by forming Friedel’s salt. Thus, it is possible 

to bind chloride ions without negatively affecting the mechanical properties. In addition, since the 

limestone additive reduces the cement ratio, it reduces the cost and contributes to sustainability by 

reducing CO2 emissions. Within the scope of this study, CAC-based materials will be produced 

together with seawater by using 0%, 10%, and 20% of limestone replacement. 

 

2. MATERIALS AND METHODS 
 

The chemical compositions of cements and mineral additives are given in Table 1.  

 

Table 1. Chemical Compositions of the Binders (wt.%) 

Oxides 
Portland 

Cement 
Metakaolin Red Mud Limestone 

Alumina 

Cement 

Al2O3 3.9 43.4 19.3 0.8 38.0 

CaO 67.0 0.3 1.7 95.2 35.9 

SiO2 16.4 51.4 15.6 1.8 3.8 

Fe2O3 3.6 1.2 45.3 0.4 18.6 

SO3 4.5 0.0 0.2 0.0 0.0 
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It is acknowledged that the mineralogical properties and salinities of the world's seas/oceans exhibit 

considerable regional variation. Upon analysis of the reports, it was determined that the average 

chloride concentration of the world's seas is around 20 g/L (P. Li et al., 2021). Consequently, the 

seawater obtained from the Black Sea (Cl-: 10 g/L) was evaporated to obtain the desired seawater, 

which was then utilized in the mixtures. The constituents of the seawater and freshwater employed 

in the mixtures are illustrated in Table 2.  

 

Table 2. Constituents of Mix Waters (mg/L) 

Compounds Fresh Water Seawater 

Cl- 39 19712 

Na+ 13 10205 

K+ 2 409 

Ca+ 54 402 

Mg+ 6 1225 

SO4
-2 26 2743 

CaCO3 162 6125 

 

The water-to-binder ratio of the mixtures was determined to be 0.45. Initially, the binders were 

combined in a mixer for one minute in the dry state. Subsequently, manual mixing was conducted 

for a minute, after which the mixture was mixed again in the mixer for an additional one minute. 

Therefore, a homogeneous binder was obtained. Cement pastes were produced following the 

specifications of ASTM C305. In the sample codes, the letters FW and SW indicate the type of mix 

water, while PC and CAC show the main binder. The letters MK, RM, and LS indicate the mineral 

admixture and the numbers following these codes illustrate the mineral admixture replacement rate 

by mass percent. After demolding, the samples were cured at 20oC and 95% RH in the climate 

chamber until the 28th day.  

The principal objective of this study was to enhance the chloride binding capacity of cement-based 

materials compared to neat Portland cement systems to minimize the corrosion effect of seawater 

used as mix water. Therefore, identifying free and bound chloride contents was crucial. For this 

purpose, samples were extracted from the surface of the cement pastes and pulverized. Five grams 

of powdered samples that passed through a 250-micron sieve were subjected to X-ray fluorescence 

(XRF) analysis on the 28th day, thereby obtaining the elements and oxides present. The quantity of 

chloride obtained in this manner represented the total amount of chloride present in the samples. 

The RILEM recommendation (Rilem TC 178, 2002) was followed to separate free chloride from 

the sample. Accordingly, 5 grams of XRF analyzed sample was poured into 50 ml water and mixed 

with a magnetic stirrer for three minutes. Subsequently, the powder sample was separated using 

filter paper. By this method, the free chloride in the sample was completely removed. Then, the 

filtered powder was kept in an oven at 36oC for two days. Later, XRF analysis was repeated on the 

desiccated sample to determine the quantity of bound chloride. Only the samples produced with 

seawater were subjected to XRF. For this experiment, one specimen per mixture was tested. 

To examine the impact of the mix water and binders on the mechanical performance, compressive 

strength tests were conducted on the 28th day per the ASTM C109. Three specimens were tested, 

and the mean values were calculated for each mixture. The specimen details for the experimental 

program are given in Table 3. 
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Table 3. Details of Specimens Related to Experiments 

Experiments Number of 

specimens tested for 

each mix 

Type of specimen One Dimension of 

Specimen (mm) 

XRF 1 Cube (then pulverized) 50 

Compressive 

Strength 

3 Cube 50 

 

 

3. RESULTS & DISCUSSIONS 
 

3.1 Chloride Binding 

Replacement of metakaolin in Portland cement: Oxide compositions for the metakaolin system are 

given in Table 4. In this table, ‘Before’ represents the XRF results of the powder sample before 

placing it in water, and ‘After’ shows the XRF results of the sample placed in water and then dried. 

As the metakaolin substitution rate increased, there was a corresponding decrease in the CaO and 

an increase in the SiO2. Metakaolin as a reactive pozzolan contains low CaO and high SiO₂, as 

evidenced by the data presented in Table 1.  

 

Table 4. Oxide Compositions for the Metakaolin System (wt.%) 

Sample 

Code 

Cl- Al2O3 CaO SiO2 

Before After Before After Before After Before After 

PC 0.8 0.4 3.2 3.3 68.4 69.3 15.8 16.2 

MK5 0.8 0.5 5.1 5.1 65.2 66.9 17.7 17.1 

MK10 0.8 0.6 7.0 7.1 62.2 63.7 19.1 18.5 

MK15 0.8 0.7 8.9 8.4 58.8 62.0 20.8 18.9 

MK20 0.8 0.7 10.5 10.0 56.1 58.2 22.2 21.3 

 

Figure 1 illustrates the chloride binding percentage (bound chloride/total chloride) for metakaolin-

added composites. The chloride binding capacity of the neat Portland cement composite was found 

to be 49%. However, this value increased gradually with the addition of metakaolin, reaching a 

maximum of 86%, which was approximately 1.8 times that of neat Portland cement. This was 

attributed to the high reactive alumina content of metakaolin. As evidence, the results showed that 

the Al2O3 content increased from 3.2% to 10.5%. EN 206 allows up to 0.4% chloride content by 

mass of binder for reinforced concrete. Figure 2 illustrates the ratio of free chloride to the mass of 

binder present in the samples. Here, free chloride content was taken into account, because it leads 

to chloride-based corrosion, as mentioned in the introduction. It could be seen that the Portland 

cement composite, in the absence of any additives, exhibited a value that was significantly more 

than the specified limit. In contrast, MK5 displayed a value that was approximately aligned with 

the aforementioned limit, while MK10, MK15, and MK20 demonstrated values that were below 

the specified limit. 

 



 

                                                                              Revista ALCONPAT, 15 (2), 2025: 157 – 174 

                                                 Reduction of the risk of the corrosion of seawater mixed cement-based materials  
Aydoğan, O. G., Benam, S. S., Özyurt, N. 

164 

 
Figure 1. Chloride Binding for the Metakaolin System (%) 

 

 
Figure 2. Free Chloride Percent by Mass of Binder for the Metakaolin System 

 

Metakaolin and limestone blended cement: Oxide compositions for the metakaolin-limestone 

system are given in Table 5. The ratios of CaO, SiO2, and Al2O3 were observed to change in 

response to the addition of metakaolin. Nevertheless, limestone substitution had no impact on these 

ratios. 

 

Table 5. Oxide Compositions for the Metakaolin-Limestone System (wt.%) 

Sample 

Code 

Cl- Al2O3 CaO SiO2 

Before After Before After Before After Before After 

PC 0.8 0.4 3.2 3.3 68.4 69.3 15.8 16.2 

MK15 LS0 0.8 0.7 8.9 8.4 58.8 62.0 20.8 18.9 

MK15 LS5 0.9 0.7 8.9 8.6 59.1 61.8 20.7 19.3 

MK15 

LS10 
0.9 0.7 9.1 8.4 59.0 62.9 20.8 18.5 

MK15 

LS15 
1.0 0.8 9.1 8.7 59.1 63.1 20.6 18.4 
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As illustrated in Figure 3, the limestone additive exhibited a slight reduction in chloride binding 

capacity relative to MK15. Nevertheless, when limestone was used, the average chloride binding 

capacity was 79%, which was still 1.6 times that of neat Portland cement. In addition, the 

substitution level of limestone did not show a significant effect on the chloride binding capacity. 

On the other hand, it was determined that as the quantity of limestone additive increased, higher 

free chloride was detected. However, the free chloride content of all batches in the MK LS system 

was found to be lower than the threshold value.  

 

 
Figure 3. Chloride Binding for the Metakaolin-Limestone System (%) 

 

 
Figure 4. Free Chloride Percent by Mass of Binder for the Metakaolin-Limestone System 

 

Replacement of red mud in Portland cement: As illustrated in Table 6, while the SiO2 content was 

not affected, the CaO decreased with the utilization of red mud. Although red mud does not fully 

fulfill the requirements for classification as a pozzolanic material due to low CaO and SiO₂ content, 

it was reported that red mud caused secondary reactions (Díaz et al., 2015; Ribeiro et al., 2011b). 

On the other hand, the Al2O3 content increased with the utilization of red mud.  
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Table 6. Oxide Compositions for the Red Mud System (wt.%) 

Sample 

Code 

Cl- Al2O3 CaO SiO2 

Before After Before After Before After Before After 

PC 0.8 0.4 3.2 3.3 68.4 69.3 15.8 16.2 

RM10 0.8 0.6 5.0 5.1 61.9 63.4 15.7 15.9 

RM20 0.8 0.6 7.1 7.0 54.9 57.6 15.2 14.9 

RM30 0.8 0.6 9.0 8.9 46.9 50.6 15.4 14.6 

 

The red mud utilization increased gradually the chloride binding capacity, as shown in Figure 5. 

The chloride binding capacity was found to reach 78% when red mud was used, approximately 1.6 

times that of neat Portland cement. This was attributed to the higher alumina content of red mud. 

In addition, free chloride content was gradually reduced by red mud addition. While the free 

chloride content of RM10 was around the limit, the ones of RM20 and RM30 was below the 

specified chloride limit, which is governed by EN 206. 

 

 
Figure 5. Chloride Binding for the Red Mud System (%) 

 

 
Figure 6. Free Chloride Percent by Mass of Binder for the Red Mud System 
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Use of calcium aluminate cement (CAC) and replacement of limestone in the CAC system: As 

stated in the introduction, CAC exhibits notable differences from Portland cement in terms of the 

phases it contains. As demonstrated in Table 7, the CaO and SiO2 ratios were markedly diminished 

in the CAC system in comparison to the Portland cement system. Conversely, the Al2O3 content 

was found to be equal to 10 times that of the sample produced with Portland cement. Furthermore, 

as the quantity of limestone within the CAC system increased, the concentration of SiO2 was 

reduced, while that of CaO was raised. 

 

Table 7. Oxide Compositions for the CAC System (wt.%) 

Sample 

Code 

Cl- Al2O3 CaO SiO2 

Before After Before After Before After Before After 

PC 0.8 0.4 3.2 3.3 68.4 69.3 15.8 16.2 

CAC 0.9 0.8 33.3 33.3 37.1 38.5 3.4 3.2 

CAC 

LS10 
1.0 0.8 33.1 31.9 39.8 40.8 3.2 3.0 

CAC 

LS20 
1.0 0.8 31.4 30.6 41.3| 44.1 2.8 2.6 

 

When CAC was utilized as the main binder, the chloride binding capacity reached up to 81%, 

which was approximately 1.7 times that of neat Portland cement. This improvement was due to the 

higher alumina content of CAC. Furthermore, the limestone addition in the CAC system did not 

show a significant influence, either positive or negative. In addition, the free chloride content of all 

batches in the CAC system was found to be lower than the threshold value. 

 

 
Figure 7. Chloride Binding for the CAC System (%) 
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Figure 8. Free Chloride Percent by Mass of Binder for the CAC System 

 

As previously stated, studies conducted within the framework of external chloride attack indicated 

that the chloride binding capacity depended on the CaO/Al₂O₃ ratio. It was reported that the highest 

binding capacity could be achieved when this ratio is between 3 and 7 in the case of external 

chloride attack (Wang et al., 2019). Figure 9a illustrates the chloride binding capacity versus the 

CaO/Al₂O₃ ratio for the metakaolin, red mud, Portland cement and calcium aluminate cement 

systems. While the chloride binding percentage changed from system to system probably due to 

reactive alumina content (Talero et al., 2011), it was observed that the chloride binding capacity 

increased when the CaO/Al₂O₃ ratio decreased up to 4-6. On the other hand, it is established that 

the CO3-AFm phase has the potential to enhance the chloride binding capacity (H. Li et al., 2018; 

Zhu et al., 2022). It was reported that the optimal molar ratio of CO₂ to Al₂O₃ is between 0.5 and 

1, which corresponds to approximately 0.5 and 1 for CaCO₃ to Al₂O₃ in terms of mass ratio, for the 

maximization of the CO₃-AFm phase (Matschei et al., 2007). The relationship between the 

CaCO3/Al₂O₃ ratio and chloride binding capacity for MK LS and CAC LS systems is shown in 

Figure 9b. It was observed that the chloride binding capacity decreased slightly when the 

CaCO3/Al₂O₃ ratio increased from 0 to 0.3-0.5, though no significant effect was observed after 0.5. 
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(b) 

Figure 9. Chloride Binding Capacity versus a) CaO/Al₂O₃ Ratio and b) CaCO3/Al₂O₃ Ratio 

 

3.2 Compressive Strength 

The 28th-day compressive strength results are illustrated in Figure 10. First of all, it was observed 

that the samples produced with seawater exhibited higher strength than the samples produced with 

freshwater, irrespective of the binders employed. This was attributed to accelerated hydration 

reactions in the chloride medium (Aydoğan, Dilber, et al., 2024; H. Li et al., 2018). In the majority 

of cases, 28-day period is early to observe the pozzolanic activity of mineral additives. However, 

the use of metakaolin as an additive resulted in a notable increase in strength due to its high surface 

area and reactive structure (Siddique & Khan, 2011; Wei & Gencturk, 2019), except SW MK20, 

which exhibited a strength level comparable to SW PC. The optimum metakaolin substitution rate 

to maximize the compressive strength was found to be 10%.  The addition of limestone to the MK 

system resulted in a reduction in compressive strength, which was attributed to the low activity of 

the limestone (Matschei et al., 2007; Neville, 2011). However, all batches in the MK15 LS system 

still exhibited greater strength than FW PC and even SW PC. In addition, the substitution rate was 

found to have a minimal impact on the observed results. In the red mud system, the utilization of 

red mud and increased substitution rate resulted in a gradual reduction in strength due to the low 

SiO₂ content and pozzolanic activity (Ribeiro et al., 2011b). As can be seen in Table 6, CaO content 

was reduced and SiO2 content was not affected by red mud addition. As known, these oxides are 

linked to the binding properties of the Portland cement system. On the other hand, only the 

compressive strength of SW RM30 was lower than FW PC, which means that using seawater as 

mix water can eliminate strength reduction caused by red mud addition.  

The use of calcium aluminate cement increased the compressive strength significantly compared 

to Portland cement regardless of mix water type. While the compressive strengths of FW PC and 

SW PC were found to be 47.7 and 58.7 MPa, the ones of FW CAC and SW CAC were 66.3 and 

83.5 MPa, respectively. This rapid hardening and high early strength are characteristic features of 

calcium aluminate cements (Scrivener et al., 2003).  The addition of limestone affected the 

compressive strength of the CAC-based system. While 10% substitution rate was observed to 

decrease strength by only 5%, the increase in the substitution rate to 20% resulted in 27% reduction 

in strength. On the other hand, the strength of SW CAC LS20 was still higher than that of FW PC 

and even SW PC. 
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Figure 10. Compressive Strength Results of Cement Pastes 

 

4. CONCLUSION 
 

The principal objective of this study was to develop binder systems that would minimize the risk 

of corrosion by reducing the concentration of free chloride when seawater was employed as mixing 

water. In this context, metakaolin, limestone, red mud, and CAC binder systems were utilized. The 

findings can be summarized as follows: 

1. The addition of metakaolin resulted in a 75% increase in chloride binding capacity 

compared to the neat Portland cement system due to its higher reactive alumina content. 

MK5 displayed a value that was approximately aligned with the free chloride threshold, 

while MK10, MK15, and MK20 demonstrated values that were below the specified limit. 

2. Despite a slight reduction in chloride binding capacity resulting from limestone addition in 

the MK system, the capacity remained 60% higher than that of the Portland cement system. 

Free chloride content of all batches in the MK LS system was found to be lower than the 

threshold value. 

3. The chloride binding capacity was observed to increase in proportion to the replacement 

rate of red mud, reaching a value that was 57% higher than that of the Portland cement 

system. While the free chloride content of RM10 was around the limit, the ones of RM20 

and RM30 was below the specified chloride limit, which is governed by EN 206. 

4. When CAC was utilized as the main binder, 65% increment was observed in chloride 

binding capacity compared to the neat Portland cement system. The limestone addition in 

the CAC system did not show a significant influence on the chloride binding capacity. The 

free chloride content of all batches in the CAC system was found to be lower than the 

threshold value. 

5. It was observed that the chloride binding capacity increased when the CaO/Al₂O₃ ratio 

decreased up to 4-6. On the other hand, it was determined that the chloride binding capacity 

decreased slightly when the CaCO3/Al₂O₃ ratio increased from 0 to 0.3-0.5, though no 

significant effect was observed after 0.5. 

As a result, most of the batches used in this study is expected to minimize and even eliminate the 

corrosion risk of seawater mix cement-based reinforced concrete.  
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