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Abstract

:

Blast furnace slag (BFS) is a mortar additive in which the utilization of varied curing conditions and the basicity of BFS determine the fineness of the resulting mortar and, thereby, its salt prevention properties. This study evaluates and compares the salt-prevention properties of mortar prepared by either steam curing or water curing. The physical properties, for example, the BFS fineness, revealed the factors significantly affected by basicity that influence the salt-preventive properties of mortar in the specimens examined, such as the lead time and diffusion coefficient. Furthermore, these factors were also significantly affected by differences in curing conditions and other physical properties. However, few studies have examined its use in reducing chloride ion permeability as the main factor of corrosion reactions. Thus, this study evaluates specific surface, water/binder ratio (W/B), and curing conditions on the chloride penetration in cementitious materials with blast furnace slag as cement addition in terms of delaying chloride ion penetration, which affects corrosion reactions. Results of the study are intended to guide development of products for use in the precast concrete industry, toward extending the life of concrete structures, especially reinforced concrete structures in marine environments. In addition, the resulting durability measurements from the experiment conducted are illustrated. This study indicates that differences in Blaine size properties significantly influence water curing. Furthermore, results reveal the effects of combining BFS with various Blaine values and ratio-affecting properties on mortar. In conclusion, concrete materials that decrease durability against chloride attack and improve mechanical properties for precast manufacturer industrial applications are successfully developed in this study. In addition, the use of water-curing conditions, high Blaine value, high cement replacement ratio, and W/B tend to improve the general mechanical property performance and durability against chloride ion attack.
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1. Introduction


Concrete is more widely used than any other manufactured material and has been a construction staple for centuries [1]. However, several theories on the deterioration of reinforced concrete (RC) show that direct current (DC) tends to corrode steel reinforcement, and chlorides are chemically bound by the cement paste (tricalcium aluminate, C3A) [2].



In marine environments, a significant reason for the collapse of RC structures is the corrosion of steel reinforcements, which creates a course for the penetration of chloride through the concrete surface, which comes into contact with internal reinforcement, leading to rebar oxidation and corrosion. Therefore, chloride-induced reinforcement corrosion is considered to be the main cause of concrete deterioration. In addition, rust occupies volume and creates tensile stresses in the concrete, resulting in spalling and cracking [3].



Chloride-induced corrosion is the most significant problem affecting aging concrete structures, especially in maritime environments or areas where salts are utilized. Chlorides can be incorporated into concrete or diffused from the outside environment, such as from saltwater or deicing salt. When Cl− reaches the reinforcing steel, it combines with hydroxide to produce a passive oxide layer, which penetrates and causes a crack. Cl− can cause a breakdown in the passive steel oxide layer, allowing corrosion to proceed. Steel corrosion in concrete can be reinforced by oxygen starvation, especially when oxygen is only at the cathodic areas of steel in solution at the anode [4]. According to [5], carbonation and chloride diffusion processes require several years to reach the reinforcing steel in concrete during the period of corrosion initiation. Equations for Fick’s law of diffusion may be used to numerically predict the time required for chloride diffusion or carbonation to pass through the concrete covering and initiate corrosion in the RC structure. Covering thickness, quality of concrete, and the environment are possible factors that affect the structure’s initial properties and age. Chloride levels at various depths in concrete and carbonate depth are another possible reason. The passive layer is damaged from the point of corrosion initiation to the first signs of corrosion damage. Therefore, the corrosion period can be estimated using modeled equations that calculate the corrosion time and rate, which determine the deterioration of RC in a given environment. For example, corrosion of a concrete infrastructure due to seawater reduces the ultimate service life of an RC structure.



The durability of concrete constructions is intimately connected to the durability of the component concrete material. Therefore, the environmental effect is increased with Portland cement, which causes the expansion and deterioration of concrete. The leading chemical causes of concrete deterioration are alkali–silica reactions, alkali–carbonate reactions, carbonation, sulfate attacks, chloride attacks, and steel corrosion. A combination of various factors also frequently causes the deterioration of concrete structures. In addition to those given above, acting alone or in combination, other factors such as high structural stresses, thermal stresses, shrinkage, poor quality of materials, and inadequate maintenance may exacerbate the situation [3]. One of the major factors contributing to the corrosion of marine RC structures is the chloride-induced corrosion of steel reinforcements, which substantially impacts structural service life [6]. This has been intensively researched for decades, prompted by the rising maintenance costs resulting from the impacts of seawater exposure on coastal structures [7]. Although concrete is an ideal material to protect steel reinforcement due to increased alkalinity, RC marine structures are highly vulnerable to corrosion due to chloride attacks. The severity of the attack is dependent on climatic conditions, among other factors [8].



When partially penetrating the concrete, chloride is captured to react with C3A to obtain calcium chloroaluminate (3CaO·Al2O3·CaCl2·10H2O), called Friedel’s salt, and also reacts with C4AF to form calcium chloroferrite (3CaO·Fe2O3· CaCl2·10H2O). The unbound fraction of chloride is referred to as free chloride. It is an aqueous solution in concrete voids (pore solution). This free chloride is part of the chlorine. Polysaccharides that can diffuse into concentrated concrete of free chloride are lower in number. Moreover, the pore solution reduces alkalinity in concrete to catch large amounts of chloride. The advantage of using high C3A cement is good chloride corrosion resistance. On the other hand, sulfate corrosion resistance requires cement with low C3A, which is a contradiction [9].



The aforementioned study revealed that chloride ion permeability in RC structures induces corrosion, disrupting and reducing the structure’s performance, and concrete shrinks and cracks as a result. The diffusion coefficient of the chloride ion in offshore construction was used to evaluate the durability of concrete and mortar. By first decreasing chloride ion penetration, reinforcement corrosion could be delayed [10,11].



The moisture content of concrete significantly impacts its long-term durability [12]. Water absorption is generally caused by structural porosity (interlayer C–S–H), porous paste, and the aggregate interface zone, particularly in the early stages. Additionally, the physical adsorption of chloride caused by the C–S–H gel can assist in chloride immobilization. The mechanism of concrete deterioration caused by chloride ion infiltration and carbonation follows: (1) Friedel’s salt is formed when monosulfate (AFm) reacts with chloride ions; (2) Friedel’s salt is carbonated; (3) chloride ions immobilized in Friedel’s salt dissolve into the pore solution; (4) chloride ion concentration increases in the pore solution, increasing chloride ion penetration into the concrete through concentrating and diffusion cycles. Owing HCl acidity, the alkalinity of the concrete slightly decreases from 12.5–13.5 to grades 11, 10, and 9. The area where the film was destroyed has a negative electric potential in an electrolysis reaction. “Anodic reaction” is the term referring to this type of reaction [9]. BFS is produced by grinding granulated blast furnace slag (GGBFS), a byproduct of pig iron manufacturing, and features high latent hydraulic properties. BFS is used as an admixture in Portland BFS cement at 40% to 45%. The advantage of Portland BFS cement is that its long-term strength is more enhanced, and it has higher resistance to seawater and chemicals. In addition, the diffusion coefficient of chloride ions makes the cement suitable for offshore structures. Furthermore, alkali aggregate reactivity is suppressed, the cement can be used with recycled aggregates, and a lower heat-release rate effectively suppresses thermal cracking [13].



Chloride damage resistance is required when BFS is used. The hardened concrete is denser than ordinary Portland cement [13], as it has a solid capability for incorporating chloride ions [14]. Limestone (CaO) and silica are the main components of iron and steel slag (SiO2). Alumina (Al2O3), magnesium oxide (MgO), and a minor quantity of sulfur (S) are several other components of BFS, whereas steelmaking slag contains iron oxide (FeO) and magnesium oxide (MgO). In the case of steelmaking slag, the slag contains metal components in oxides such as iron.



Because of the limited refining time and the significant amount of limestone, several auxiliary limestone materials may remain undissolved as free lime [15]. Portland cement is divided into four main compounds: tricalcium silicate (3CaO·SiO2), dicalcium silicate (2CaO·SiO2), tricalcium aluminate (3CaO·Al2O3), and tetra-calcium alumino-ferrite (4CaO·Al2O3·Fe2O3), which are comparable to some of the BFS components.



Focusing on the mechanisms of chloride penetration in concrete and reinforcing steel corrosion, a previous study [13] developed corrosion protection, repair strategies, and detection techniques to provide reliable and practical design approaches for durability and corrosion protection for concrete reinforcing steel. To develop mechanistic and practical models (deterministic or probabilistic), the study [13] can be used to design durable concrete structures. Furthermore, it can be used to predict the deterioration and maintenance optimization of existing concrete structures to achieve a specified design life [13].



BFS can improve the resistance of cementitious materials to sulfuric acid attack as the influence of concrete quality on diffusion coefficients is related to the concrete pore structure. Time dependence is due to the hydration of cement particles and chemical reactions of seawater ions with hydration products, which reduce the pore structure. When BFS is used, sulfuric acid has a small effect in terms of erosion; instead, the high-strength concrete or mortar becomes more durable, owing to the enhanced capacity to withstand sulfuric acid. Furthermore, BFS can suppress the penetration of chloride ions, inhibit steel corrosion, and reduce time-dependent strains [9,10].



BFS was used as the aggregate to investigate corrosion initiation on RC structures in one study [16]. That study focused on the physical and chemical attacks on RC structures during their service life and investigated whether any protections might be placed to mitigate the degeneration caused by these attacks. It was found that the concrete performance may be improved by including mineral additives in cement, such as silica fume, blast furnace slag (BFS), and fly ash [16].



A literature review reveals many studies of BFS-containing concrete in various countries. However, few studies have examined its use in reducing chloride ion permeability as the main factor of corrosion reactions. Thus, this study utilizes BFS as cement to investigate the performance of concrete in terms of delaying chloride ion penetration, which affects corrosion reactions. Furthermore, an experiment was conducted to examine improvements in the performance of an alternative concrete using BFS as cement replacement, focusing on chloride diffusion on concrete with BFS. This study aims to develop products for use in the precast concrete industry toward extending the life of concrete structures, especially reinforced concrete structures in marine environments.




2. Materials and Methodology


2.1. Materials and Proportions


The cement used in this experiment was ordinary Portland cement (OPC), which is denoted as N with a density of 3.16 g/cm3 and Blaine size of 3300 cm2/g, as shown in Table 1. Material properties include fine aggregate, river sand (density in saturated surface dry condition: 2.64 g/cm3, water absorption: 1.98%), BFS contained 2.41% of SO3. By contrast, BFS does not contain SO3, so it was added in amounts equivalent to N. The purpose of the addition was to unify the initial strength to allow for the hydration reaction to occur (to prevent false condensation), as the amount of SO3 was more extensive, which supported early strength and decreased shrinkage. In addition, this study used BFS with a fineness of 3000, 4000, and 6000 cm2/g (density of 2.91 g/cm3) to replace OPC at 22.5% and 45% by weight. The proportion of cement mortar with water binder ratio (W/B) of 0.50 was prepared. Table 2 shows the mix proportions of concrete.



Several studies have shown that decreasing the W/B ratio and incorporating various pozzolanic minerals into the mix can increase concrete’s compressive strength, durability, and permeability [17]. Lowering the W/B decreases the porosity and chloride penetration by as much as 25% throughout the exposure period [18]. Silica fume (SF), including some of the mineral admixtures used for this purpose, significantly decreased the chloride penetration into concrete in maritime conditions [19]. The influence of SF on concrete microstructure has been widely published.




2.2. Mixing Method


Mixing was performed according to JIS R 5201, “Physical testing methods of cement” [20,21]. For the first 30 s, the cement and fine aggregate were mixed at low speed (110 r/min). Next, the additive and water were added, and mixed at low speed for 60 s and high speed for 30 s (high speed: 230 r/min).




2.3. Curing Conditions


Two different curing conditions were used: water curing and steam curing. Water curing was conducted in the water tank for 28 days after demolding, conducted at 7, 14, and 28 days. Steam precuring was performed 2 h in advance. The temperature was raised at 20 °C/h, held at 60 °C for 2 h, then lowered to 20 °C at 10 °C/h, as shown in Figure 1, and was carried out for 28 days a constant 20 °C temperature and 60% humidity. Curing was carried out in air under a constant 20 °C temperature and 60% humidity. The sample was prepared with steam curing at 1, 7, 14, and 28 days.





3. Testing Condition


3.1. Compressive Strength


A sample of size 50 mm × 100 mm was utilized for compressive strength testing. Water curing was conducted in the water tank since the sample was demolded for 28 days. Testing of the water and steam-cured samples was conducted at ages of 7, 14, and 28 days.




3.2. Rapid Chloride Ion Penetration Test (RCPT)


Retrenching became an issue when using the standard salt-damage penetration test to determine the chloride ion diffusion coefficient, so chloride ions were instead measured using the rapid chloride ion penetration test (RCPT). The significant diffusion coefficient was calculated [22,23] as the mortar’s chloride ion effective diffusion coefficient on the basis of the Japan Society of Civil Engineers (JSCE) standard in concrete using electrophoresis. The effective diffusion coefficient test method for chloride ions was conducted according to JSCE-G571-2003 [24]. The electrophoresis test used a 0.5 mol/L sodium chloride solution and a stainless-steel electrode on the cathode side. The apparatus, a 0.3 mol/L sodium hydroxide solution, and a titanium electrode were used, and the specimen was placed between the electrodes. A constant DC voltage of 15 V was applied between the electrodes, and the solution on the cathode side had chloride ions below 0.45 mol/L. The solution was appropriately exchanged on the anode side such that chloride ions did not exceed 0.3 mol/L. The specimen was cylindrically shaped, with 100 mm diameter and a thickness of 50 mm, as shown in Figure 2. In addition, specimens were cured using the curing condition mentioned in Section 2.3.



This study prepared the specimens with different physical properties of BFS with different curing conditions. Water curing took 28 days, and steam curing involved aerial curing for up to 28 days.



The number of chloride ions that moved to the pole side and the penetrated chloride ions to the anode side was steady. The flux of chloride ions must reach a state (ion per unit time and unit area) to calculate the diffusion coefficient. The steady state assumes that immobilization factors that affect electrophoresis can be excluded. Steady-state was assumed established when the increasing rate of the chloride ion concentration on the anode side became constant with time. Moreover, chloride ion penetration during the steady state was required for assuring significance of the diffusion coefficient calculation.



3.2.1. Chloride Ion Flux Calculation


The flux of chloride ions in the steady state was calculated using the following equation, and the value obtained was rounded to three digits:


   J  C l   =    V  I I    A    ∆  c  C l   I I     ∆ t    



(1)




where



JCl: flux of chloride ions in steady state (mol/(cm2 year));



VII: volume of anode solution (L);



A: cross-section of specimen (cm2);



∆   c  C l   l l    /∆t: rate of increase in chloride ion concentration on anode side ((mol/L)/year).




3.2.2. Calculation of Effective Diffusion Coefficient of Chloride Ion


The effective diffusion coefficient of chloride ion in the concrete was calculated using the following equation, and the result was rounded to three significant digits:


   D e  =    J  C l   R T L    |   Z  C l    |  F  C  C l    (  ∆ E − ∆  E c   )    × 100  



(2)




where



De: effective diffusion coefficient (cm2/year));



R: gas constant (8.31 J/(mol K));



T: absolute temperature (K);



ZCl: charge of chloride ion (−1);



F: Faraday constant (96,500 C/mol);



CCl: measured chloride ion concentration on cathode side (mol/L);



∆E − ∆Ec: electrical potential difference between specimen surfaces (V);



L: length of specimen (mm).





3.3. X-ray Powder Diffraction (XRD)


X-ray Powder Diffraction (XRD) is a technique used to define the quantification of cementitious materials. XRD analysis is conducted with an X-ray source of Cu–Ka radiation (X = 1.5406 A), in which the Bragg–Brentano method is used to analyze and identify crystalline compounds. Different parameters such as scan step size, collection time, range, X-ray tube voltage, and current should be fixed on the basis of the specimen requirements for analysis. For a diverse variety of crystalline phases in concrete specimens, the XRD pattern uses phase identification [25].



In addition, for specimens that had been pulverized and immersed in 5% salt water to simulate seawater, the Friedel’s salt intensity significantly increased after immersion. The effect before and after immersion in saltwater on the products was measured using X-ray diffraction, and quantitative analysis was performed. In quantitative analysis, the integrated strength obtained by calculating the integrated strength of each product was compared as the amount of production. In addition, the impact of saltwater immersion was measured using XRD, and quantitative analysis was performed before and after immersion in saltwater. Measurements were carried out by using a Bruker D8 Discover diffractometer. In this study, we measured the formation of Friedel’s salt, which affects salt immobilization. We mainly measured Friedel’s salt, which affects salt fixation, and Kuzel’s salt, which is related to the formation of Friedel’s salt. The chemical formula and reflection angles are shown in Table 3.





4. Results and Discussion


4.1. Compressive Strength


This study shows that the Blaine value rate has a significant effect on compressive strength. However, in addition to enhancing the BFS addition rate, a more significant change was discovered, confirming the influence of the Blaine value. The pore structure became denser, and the hydration reaction was sufficient because the surface area increased as the Blaine value increased.



According to this study, the BFS cement replacement ratio was 22.5% and 45%. The existence of steam curing increased the compression strength of BFS 6000 Blaine as 45% BFS cement replacement increased, whereas water curing decreased the compression strength of both 3000 and 4000 Blaine.



Figure 3 and Figure 4 show the compressive strength result of steam curing and water curing, respectively. Compressive strength increased as BFS Blaine fineness increased in curing conditions; for example, the 6000 Blaine showed significant intensity increases. Figure 5 presents a comparison of the compressive strengths. In addition, it was found in this study that steam curing increased the compressive strength after seven days, considering that the hydration reaction was promoted by steam curing rather than water curing.



According to the results, the addition of BFS influences the development of compressive strength. BFS had a low hydration speed at an early age, so the development of compressive strength over 28 days was slow. On the other hand, compressive strength was a significant development in BFS cement, more than ordinary Portland cement in the long term. When comparing the curing conditions, steam curing resulted in lower compressive strength than water curing because the addition of BFS, as influenced by the curing temperature, resulted in changes in hydration speed that influence early strength development.




4.2. Effective Diffusion Coefficient (De)


The effective diffusion coefficient and concentration were established to verify the salt-preventive properties, whereby chloride ions on the cathode side penetrate the specimen in the electrophoresis test and permeate to the anode side. This study shows the effective diffusion coefficient results in both curing conditions, indicated in Figure 6 and Figure 7. The concentration rate was increased by water-curing conditions and featured high salt damage resistance by suppressing the penetration of chloride ions. The effective diffusion coefficient and the salt-preventive property were increased by the BFS Blaine value and water-curing condition. On the other hand, the result of the effective diffusion coefficient by RCPT was not affected by the steam-curing condition and Blaine value.



Comparing the BFS replacement rate ratio confirmed that 45% BFS cement replacement of both steam curing and water curing increased the rate of salt-preventive properties. The BFS replacement rate ratio of no addition and 22.5% were of no significance to the salt-preventive property, which might have been caused by the effect of voids and pore structure. Figure 8 and Figure 9 show the concentrations for water curing, and this is shown for steam curing in Figure 10 and Figure 11. Therefore, the increase in BFS replacement rate ratio might have been affected by the chloride concentration and the salt-preventive property in both curing conditions. In water curing, the higher the Blaine value, the lower the ion concentration, whereas no correlation was observed in steam curing. Therefore, when comparing the curing methods, water curing tended to increase salt-preventive properties. However, this study also considered the Blaine value, which may increase the volume of voids due to steam.




4.3. Chloride Immobilization


When BFS replaced cement, the performance of concrete in terms of its properties was improved. This was possibly due to conventional macroeconomic diffusion theory, which is based on Fick’s law. On a microscopic level, a second possibility is based on electrochemistry theory. The diffusion model, which is based on Fick’s second law, was used in this investigation. This diffusion model could be used to predict how long it takes for chloride to reach and initiate corrosion at the depth of the reinforcing steel. Furthermore, diffusion coefficient values could result from a study to determine the prediction time from the concept of Fick’s second law.



For one-dimensional diffusion into a semi-infinite medium, the following error function solution is often used [25]:


   C   (  x , t  )    =  C 0  +  (   C s  −  C 0   )   [  1 − erf  (   x  2   D t      )   ]   



(3)




where



D: diffusion coefficient (m2/s);



t: time of exposure (s);



C(x,t): chloride concentration at depth x after time t (% wt of concrete);



Cs: surface chloride content (% wt of concrete);



C0: initial chloride content (% wt of concrete);



erf: error function.



Uncertainty analysis started with a study of the diffusion coefficient in the series analytical solution that affected the variability of effective diffusivity, adjusted for each dataset. Corrosion prediction time was calculated on the basis of Fick’s second law as in the equation noted above. Figure 12 presents these results for both curing conditions and various Blaine values obtained for each value of effective diffusivity. Water curing influenced the chloride diffusion properties, as the study shows that replacement of 45% cement with 6000 Blaine of BFS delayed chloride diffusion. Thus, extending the time to product corrosion reaction with the 22.5% replacement rate significantly decreased chloride diffusion.




4.4. Effect of Physical Characteristics on Amount of Friedel’s Salt Produced as Determined by X-ray Powder Diffraction (XRD)


This study compares the result of X-ray diffraction data of cement paste partially replaced with BFS at an age of 28 days. The results were compared before and after 28 days of the specimen’s immersion in saltwater, indicating that Friedel’s salt was formed. The experiment with different Blaine values and intensity counting for chemical product materials in Figure 13 shows non-replacement, and replacement with BFS with 3000, 4000, and 6000 Blaine values, where the X-axis is the angle of reflection and the Y-axis is count intensity. The area of the diffraction peak was obtained by functionally fitting the diffraction peak by the method of least squares and calculating the intensity.



Chloride intensity determined from the XRD experiment is shown in Table 4, compared with aluminum oxide as standard material. When calculating Friedel’s salt, which is an indicator of delay penetration, there was an increase in Friedel’s salt over time, as shown in Table 4, obtained by the Friedel’s salt correction calculation. When Friedel’s salt substance intensity (counts) and aluminum oxide (  α −   Al  2   O 3   ) substance intensity (counts) obtained from the XRD experiment were added to Equation (4), the results show that the replacement with BFS had a significant effect on the formation of Friedel’s salt stages.


   Friedel ’ s   Salt   Correction   Calculation    =       Friedel ’ s   Salt   Substance         Intensity    (  Counts  )            Aluminum   Oxide    (  α −   Al  2   O 3   )        Substance   Intensity    (  Counts  )        ×  diffraction   peak   



(4)







From the results, the replacement with BFS had a considerable impact on the appearance of Friedel’s salt stages. For non-replacement, the Friedel’s salt was 1796, adjusting by Equation (4), whereas the value increased for the sample with substitution. The higher the Blaine, the higher the rate of Friedel’s salt—for example, the 6000 Blaine value is 2176 as adjusted by Equation (4), which is a significant difference.



Thus, the Blaine value was investigated because the amount of Friedel’s salt that had emerged was confirmed to affect the immobilization capacity of chloride ions. Immersion for BFS with Blaine value 6000 had the highest Friedel’s salt of all the BFS samples having other Blaine values. Thus, the result confirmed that increasing the Blaine value of BFS was responsible for the increasing immobilization capacity of chloride ions.





5. Conclusions


This study evaluated chloride ion adsorption into cement on the basis of the diffusion coefficient by RCPT, which was used to predict the chloride ion diffusion characteristics of the specimen. The following conclusions inferred from the test results can be separated into two parts: general mechanical properties and durability against chloride attack.



Regarding general mechanical properties, compressive strength could be developed as the fineness of the slag’s Blaine values increased. This study showed that addition of BFS of 6000 Blaine resulted in increased compressive strength. On the other hand, addition of BFS of 3000 Blaine resulted in decreased compressive strength, and results were further confirmed. Furthermore, the dosage of the cement replacement ratio influences compressive strength, as a high dosage ratio may increase strength, while a low dosage ratio decreases strength. Steam curing is preferred for the accelerated rapid hardening of concrete, high early-age strength, and improved (increased) construction speed. In this study, BFS replacement was used to affect the high early-age strength by affecting its physical properties in the long term. Additionally, compressive strength was considerable when steam curing was applied, which is an effect of the conditions used on the compressive strength. Compressive strength increased when performing sufficient water curing, confirming that it was greatly affected. For this reason, use of BFS with a high Blaine value is a practical strategy for improving the general mechanical property performance of the resulting product.



In terms of durability against chloride attack, Blaine’s values of fineness was found to affect the immobilization performance of chloride ions. The results obtained for 6000 Blaine BFS showed a reduction in the delay rate based on the chloride ion immobilization effect, demonstrating it is more effective than 3000 Blaine BFS. In addition, the cement replacement ratio of slag influences the improved immobilization performance of chloride ions, and an additional slag ratio might increase the delay rate of chloride ion immobilization. Additionally, the effect of curing conditions on the improvement of immobilization performance of chloride ions is considerable, as underwater curing increased, while steam curing conditions were associated with a negative impact on immobilization capacity. Furthermore, the XRD results showed that Friedel’s salt intensity significantly increased after immersion. Therefore, the Blaine value was investigated, as the amount of Friedel’s salt that emerged affected the immobilization capacity of chloride ions. Thus, it was confirmed that the Blaine value of BFS affects the immobilization capacity of chloride ions.



In conclusion, concrete materials that decrease durability against chloride attack and improve mechanical properties for precast manufacturer industrial applications were successfully developed in this study. In addition, the use of water-curing conditions, high Blaine value, high cement replacement ratio, and W/B tended to improve the general mechanical property performance and durability against chloride ion attack. Data from this study are useful for application in coastal areas, namely in the development of products with suitable properties, such as flow properties, for withstanding deterioration owing to factors unique to these environments. Further study should involve experimenting with thermal simulation absorption and adding a chemical admixture to develop product performance and investigate the effect of combinations, supporting the development and application of various kinds of concrete.
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Figure 1. Diagram for steam curing condition: (A) precuring time, 2 h before steam curing; (B) temperature raised to 60 °C at 20 °C/h; (C) temperature was held at 60 °C for 2 h; (D) temperature was lowered to 20 °C at 10 °C/h. 
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Figure 2. Schematic of the rapid chloride ion penetration test. 
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Figure 3. Compressive strength with water curing. 






Figure 3. Compressive strength with water curing.



[image: Constrmater 02 00005 g003]







[image: Constrmater 02 00005 g004 550] 





Figure 4. Compressive strength with steam curing. 
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Figure 5. Results for compressive strength for both curing conditions over 28 days. 






Figure 5. Results for compressive strength for both curing conditions over 28 days.



[image: Constrmater 02 00005 g005]







[image: Constrmater 02 00005 g006 550] 





Figure 6. Chloride ion concentration in water-curing conditions resulting from RCPT (22.5% replacement rate). 
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Figure 7. Chloride ion concentration in water curing conditions resulting from RCPT (45% replacement rate). 
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Figure 8. Chloride ion concentration in steam curing conditions resulting from RCPT (22.5% replacement rate). 
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Figure 9. Chloride ion concentration in steam curing conditions resulting from RCPT (45% replacement rate). 
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Figure 10. Effective diffusion coefficient of chloride ion concentration resulting from calculated water curing conditions. 






Figure 10. Effective diffusion coefficient of chloride ion concentration resulting from calculated water curing conditions.



[image: Constrmater 02 00005 g010]







[image: Constrmater 02 00005 g011 550] 





Figure 11. Effective diffusion coefficient of chloride ion concentration resulting from calculated steam curing conditions. 
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Figure 12. Calculation of corrosion prediction time based on Fick’s second law. 
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Figure 13. X-ray diffraction patterns for (A) non-replacement and replacement using BFS with (B) 3000, (C) 4000, and (D) 6000 Blaine value. 
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Table 1. Raw material.
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	Abbreviations
	Properties
	Density (g/cm3)





	N
	Ordinary Portland cement
	3.16



	BFS
	Ground-granulated blast furnace slag

(Blaine values 3000, 4000, 6000)
	2.90



	S
	Sand
	2.64



	AG
	Anhydrous gypsum
	2.91



	W
	Water
	1.00
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Table 2. Mix proportions.
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No.

	
W/B *

	
Unit Weight (kg/m3)




	
W

	
N

	
BFS (Blaine Value)

	
AG

	
S




	
3000

	
4000

	
5000






	
N

	
50%

	
318

	
636

	

	

	

	

	
1272




	
3000-22.5

	
493

	
143

	

	

	
6.20




	
3000-45.0

	
350

	
268

	

	

	
12.4




	
4000-22.5

	
493

	

	
143

	

	
6.20




	
4000-45.0

	
350

	

	
268

	

	
12.4




	
6000-22.5

	
493

	

	

	
143

	
6.20




	
6000-45.0

	
350

	

	

	
268

	
12.4








* W/B: water binder ratio.
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Table 3. Formula of each product and X-ray angle.
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	Product Material
	Chemical Formula
	Angle of Reflection





	Kuzel’s salt
	    C 3  A ·    (  0.5    CaSO   4  · 0.5   CaCl  2   )    ·   10  H 2  O   
	10.6



	Friedel’s salt
	    C 3  A ·   CaCl  2  ·   10  H 2  O   
	11.3



	Aluminum oxide
	     Al  2   O 3    
	25.55
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Table 4. The formula of each product and X-ray angle.
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	Blaine Value
	Friedel’s Salt Substance Intensity (Counts)
	    Aluminum   Oxide   ( α − A  l 2   O 3  )   Substance   Intensity   ( Counts )    
	Friedel’s Salt Correction Calculation





	Non
	1523
	1021
	1796



	3000
	1875
	1204
	1875



	4000
	2302
	1288
	2151



	6000
	2214
	1225
	2176
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