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Abstract


The incorporation of natural fibers into concrete has recently emerged as a popular approach in the field of construction materials due to its sustainability and environmental friendliness. In comparison to artificial fibers, natural fibers are more cost-effective and widely available globally. Among the various natural fibers, coconut fiber (CF) stands out for its unique set of advantages. This study aims to investigate the mechanical properties and durability of coconut-fiber-reinforced self-healing concrete (CFR-SHC) in the context of corrosion resistance. Additionally, Bacillus subtilis bacteria (10% by mass) was incorporated into the CFR-SHC. The impact of ±50 mm long CF with varying contents of 0.25%, 0.5%, and 0.75% by mass was examined. Specimens were subjected to corrosion acceleration for 48, 96, and 168 h. Non-destructive testing (NDT) methods of Electrical Resistivity (ER) and Impact Echo (IE) were conducted to test the corrosion resistance. The experimental results demonstrate that CFR-SHC increased the compressive strength by 6% and the flexural strength by 40%. CFR-SHC also exhibits excellent resistance to corrosion, characterized by low inrush current, high ER value, and high IE frequency. The most favorable overall outcomes were observed for the CFR-SHC sample containing 0.5% of the cement mass.
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1. Introduction


Concrete structures are the main elements in modern building construction and urbanization due to their versatility and high mechanical strength. Concrete, composed of cement, water, sand, and coarse aggregates, is popular because it is easily adaptable, has good insulation, is fire-resistant, and its materials are readily available and inexpensive [1]. However, the high demand for concrete due to urbanization and industrial growth has adverse environmental impacts. Portland cement, the primary component of concrete, requires significant energy in its production, releasing approximately 0.9 kg of greenhouse gases per kilogram of cement produced [2,3]. The extraction of other components, such as fine and coarse aggregates, also damages the environment, though not as significantly as cement. Overall, concrete production contributes to 8% of global greenhouse gas emissions [4,5]. Despite concrete’s high strength and durability, as well as its low production and maintenance costs, its weakness lies in its low tensile strength and brittle nature. To overcome this weakness, steel reinforcement is added to concrete to enhance its tensile strength, commonly referred to as reinforced concrete (RC) [6].



Fibers are added to concrete to improve its tensile strength, resulting in a specialized type of concrete known as fiber-reinforced concrete (FRC) [7,8]. In addition to secondary cementitious materials that help create eco-friendly concrete, natural fibers have become one of the most popular reinforcing materials due to their sustainability and environmental friendliness [9]. Natural fibers are widely available globally, cheaper than synthetic fibers, stiffer, and recyclable [10]. Coconut fiber (CF), a popular natural fiber derived from the coir of ripe coconuts, has low thermal conductivity but is strong and stiff, increasing the tensile, flexural, and compressive strength of concrete while reducing its weight [11,12]. Due to the many advantages of natural fibers, including their wide availability, light weight, low cost, and ease of production, natural fiber-based biocomposites have widely replaced synthetic plastics in various applications [13]. Many countries worldwide, especially in tropical and subtropical regions like Indonesia, cultivate coconuts, which play a significant role in economic growth [14].



Any type of RC exposed to extreme environmental conditions will experience deterioration, from cracking to damage caused by corrosion [15]. Corrosion of the steel reinforcement in RC is a primary mechanism of strength degradation in RC structures [16,17]. If concrete cracks are left untreated, corrosion will spread throughout the reinforcement, eventually causing the concrete to collapse [18,19]. Repair and rehabilitation of concrete damage must be conducted swiftly and accurately to extend the service life and ensure the safety of the related components [20]. Self-healing concrete (SHC) is a popular innovation in preventing and repairing concrete deterioration. The self-healing ability of SHC can be self-supporting or assisted, depending on the agent chosen [21,22]. SHC can be a solution to repair cracks, improve the durability of concrete structures, and recover the performance of corrosion-damaged structures [23,24,25].



This study aims to combine coconut-fiber-reinforced self-healing concrete (CFR-SHC) to create a composite expected to combat corrosion. Self-healing is carried out using Bacillus subtilis bacteria as an additive. The use of Bacillus subtilis can reduce the porosity of concrete [26], thereby addressing the drawback of coconut fiber, which otherwise increases porosity due to high water absorption [27]. The quality of the composite concrete can then be assessed through non-destructive testing (NDT), specifically using Electrical Resistivity (ER) and Impact Echo (IE) methods. These NDT methods can evaluate and predict damage, control quality, and detect defects and corrosion without damaging the internal structure [28]. To the best of the authors’ knowledge, this study is the first to assess the performance of CFR-SHC with Bacillus subtilis and evaluation after corrosion. The mechanical strength parameters of concrete, such as compressive and flexural strength, and the durability assessment of the concrete mix, such as ER and IE, are evaluated. The findings of this study encourage the use of CFR-SHC in structural applications subject to corrosion and further evaluation of other parameters in the future.




2. Research Significance


The research holds significant implications for the advancement of sustainable construction materials. By incorporating coconut fibers and Bacillus subtilis bacteria into self-healing concrete, this study addresses critical issues related to the mechanical performance and durability of concrete in corrosive environments. The use of NDT methods, specifically ER and IE, provides robust evidence of the enhanced corrosion resistance offered by the coconut-fiber-reinforced self-healing concrete (CFR-SHC).



These improvements are crucial for extending the lifespan of concrete structures, reducing maintenance costs, and minimizing environmental impact. Moreover, the successful use of natural fibers and microbial agents aligns with global efforts to promote eco-friendly construction practices, providing a cost-effective and accessible solution for sustainable infrastructure development. The research outcomes could guide future innovations in concrete technology and encourage the broader adoption of sustainable materials in the construction industry.




3. Materials and Methods


3.1. Materials


The composite concrete material used has passed and meets the Indonesian standard requirements of the Structural Engineering Laboratory of Universitas Muhammadiyah Yogyakarta. The constituent materials include Portland cement, coarse aggregates, fine aggregates, water, coconut fibers, and Bacillus subtilis bacteria. The Portland cement used is Type I Portland cement with the brand Holcim Dynamix. The fine aggregate used is aggregate with a maximum grain size of 4.76 mm, sourced naturally or processed from Progo, Yogyakarta. The coarse aggregate comes from Clereng, Yogyakarta, in the form of crushed stone with high sulfate resistance, obtained from a stone crushing industry with a grain size between 4.75 mm and 40 mm. The water used is clean water, free from oil, acid, salts, alkali, organic matter, chloride ions, or other substances that can weaken the strength of the concrete or reinforcement. The CF used has a length of approximately 50 mm and has been cleaned [29], also sourced from Yogyakarta, Indonesia. The Bacillus subtilis bacteria used are obtained from the Laboratory of the Faculty of Agriculture, Universitas Muhammadiyah Yogyakarta. CF and bacteria is shown in Figure 1. The addition of bacteria to the concrete is performed using the direct mixing method, which is carried out during the concrete mixing process.



The materials to be used in the production of concrete will be tested to assess their quality before creating test specimens and mix designs. The tests conducted include specific gravity and water absorption, fine aggregate gradation, abrasion, and clay content. Based on the tests, the fine aggregate gradation analysis results fall within gradation zone 2, according to SNI ASTM C136:2014, indicating that the sand is slightly coarse, as shown in Figure 2. The results of fine and coarse aggregate material testing are shown in Table 1.




3.2. Methods


3.2.1. Mix Design


The concrete mix design follows ACI 211.1-91 (2002) procedures for maintaining proportions in the production of normal concrete, as shown in Table 2. The planned concrete quality is 30 MPa with a safety factor of 35%. CF is added to the mix in proportions of 0.25%, 0.50%, and 0.75% of the coarse aggregate. Bacillus subtilis bacteria are added at a proportion of 105 cfu/Ml, with 10 Ml of bacteria per test specimen. The specimen codes are BN for normal concrete and V1, V2, and V3 for CF variations of 0.25%, 0.50%, and 0.75% with 10 Ml of bacteria, respectively.




3.2.2. Preparation of Specimens


Specimens were made in the form of beams measuring 50 cm × 10 cm × 10 cm and cylinders measuring 15 cm × 30 cm. The main reinforcement size was Ø12 mm, and cables were attached to the ends of the reinforcement to facilitate the accelerated corrosion process using a DC power supply. Each specimen was prepared based on the mix proportions of Bacillus subtilis bacteria (10 Ml of water) and CF at 0.25%, 0.50%, and 0.75%. The bacteria were added during the mixing of fresh concrete. The mixed concrete was tested for workability during the production process by measuring the slump value. After passing the slump test, with a requirement of 7.5–10 cm, the concrete mix was poured into the molds until fully compacted, ensuring no air voids formed. The concrete was then allowed to harden for 24 h before being removed from the molds and weighed. The sketch of the test specimens can be seen in Figure 3.



After 24 h, the molds were removed from the test specimens, which were then taken to the curing area. Concrete curing was conducted using the immersion method, where the entire surface of the concrete was submerged in water to prevent the concrete from losing water too quickly, maintain moisture, and control the temperature to ensure proper hydration. The curing process was carried out for 28 days.




3.2.3. Acceleration of Corrosion


Beam specimens, aged at least 28 days under curing, undergo accelerated corrosion using the Galvanostatic method to expedite the natural corrosion process, which can be lengthy [30]. Accelerated corrosion testing is conducted by connecting the reinforcement steel bars with one set to the positive pole (+) as the anode and another set to the negative pole (−) as the cathode. A DC power supply is employed to facilitate and regulate the corrosion process by controlling the electric current and duration as needed. This process is carried out for different durations: 48 h, 96 h, and 168 h. The DC power supply has specifications of 3 A and 5 A to accelerate the corrosion process in concrete. A 5% NaCl solution is used based on the volume of water in a Styrofoam box. An illustration of the accelerated corrosion testing can be seen in Figure 4.



Accelerated corrosion testing can be planned to use the principles of Faraday’s Law, which refers to the percentage of weight loss of reinforcement due to the corrosion process. The percentage of weight loss of reinforcement, according to Faraday’s Law equation, can be seen in Equation (1).


  ∆ m =    M   ×     I   ×   t       z   ×   F     



(1)




where Δm is loss of weight on reinforcement (grams), M is the atomic weight of metal (Ar Fe = 56), I is the electric current (A), t is the corrosion duration (seconds), z is the reacting electrons (z Fe = 2), and F is Faraday’s constant (96,500 A/s).




3.2.4. Compressive Strength and Flexural Strength


Compressive and flexural strength tests were conducted at the Structures and Construction Materials Laboratory of Civil Engineering, Universitas Muhammadiyah Yogyakarta, using a universal testing machine. Compressive strength tests were performed on concrete cylinders cured for 28 days without corrosion (control specimens), as depicted in Figure 5a. Flexural strength testing of concrete beams was conducted after completion of the corrosion process and NDT tests. The test involved applying a load at the center of the beam span, with a distance of 5 cm between the support and the beam edge, as illustrated in Figure 5b.




3.2.5. Electrical Resistivity


Electrical Resistivity (ER) testing was conducted when the test specimens were 28 days old. This test was carried out before and after the accelerated corrosion process to compare the test results of the corrosion process. To make the data obtained complete and more accurate, the ER measurement tool uses the Four Point Probe method, where each test point is carried out three times. This test uses parameters that have been determined by AASHTO TP 95. Details of the division of points carried out for ER testing can be seen in Figure 6. The side division is divided into 4 areas, namely the upper left and right sides and the lower left and right sides.




3.2.6. Impact Echo


Impact Echo (IE) testing was conducted when the object was 28 days old. This test was conducted before and after the accelerated corrosion process to compare the test results. The IE method is a technique for detecting defects in concrete [31]. This method is based on monitoring surface movement due to short-term mechanical impact. The concrete will be tapped several times using the IE test equipment, and then the sensor will receive the signal at a predetermined distance between the sensor and the impact point. The IE test was conducted with 2 sensors at impact points of 5 cm, 10 cm, 15 cm, and 20 cm, as shown in Figure 7.






4. Results and Discussion


4.1. Compressive Strength


The concrete mix design was made with a planned compressive strength of 30 MPa. The results show that normal concrete has an average compressive strength of 37.59 MPa. The 0.25% CF variation specimen showed an average compressive strength of 37.50 MPa. CF 05% has an average concrete compressive strength of 39.85 MPa. The 0.75% CF variation has an average compressive strength of 39.55 MPa. The compressive strength results in Figure 8 show that normal concrete has a lower compressive strength than CFR-SHC. CF 0.25% does have a smaller compressive strength of 0.09 MPa than normal concrete, but it needs to be considered again because the standard deviation value is also high. The more significant percentage of CF in CFR-SHC is shown to increase the compressive strength up to 39.85 MPa at CF 0.5%, then decrease it slightly by 0.30 MPa at CF 0.75%. The bonding of reinforcing fibers in the specimens has a good impact on the compressive strength. Compression results in lateral expansion, which is limited by CF, increasing compressive strength. Due to their strength, fibers can resist strain and shear [32]. However, the optimum dosage of fiber varies depending on the type of fiber, physical aspects such as length and diameter, as well as the concrete mix design and water-to-binder ratio. A study reported that in CF with 50 mm and 75 mm lengths, the compressive strength decreased as the fiber content increased [1]. The decrease in compressive strength can be attributed to the decreased workability of fresh concrete caused by the increase in fiber content and length, as well as the lack of proper compaction during the casting of the specimens, resulting in the formation of air voids [29].




4.2. Accelerated Corrosion


Accelerated corrosion was carried out using durations of 48 h, 96 h, and 168 h on 12 beam test specimens and the current was read every hour to see the increase in current on each test specimen, shown in the graph in Figure 9.



The graph shows that CFR-SHC has a relatively small current compared to normal concrete. The current was monitored every hour to record the average intensity of corrosion current flowing through the specimens at different concrete mixes. This increase in current explains the resistance of the concrete to chloride initiation. In accelerated corrosion with a duration of 48 h, CF 0.75% had lower initial to final current values, followed by concrete mixes CF 0.25%, CF 0.5%, and normal concrete. At 96 h, it was the same case, with 0.75% CF still having a low initial to final current, followed by 0.25% CF, 0.5% CF, and normal concrete. The addition of bacteria and CF influences a more stable and lower current than normal concrete in the first 96 h. At 168 h of accelerated corrosion, the current was unstable; CF 0.75% had the lowest initial current but increased at the end. Normal concrete remained consistently stable and was the highest compared to CFR-SHC. This proves that CFR-SHC has a lower current than normal concrete, which indicates it has better current resistance than normal concrete.



Specimens were crushed to determine the actual reinforcement mass loss due to corrosion after the self-healing process and flexural strength. The reinforcing steel taken from the crushed specimens was cleaned and weighed to determine the percentage mass loss of the reinforcement due to the accelerated corrosion process. The mass loss results were compared with the initial mass of the reinforcement to determine the actual corrosion rate. The duration of accelerated corrosion and the corrosion rate are not directly related, but they are interrelated, as a higher corrosion rate will generally lead to a shorter corrosion duration, but there are other factors that can affect the corrosion process, such as the environment, material properties, and the presence of protective coatings or treatments [33]. The accelerated corrosion test proceeded quite controllably, with the correlation between accelerated corrosion duration and actual corrosion rate at around 90%, which can be seen in Figure 10. The normal concrete had a very low correlation value, because at 13 h BN B experienced initial cracking and resulted in an increase in current, resulting in high chloride penetration, which affected the derivation value. The sudden surge in current indicates the formation of initial corrosion cracking in concrete [34].




4.3. Electrical Resistivity


The ER testing method is carried out to determine the resistance of concrete to reinforcing steel corrosion, where the resistivity value will provide information about the condition of the concrete and the potential for reinforcing steel corrosion in concrete [35]. The corrosion process will be slower if the ER of the concrete is high. The ER of concrete exposed to chloride indicates the risk of early corrosion damage, as low ER is always associated with rapid chloride penetration [36]. This test was conducted on concrete before and after corrosion to see the durability of concrete from different variations of CFR-SHC. ER before corrosion in all normal concrete specimens and CFR-SHC shows ER values that fall into the very low category, as can be seen in Figure 11. However, normal concrete ER has a value that is far below CFR-SHC, for example, for the smallest difference in CF 0.25 and normal concrete, which has a difference of 20.6 kΩ·cm, but still in the very low category in accordance with AASHTO TP 95-14. The ER results after corrosion decreased according to the duration of corrosion. The ER value will decrease as the corrosion rate increases. From the results obtained in the ER test after being corroded, the highest ER value at 48 and 96 h of corrosion acceleration was obtained by 0.5% CF specimens at 40.91 kΩ·cm (very low) and 24.70 kΩ·cm (low), while at 168 h, 0.75% CF specimens obtained the highest ER value at 11.00 kΩ·cm (high).




4.4. Impact Echo


From Figure 12 of the IE test results, peak frequency values were obtained before and after accelerated corrosion. CFR-SHC specimens have higher frequency values than normal concrete. The difference in frequency values can occur due to several factors such as concrete density and the heterogeneous nature of the concrete mix [37]. CFR-SHC has a higher average frequency value than normal concrete, indicating that CFR-SHC has a better density than normal concrete. The highest peak frequency value before corrosion was obtained by 0.75% CF addition concrete at 18,234.33 Hz, while the highest normal concrete was 10,154.62 Hz. After corrosion, the highest frequency was obtained by normal concrete at 48 h of corrosion with a peak frequency of 6449.11 Hz. However, after 168 h of corrosion, normal concrete obtained the smallest frequency, with an optimum of 3740.4 Hz with 0.25% CF. The IE test results obtained show that the higher the level of corrosion in terms of mass loss, the lower the frequency value [37].




4.5. Flexural Strength


Based on the results of the flexural strength test, it was found that, in the process of accelerated corrosion for 48 h, the highest flexural strength was obtained by CF 0.25% at 2.38 MPa, for 96 h by CF 0.5% at 1.59 MPa, and for 168 h also by CF 0.5% at 1.22 MPa. The flexural strength of normal concrete is lower than that of CFR-SHC, as shown in Figure 13. This is because as the level of corrosion increases, the adhesion between concrete reinforcement will weaken. Corrosion will affect the mechanical properties of the reinforcement; in addition, corrosion products cause cracking and then stripping of the surrounding concrete, and severe corrosion levels can cause a decrease in the bearing capacity of structural components [38]. Therefore, normal concrete that has a higher corrosion rate than CFR-SHC has a lower flexural strength value. On the heavy corrosion scale, the addition of 0.5% CF was the optimum in resisting the corrosion rate and managed to maintain the best flexural strength.




4.6. Relationship between RE and IE Values


The relationship between ER and IE needs to be observed to determine the correlation between them and the corrosion of CFR-SHC. Figure 14 shows that the correlation value of ER and IE methods before corrosion is 74% and after corrosion is 41%. The relationship shows that the IE and ER test methods have a strong correlation or relationship in evaluating the condition of the concrete before and after corrosion. The correlation before corrosion is quite strong compared to after corrosion. The weak correlation after corrosion is due to the different CF mixes and hence the different optimum mixes in these two NDT tests against the corrosion rate.





5. Conclusions


In this study, CF with ± 50 mm length and contents (0.25%, 0.5%, 0.75% by weight) were added to self-healing concrete (SHC) reinforced with 10% Bacillus subtilis bacteria to investigate the mechanical properties and durability based on NDT testing (ER and IE) for use in RC corrosion applications. The results of CFR-SHC were compared with normal concrete with the same mix design. The conclusions obtained are as follows:




	
CFR-SHC has lower compressive strength values compared to normal concrete. The addition of 0.25% CF obtained 2% lower strength than normal concrete, but it needs to be noted because of the large standard deviation. Then, the addition of 0.5% and 0.75% increased the compressive strength up to 6% compared to normal concrete by 0.5% CF.



	
In the accelerated corrosion test, CFR-SHC has very good resistance to chloride ions compared to normal concrete, as shown by the always-lower current. From 48 h to 96 h, 0.75% CF had the lowest current, and it increased unsteadily until 168 h. However, in the final calculation, the actual corrosion rate of CF 0.5% was the smallest, 54% lower than normal concrete.



	
The flexural strength of the corroded CFR-SHC is inversely proportional to the corrosion rate. All CFR-SHCs obtained higher flexural strengths than normal concrete at higher corrosion rates. The 0.5% CF has a 40% higher flexural strength than normal corroded concrete.



	
ER testing provides an evaluation of CFR-SHC due to the corrosion process, where ER is inversely proportional to the corrosion rate. Based on the ER results before corrosion, all specimens are still in the “very low” category for the corrosion rate. After corrosion, CF 0.75% obtains the largest ER value compared to other CFR-SHC mixes.



	
The IE test results deliver the peak frequency value, which is inversely proportional to the corrosion rate. Before being corroded, CFR-SHC had a higher frequency than normal concrete. At the beginning of corrosion, normal concrete was superior in frequency value, but at 0.25% CF weight corrosion, the frequency was 37% higher than normal concrete. Thus, the IE and ER methods in the tests conducted can effectively evaluate potentially corroded concrete and concrete that has been affected by corrosion.








Based on the above results, the improved mechanical properties and durability of CFR-SHC with 50 mm long coconut fiber, 0.5% fiber content, and the addition of 10% Bacillus subtilis best support its use in corrosion-tolerant concrete applications. However, other durability properties of CFR-SHC still need to be evaluated more extensively in the future due to the organic nature of coconut fibers.
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Figure 1. Materials: (a) Coconut fibers and (b) Bacillus subtilis bacteria. 
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Figure 2. Fine grain gradation chart. 
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Figure 3. Specimens: (a) beam and (b) cylinder. 
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Figure 4. Illustration of the accelerated corrosion process. 
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Figure 5. Mechanical test: (a) Compressive strength and (b) flexural strength. 
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Figure 6. Illustration of resistivity testing. 
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Figure 7. Illustration of Impact Echo testing. 
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Figure 8. Results of concrete compressive strength test. 






Figure 8. Results of concrete compressive strength test.



[image: Ndt 02 00013 g008]







[image: Ndt 02 00013 g009] 





Figure 9. Currents for each accelerated corrosion time: (a) 48 h, (b) 96 h, and (c) 168 h. 
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Figure 10. Relationship between actual corrosion rate and duration of corrosion. 
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Figure 11. Relationship between electrical resistivity and corrosion rate. 
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Figure 12. Relationship between peak frequencies and corrosion rate. 
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Figure 13. Relationship between flexural strength and corrosion rate. 
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Figure 14. Relationship between resistivity and peak frequency values. 
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Table 1. Test results of aggregate material.
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	Test
	Fine Aggregate
	Coarse Aggregate
	Unit





	Fine modulus
	2.435
	-
	-



	Bulk specific gravity
	1.837
	2.642
	-



	Saturated surface dry specific gravity
	2.242
	2.707
	-



	Apparent specific gravity
	3.094
	2.826
	-



	Water absorption
	2.165
	2.459
	%



	Mud content
	1.00
	1
	%



	Abrasion
	-
	15.75
	%










 





Table 2. Mix Design of Concrete Specimens.
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	Code
	Water

(liters)
	Cement

(kilograms)
	Fine Aggregate

(kilograms)
	Coarse Agg.

(kilograms)
	CF

(grams)
	Bacillus S.

(milliliters)





	BN
	1.38
	3.27
	4.33
	6.65
	0
	0



	V1
	1.38
	3.27
	4.33
	6.65
	17
	10



	V2
	1.38
	3.26
	4.33
	6.65
	33
	10



	V3
	1.38
	3.27
	4.33
	6.65
	50
	10
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