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Abstract: Recently, addition of various natural fibers to high strength concrete has aroused great interest in the field of building materials. This is because natural fibers are much cheaper and locally available, as compare to synthetic fibers. Keeping in view, this current research conducted mainly focuses on the static properties of hybridized (sisal/coir), sisal and coir fiber-reinforced concrete. Two types of natural fibers sisal and coir were used in the experiment with different lengths of 10, 20 and 30 mm and various natural fiber concentrations of 0.5%, 1.0%, and 1.5% by mass of cement, to investigate the static properties of sisal fiber reinforced concrete (SFRC), coir fiber reinforced concrete (CFRC) and hybrid fiber reinforced concrete (HFRC). The results indicate that HFRC has increased the compressive strength up to 35.98% with the length of 20 mm and with 0.5% concentration, while the CFRC and SFRC with the length of 10 mm and with 1% concentration have increased the compressive strength up to 33.94% and 24.86%, respectively. On another hand, the split tensile strength was increased by HFRC with the length of 20 mm and with 1% concentration, CFRC with the length of 10 mm and with 1.5% concentration, and SFRC with the length of 30 mm and with 1% concentration have increased up to 25.48%, 24.56% and 11.80%, respectively, while the HFRC with the length of 20 mm and with 0.5% concentration has increased the compressive strength of concrete but has decreased the split tensile strength up to 2.28% compared to PC. Overall, using the HFRC with the length of 20 mm and with 1% concentration provide the maximum output in terms of split tensile strength.
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1  Introduction

Since the beginning of human civilization, plant fibers have a long history, in which natural fibers are used as reinforce building materials to improve the mechanical properties of a material. Dating back to the Egyptian period, natural fibers (such as straw and horsehair) were mixed used in the formation of mud walls and mud roofs [1,2]. Due to growing environmental concerns, the demand for environmental friendly building materials with good mechanical properties is increasing day by day [3–5]. With the support of environmental awareness and shortage of global energy resources, more and more chemical fibers have been replaced by natural fibers to strengthen the composite enhancer [6–10]. Compared with chemical fibers, natural fiber have not only the characteristics to be renewable and recyclable, but also has few other advantages including high yield, low processing cost, and low density [11,12]. Furthermore, the natural fiber industry accounts for 30% of global carbon dioxide (CO2), and it emits and consumes approximately 50% (weight%) of raw materials than other raw materials [13]. The production of ordinary Portland cement not only requires a lot of energy but also releases a large number of greenhouse gases. Because of high energy consumption and CO2 emissions, the researcher has investigated for alternative building materials [12]. Due to the increasing consideration towards the environment to develop of environmental friendly materials, natural fibers are more favored than synthetic fibers as concrete reinforcement materials for decades [14]. Due to the unsustainability of the modern construction industry, the search for alternative building materials has received great attention.

Therefore, in recent years, researchers around the world have turned their attention to the study of natural fiber-reinforced composite materials [11,15–18]. Few researchers have recognized natural fiber to use as reinforced in the construction industry to attain a sustainable material [19,20]. By the use of natural fiber reinforced concrete is developed by using various types of fibers, such as coir, sisal, bamboo, date, husk, pineapple, and flax [21,22]. Moreover, in recent years, the usage of green materials in structures has developed remarkably due to its advantages in building construction [23,24]. More recently, the coir, sisal, and other natural fibers (e.g., pine and wheat fibers) are abundantly available in Yunnan Province of China, which are frequently used in the construction of walls and houses due to its economic and environmentally friendly characteristics as well as fully satisfied [25].

Those reinforced structures in which we use two or more types of fiber together to make a single matrix structure are known as hybrid fiber-reinforced composites [26–28]. Till now a variety of methods have been applied to improve the mechanical properties of natural fibers such as pre-treatment of fiber, using of compatibilizers or additives in matrix and hybridization of natural/synthetic/nanofibers [29,30]. By selecting the proper fiber, not only the cost of materials can be reduced, but the performance of concrete composite can be significantly produced by using the hybridization of two or more natural fiber matrix [31]. Sathishkumar et al. [32] studied three different natural fibers composite of snake grass, coir and banana fibers. He also determined the flexural and tensile strength of snake grass, grass/coir, and grass/banana hybrid fiber-reinforced composite. The results showed that compared to snake grass the grass/coir and grass/banana hybrid fiber-reinforced composite improved the tensile and flexural strength. Venkata Reddy et al. [33] studied the fabric content of kapok and sisal hybrid fiber composite and the relative volume ratio between fibers. They determined that the higher sisal fiber content caused an enhanced rigidity and flexural properties of concrete. While studying the sisal and banana as a hybrid fiber in different relative quantities with 1:1, 1:3, and 3:1, have shown the highest activation energy, tensile strength, and flexural strength at 1:3 relative quantity [34].

Ahamed et al. [35] studied coir including sisal, jute, hemp, banana, and pineapple fibers to evaluate the properties of concrete. They determined that since each organic fiber has its properties, the natural fiber can increase as well as decrease some properties of concrete. However, Fadhil et al. [36] have arranged a study to determine the effect of sisal and palm fiber reinforced concrete, to investigate the influence of natural fiber concertation by using 0.6%, 1.20%, and 1.8% of total mixture volume, and determined compressive strength, split tensile strength flexural strength and impact resistance of concrete. Similarly, Sivaraja et al. [37] reported that the addition of natural fibers (coir and sugarcane) improves the compressive, split tensile and bending properties of concrete. Izquierdo et al. [38] presented a project to study the mechanical properties of masonry elements made of sisal fibers and concrete. He has determined the compression behavior of hollow blocks individually, and the possible future development of the implementation model was précised. Concrete is weak in tensile strength, that’s why more researchers paying attention to improve the tensile performance of concrete [39,40]. Furthermore, suitable thermochemical properties will have an impact on mechanical properties, especially depending on tensile strength and interfacial bond of concrete reinforced with sisal fibers composites [41,42]. dos Santos et al. [43] arranged a relative study on the properties of sisal and pissava fibers. He examined the compressive strength, tensile strength, workability, deformation, and bending ability are considered. Sisal was found to be more effective as reinforced. Prakash et al. [44] used coconut shell to replace conventional aggregate in concrete to produce lightweight coconut shell concrete. Furthermore, by adding the sisal fiber as reinforced concrete with the concentration of 1%, 2%, 3%, and 4% based on the weight of binders, and studied the mechanical properties of concrete. The results showed by adding 3% of sisal fibers increased the compressive strength by up to 6%, while increased tensile strength by up to 14%. Agopyan et al. [45] replaced the sisal and coir fibers on asbestos and implemented three-point bending test. The experimental results showed that sisal and coir both had the maximum load endured but by comparing coir tile and sisal tile, the coir showed maximum strength. Sisal and coir fiber reinforced concrete has been broadly investigated by previous researchers, and it is commonly recognized that the optimum concentration of fiber varies as the source of fiber changes [11]. Mechanical strength performance of natural fiber reinforced concrete is effected by the length of fiber, fiber concentration and orientation [46]. The excellency of natural fibers reinforced concrete is mainly depending on the volume of fiber as well as on length of fibers, thus different researcher has used different percentage of fiber volume and different length [47–49].

The main objectives of this research are to ensure economic structure as well also to improve the rigidity of reinforced concrete pavements using natural fibers. This research determines the mechanical properties of natural fiber in concrete over a certain percentage along using different lengths of fibers to study the influence of the content of fiber and the length effects on the compressive strength and split tensile strength of concrete.

2  Materials and Methods

2.1 Cement

The ordinary Portland cement type 1 (P.42.5) produced was used in this experiment for all mixes. It meets the requirement of ordinary cement ASTM C150 standard, having a specific surface area of 346 m2/kg, and a specific gravity of 3.12 g/cm3 with the initial setting time and final setting time of 159 and 210 min, respectively.

2.2 Aggregates

The fine aggregates were used dry sand in this study passed through a 4.75 mm sieve. The compacted and loose bulk density of fine aggregates was 1688 and 1600 kg/m3, respectively. The coarse aggregates passed through 12.5 mm sieves and retained on a 4.75 mm sieve. The compacted and loose bulk density of fine aggregates was 1530 and 1422 kg/m3. The aggregates used were not contained oversize or flaky materials. They were angular, hard, and of required grade size and shall be blackish or grey.

2.2.1 Preparation of Fibers

Two types of fibers were selected for this research, namely sisal and coir fiber. The coir fiber was selected from the Hainan Province of China and the sisal fiber was selected from the Yunnan Province of China as shown in Fig. 1. The available sisal and coir fibers were dipped in fresh tap water for 15 to 20 min. The purpose of dipping is to remove the dust from the surface of the fibers. After that, fibers were air-dried for 24 h, and then the thermal treatment was applied on fibers, which were placed in a ventilated oven at 150°C for 8 h and used in concrete. the thermal treatment achieved an improvement of initial crystallization of the cellulose to the improved strength and the resistance of the sisal fiber [40]. The surface treatment of natural fiber-reinforced composite can improve the performance of bonding between fibers and filler materials [50] studied the effect of mercerization (NaOH 4%), salination and heat treatment (150°C for 8 h) on the tensile strength in woven sisal fabric reinforced natural rubber composites. The study results showed that the maximum values are obtained by heat treatment composite instead of other chemical alterations.
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Figure 1: (a) Coir fibers and (b) sisal fibers

Chemical composition and physical and mechanical properties of natural fibers is shown in Tables 1 and 2. respectively. In this study, the fiber was cut with the length of 10 mm, 20 mm, 30 mm and mixed with a different proportion of 0%, 0.5%, 1% and 1.5 % respectively added by mass of cement as shown in Table 3.
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2.2.2 Mixture Proportions and Preparation

The specimens having a cylindrical shapes with a diameter of 100 mm and a height of 200 mm for determining the compressive and split tensile strength (AASHTO M 205). The concrete mix design ratio for cement, sand, and aggregate was kept 1:1:2 (M25) for all specimens with a 0.50 water-cement ratio. Clean and free of deleterious matter tap water was used in the concrete mix. A small drum mixing machine was used for mixing the concrete. Fine and coarse aggregates were mixed for two minutes, after mixing the aggregates put the cement and fiber and remixed for two minutes, and after adding water again mixed for two minutes. Finally, the concrete was cast in molds and vibrated for 180 s using an electric vibrating table machine to remove trapped air from the molds. All specimens were unmolded after 24 h of their casting and placed in a concrete automatic curing room till the age of testing. The numeric figures along with labels show the number of samples for each specimen. All specimens of concrete were tested after 28 days according to ASTM C31/C31M. In Table 3. natural fiber is used by the mass of cement. PC represents a plain concrete specimen. SB, SC, and SD represent sisal fiber reinforced concrete specimens with the concentration of 0.5%, 1.0%, and 1.5% with the length of 10, 20, and 30 mm, respectively. CB, CC, CD were labeled for coir fiber reinforced concrete specimens with different natural fiber concentrations of 0.5%, 1.0%, and 1.5% with the length of 10, 20, and 30 mm, respectively. while HB, HC, HD were labeled for hybrid (sisal/coir) fiber reinforced concrete specimens with different natural fiber concentrations of 0.5%, 1.0%, and 1.5% with the length of 10, 20, and 30 mm, respectively.

2.2.3 Compressive Strength and Split Tensile Strength

The cylindrical shape specimens were cast for compressive and split tensile strength, with a diameter of 100 mm and a height of 200 mm for each mix of CFRP, SFRP, and HFRC. Prepared specimens for determining the compressive strength and split tensile were stored in a place with a minimum of 80% relative humidity at the temperature of 27 ± 2°C for 24 h. After that, the specimens are taken to place in a steam curing automatic temperature control system room with a temperature of 20 ± 2°C and a relative humidity of 95%. To obtain the compressive test results, the average of three specimens values was recorded after 28 days of casting by using the Electro-Hydraulic Pressure testing machine controlled by a computer with 5000 kN loading. All specimens were caped with sulphur for uniform distribution of load before testing. All test specimens applying load 1.2 N/(mm2/min) to 2.4 N/(mm2/min) and maintained the rate once adjusted until failure according to ASTM C 39. To determine the compressive strength, 90 specimens were prepared and tested. While the same testing machine was used to perform the split tensile strength and a jig was used for the alignment of a specimen. The applied load without shock and increasing with the nominal rate from 1.2 N/(mm2/min) to 2.4 N/(mm2/min). The jig was used for the alignment of the concrete sample as shown in Fig. 2.
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Figure 2: (a, b) Alignment jig was used for the specimen alignment during testing (c) Pressure testing machine controlled by a computer used to perform the split tensile strength

3  Results and Discussion

3.1 Slump

The slump test was performed to approach the workability of natural fiber concrete; the results show that due to the fiber water absorption, the slump was reduced by the increase of fibers cement concentration. The addition of natural fiber to plane concrete can improve the stability and cohesion of the mixture, which leads to a decrease in the workability of the concrete [36]. Each fiber mix has shown different slump values. The plain concrete slump was 90 mm. HFRC has shown the highest slump compared to other fiber concrete mixes presented in Table 4. The concentration of 0.5% has shown a higher slump as compare to other natural fiber concentration, and with the higher concentration the slump value was decreased.
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3.2 Compressive Strength

Compressive strength is a very important property of concrete. This research demonstrates that the compressive strength of concrete reinforced using sisal, coir, and hybrid of both sisal and coir has increased a specific percentage. Combining two or more natural fibers in a mutual matrix to improve the mechanical properties of composite and obtain effective reinforced concrete [54–56]. Different fibers are hybridized to improve the mechanical properties of concrete [57]. Both positive and negative results have been reported to add natural fibers to the matrix [58–60]. It also shows a decrease in percentage in some samples. Three types of different fibers were selected to be used including coir fiber and studied the compression behaviors of concrete by considering to use of different lengths and sizes of fibers at the 28 days of specimens are presented, as compared to PC. The decrease in strength can be attributed to the decrease in adhesion between fiber and cement slurry, which gave the results in the need for higher compaction energy and the required compressive strength [59,61].

The SC1 and CC1 (both with 10 mm length and with 1% concentration) has shown the best effect on the compressive strength improvement of 24.86% and 33.94 respectively, as shown in Figs. 3 and 4. The SB2, SC2, SC3, SD3 and SD1 has also slightly increased the compressive strength up to 24.86%, 21.88%, 21.66%, 13.39 % and 7.36 % respectively, while SD2, SB1 and SB3 have decreased the compressive strength of concrete by 12.17%, 10.62% and 6.02% respectively compared to PC. The results show that the hybrid fiber concrete compressive strength is slightly improved up to 35.98% by HB2 (20 mm length and with 0.5% concentration) as compared to PC Fig. 5. SFRC has shown fewer cracks on the concrete surface as compare to HFRC as shown in Fig. 6. CFRC showed the improvement in strength of CC1, CD3, CD1, CC2, CD2, CC3, CB1 and CB3 which slightly increased the compressive strength up to 33.94%, 31.91%, 29.13%, 24.03%, 23.49%, 21.61% 15.45% and 11.05%, respectively, while CB2 has shown decrease in compressive strength of concrete by 1.64% as compared to PC shown Fig. 4.
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Figure 3: Compressive strength of coir fiber reinforced concrete (CFRC)
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Figure 4: Compressive strength of hybrid (coir/sisal) fiber reinforced concrete (HFRC)
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Figure 5: Compressive strength of hybrid (coir/sisal) fiber reinforced concrete (HFRC).
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Figure 6: Examples of PC, SFRC, CFRC and HFRC after compressive tests specimens at the age of 28 days

All mixes of hybrid reinforced concrete showed the maximum strength as compared to PC as well as SFRC and CFRC. HB2, HB1, HB3, HC2, HC3, HD1, HC1, HD2 and HD3 has increased the strength respectively up to 35.98%, 34.15%, 31.58%, 29.04%, 28.51%, 27.14%, 25.77%, 19.91% and 11.45% compared to PC shown Fig. 5. Natural fiber length as well as the fiber concentration has affected the compressive strength. The use of short fiber with a length of 10 mm and the concentration of 1% has increased the SFRC and CFRC, on another hand, the HFRC has shown the increment on different concentrations as compared to SFRC and CFRC. HFRC has increased the compressive strength by using the length of 20 mm and the concentration of 0.5%. SFRC and CFRC and shown higher improvement by using 10 mm with 1% of fiber concentration, while HFRC has shown higher improvement by using 20 mm with 0.5% of fiber concentration. By using short fiber having the length of 10 mm has shown higher compressive strength by coir and sisal fiber reinforced concrete, while using hybrid fiber reinforced concrete has shown higher compressive strength by using 20 mm fiber length with different fiber concentrations.

3.3 Split Tensile Strength

Sisal and coir fibers have extraordinary cellulose content that increases split tensile strength, flexural and sensible tensile strength, and are also not expensive as compared to other natural fibers [62]. Sisal fiber reinforced concrete SC3 (fiber content of 1.5% with the length of 20 mm) has shown the higher improvement in the strength up to 11.80% as shown in Fig. 7. The coir fiber reinforced concrete CD2 (fiber content of 1.5% with the length of 20 mm) has improved up to 24.65% as shown Fig. 8. The hybrid fiber reinforced concrete HC2 (fiber content of 1% with the length of 20 mm) has increased split tensile strength up to 25.48% as shown in Fig. 9. Abass et al. [59] concluded that 1% of using SFRC has improved Young’s modulus split tensile strength of concrete. HFRC have shown highest improvement in tensile strength compared to SFRC and CFRC.
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Figure 7: Split tensile strength of coir fiber reinforced concrete (CFRP)
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Figure 8: Split tensile strength of hybrid fiber reinforced concrete (HFRC)
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Figure 9: Split tensile strength of hybrid fiber reinforced concrete (HFRC).

The SC3, SC1, SB2, SC2, SB3, SB1 and SD3 has showed Increased in split tensile strength by 11.80%, 11.51%, 10.33%, 8.19%, 3.58% and 0.74% respectively as compared to PC as shown in Fig. 6. The SFRC tensile strengths are not uniform lengthwise. Hence, different lengths of fiber has different mechanical properties [63]. The CFRC specimens have shown an incensement in split tensile strength of CD2, CB1, CD3, CD1, and CC1 with 24.65%, 10.45%, 4.27%, 2.54%, and 1.82%, respectively as compared to PC, as shown in Fig. 8. Some researchers also reported coir and sisal fiber to have a negative influence on the split tensile strength of CFRC [59,64,65]. The hybrid fiber reinforced concrete HC2, HB2, HB3, HD3, HC1, HC3, HD1, and HD2 has increased the split tensile strength of concrete by 25.48%, 16.02%, 12.57%, 11.32%, 10.53%, 4.69%, and 1.94%, respectively, and HB1 has shown a decrease in the split tensile strength by 2.28% compared to PC as shown in Fig. 9. Natural fiber reinforced concrete has increased split tensile strength on different lengths as well as on the different volumes of fiber. Fig. 10. have presented the specimen after the test, the PC specimens have shown more ductility as compared to the addition of natural fibers. Split tensile result has shown strength improvement by using fiber length of 20 mm in CFRC and HFRC, while SFRC has shown higher split tensile strength on 30 mm length of fiber. Also, has SFRC and CFRC has shown strength improvement by using 1.5% of fiber concentration, while HFRC has shown the highest split tensile strength by using 1% fiber concentration.
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Figure 10: Examples of HFRC, CFRC, SFRC, and PC fiber reinforced concrete specimens after splitting test at the age of 28 days

4  Conclusion

The study presented has shown that using natural fiber decreased the slump of concrete, while the increase of natural fiber concentration decreased the slump values by all specimens. Furthermore, the use of hybrid natural fiber has highly increased the compressive as well as split tensile strength as compare to the sisal and coir fiber reinforced. Several factors influence the mechanical properties of natural fibers to reinforce concrete composite, such as fiber length, fiber structure, fiber treatment, and hybridization by combining different types of natural/natural fibers. The best compressive strength of sisal and coir fiber was observed for 1% of fiber concentration and with the length of 10 mm, which increased up to 24.86% and 33.94%, respectively. However, the hybrid fiber concrete showed the best compressive strength up to 35.98% with 20 mm length and with 0.5% concentration as compared to PC. While the split tensile strength was improved by most the fiber mixes, the best improvement of split tensile strength was shown by HFRC with the fiber content of 1% and 20 mm length up to 25.48%. However, the coir fiber has also slightly improved the split tensile strength up to 24.65% by using a fiber content of 1.5% with the length of 20 mm, whereas the sisal fiber has improved the split tensile results up to 11.80% by using fiber content of 1% with the length of 30 mm.

5  Scope of the Future

Further research is recommended to improve the mechanical properties and long-term effects of the approach used are recommended. For natural fibers, further study is suggested to improve dynamic properties of natural fiber reinforced concrete and develop the reinforcement of recyclable fibers, to practice more durable and environmental friendly composites materials. Finally, for waste materials, it is recommended to further study the long-term effect of waste fibers and its use in construction materials.
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Table 1: Chemical composition of fibers [51,52]

Fiber type Cellulose (%) Lignin (%) Hemicellulose (%) Pectin (%) Wax (%)

Sisal 65 9.9 12 - 2
Coir 32-43 40-45 0.15-0.25 1.8 -
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Table 3: Specimen labeling scheme and fiber content

Fiber concentration %  Fiber length symbol Omm 10mm 20mm 30mm
0 PC 0 - - -

0.5 SB - SB1 SB2 SB3
1.0 SC - SC1 SC2 SC3
1.5 SD - SD1 SD2 SD3
0.5 CB - CB1 CB2 SB3
1.0 CC - CC1 cC2 CC3
1.5 CD - CDl CD2 CD3
0.5 HB - HBI HB2 HB3
1.0 HC - HC1 HC2 HC3
1.5 HD - HDI HD2 HD3
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Table 4: Slump test of natural fiber concrete

Type of fibers Slump of concrete for different fiber concentration (mm)
0.5% 1.0% 1.5%

PC 90 90 90

SFRC 70 60 51

CFRC 72 54 49

HFRC 75 63 58
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Table 2: Physical and mechanical properties of fibers [52,53]

Fiber  Density Tensile strength Young’s modulus Elongation on rupture
type  (g/lem’) (MPa) (GPa) (%)

Sisal 1.33 600-700 38 2-3
Coir 1.25 220 6 15-25
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