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Abstract

:

The use of sugarcane residues in mortar and concrete is believed to contribute to a reduction of costs and environmental problems, such as the reduction of mining of natural aggregates and incorrect disposal of the sugarcane residues. Bagasse fiber has a high water retention rate and thus may be considered as a countermeasure for urban heat islands. Because of these properties, bagasse fiber and bagasse sand were added into the preparation of the interlocking concrete blocks. An investigation of the flexural strength and the contribution of the sugarcane residues against an urban heat island was made. The results showed that, by adding 2.0% of bagasse fiber and 5.0% of bagasse sand in concrete, the flexural strength and the water retention content increased in comparison to the control composite. Moreover, the surface temperature and the water evaporation rate of the blocks were smaller in comparison to the control composite.
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1. Introduction


The infrastructure of a region usually depends on the availability of natural resources like sand and gravel. However, exhaustive mining leads to problems such as vegetation loss, loss of water retaining strata, lowering of the groundwater table, and disturbance in the existing ecosystem. For these reasons, several regions adopted mining restrictions which reduced the availability of good aggregates at shorter haul distances. As a consequence, the transportation of aggregates from longer distances to construction sites increased their cost, increasing the total cost of construction [1].



The use of local aggregates for concrete is desirable not only to decreases costs but also from the viewpoint of reducing environmental impact, since longer transportation emits a larger amount of CO2. However, the limitation of the resources base does not allow several regions to produce their own aggregates or they suffer due to the shortage of options.



Recently, new materials from bio-renewable and sustainable sources have gained interest due to the high amount available in the whole world. On islands with small land areas, for instance, it is extremely important to conduct eco-friendly production activities from the viewpoints of waste reduction, resource-saving, and prevention of global warming. Bio-renewable materials have been used as a matrix or reinforcement in many applications and they offer important advantages such as ease of fabrication, higher mechanical properties, high thermal stability, and many more [2]. However, although promising, there are still several open issues concerning the variability of plant fiber properties, durability, and mechanical compatibility with the matrix [3]. Among several types of bio-renewable materials, there is bagasse, which is a residue of sugarcane [4]. Usually, bagasse is used as a primary fuel source in sugar/alcohol mills [5]. As a result, residual products composed of sand, ash [6,7,8,9,10], and non-burned bagasse are generated from the boilers. The sugarcane residues are generated in large quantities and create a serious disposal problem for the ethanol-sugar industry, affecting the environment and public health [11].



Bagasse ash is rich in silica and has a potential for pozzolanic reactivity and a filler effect in concrete and mortar mixtures [12]. For this reason, in order to improve the quality of the burned residues collected from the boiler, a re-burning treatment process is applied [13,14]. However, re-burning treatment may be an unsustainable process due to the additional CO2 emissions, thus making it an unecological process.



In some studies, it was observed that the addition of polypropylene and steel fibers improves the mechanical properties of concrete [15,16,17]. It is known that plain concrete under tension exhibits brittle failure with initial cracking when there is no reinforcement [18]. However, the use of fibers in concrete as non-conventional mass reinforcement has proved a promising alternative since it primarily enhances the inherent deficiencies of concrete such as the weak tensile strength and the limited deformation capacity [19]. This is because cracking and, eventually, tensile failure of fiber-reinforced concrete requires debonding and pulling of the randomly distributed fibers in the concrete [15,20].



Considering the results of the studies above, bagasse fiber in cement composites may also improve the mechanical properties of concrete. Previous studies reported that natural fiber-reinforced cement composites have a high potential for replacing standard fiber materials due to their high performance in mechanical properties and low cost [21,22,23,24]. Therefore, the use of unprocessed sugarcane residues—that is, in the form that the residues are generated in mills or boilers—may be a way to make both the civil engineering industry and the sugar/alcohol industry more sustainable [25].



In a previous study [25], sugarcane residues were classified into three different categories by the process of sieving: bagasse fiber, bagasse sand, and bagasse ash. These residues were utilized to prepare mortar specimens and to investigate the mechanical properties of mortars. The study revealed that mortar added with 2% of bagasse fiber showed a higher percentage of water retention when compared to the mortar specimens without fiber, due to the high amount of bagasse fiber. However, the fibers used in this research were those that passed through a 4.76 mm sieve and retained in a 2 mm sieve, leaving bagasse bigger than 4.76 mm to be cut or used in another way.



Recently, the phenomenon of urban heat islands (UHIs) has become a problem. The large proportion of artificial surfaces, such as concrete, absorbs and stores more heat than natural vegetation, increasing the temperature in urban areas [26]. Several measures have been developed over time to mitigate UHIs. These measures include the design of cool pavements by increasing the albedo of surfaces and making them more reflective, permeable, porous, and water retentive [27], and more.



Since sugarcane bagasse fiber is known for its high water retention and water absorption characteristics, there is a possibility to take these advantages and use the bagasse fiber bigger than 4.76 mm as concrete aggregates for production of sidewalk blocks, since it does not require high strength. This study, therefore, used sugarcane residues in its original form to prepare interlocking concrete blocks and investigated the flexural strength of the blocks. In addition, an assessment of the performance on the decrease in temperature of sidewalk pavement material containing sugarcane residues was made.




2. Methodology


2.1. Materials


The surface layer of all interlocking concrete blocks was made by using white Portland cement (WPC) and quartz sand (QS). In the case of the base layer of all interlocking concrete blocks, ordinary Portland cement (C), coarse aggregate FM: 5.00 (G), and fine aggregate FM: 3.05 (S) was used. Note that tap water (W) and the chemical admixture (CA (MasterMatrix 200, 1.03–1.07 g/cm3)) for immediate demolding products (air entrainment type) were used in both layers for the preparation of the interlocking concrete blocks.



The sugarcane residues (raw bagasse and burned residues) were acquired from a sugar mill in Okinawa Prefecture, Japan. The raw bagasse was dipped in water at 30 °C for 30 min and then dried in the open air. The intent of this process was to reduce the residual sugar content of the bagasse and eliminate impurities [23,28,29]. Afterward, the residues were classified by the sieving process. The raw bagasse that passed through a 9.52 mm sieve and was retained in a 4.75 mm sieve was classified as large bagasse fiber (BFL), while the raw bagasse that passed through a 4.75 mm sieve and was retained in a 2.36 mm sieve was classified as small bagasse fiber (BFS). The burned residues that passed through a 1.18 mm sieve and were retained in a 0.297 mm sieve were classified as bagasse sand (BS). The physical properties of the materials are given in Table 1. Figure 1 shows the categorized residual materials which were used in this study.




2.2. Concrete Mixture


The mix proportions of the surface and the base layer of interlocking concrete blocks are shown in Table 2. The composite of the surface layer is the mixture with water to cement ratio (W/C) of 25.0%. Note that the surface layer mixture was the same for all blocks. In the case of the base layer, the composite C is the mixture with W/C of 14.7%. Composite C represents the standard interlocking concrete blocks and contains no sugarcane residue material. In the case of BFL blocks, three mixtures were prepared with non-burned residue volume ratios of 1, 2, and 5% in comparison to the total amount of aggregate. In order to compare the influence of the bagasse fiber size in the interlocking concrete blocks, mixtures using BFS were prepared with a volume ratio of 2% in comparison to the total amount of aggregate. Moreover, the interlocking concrete blocks using bagasse sand (BS) were prepared. In this case, the BFL volume ratio is 2% and the BS volume ratio is 5%, for a total sugarcane residue ratio of 7% in comparison to the total amount of aggregate. In all the amended mixtures, the same quantities of gravel and sand aggregates were replaced through the addition of sugarcane residues.




2.3. Preparation of Blocks


The surface layer concrete was prepared using an oscillating type mixer (OM-70NB8). First, the cement and the quartz sand were placed into the mixer and dry mixed for 20 s at low speed (rotation speed: 120 ± 5 rpm). After that, the mixer speed was changed to high speed (rotation speed: 216 ± 5 rpm), and the dry mixing was continued for 30 s. Then, the water and admixture were placed into the mixer and mixed for another 20 s at low speed (rotation speed: 120 ± 5 rpm) and 50 s at high speed (rotation speed: 216 ± 5 rpm).



In the case of the base layer concrete, the cement and sand were placed into the mixer and dry mixed for 20 s at low speed (rotation speed: 120 ± 5 rpm) and for another 30 s at high speed (rotation speed: 216 ± 5 rpm). Later, the residues, water, and admixture were placed into the mixer and mixed for another 30 s at low speed (rotation speed: 120 ± 5 rpm) and 60 s at high speed (rotation speed: 216 ± 5 rpm). Note that all mixtures were mixed in an oscillating type mixer (OM-350NB8).



The mixture of the base layer of interlocking concrete blocks was cast in formwork of 98 × 198 × 60 mm, pressed (about 2682.5 kgf), and vibrated (50 Hz, 4000 rpm) for about 1 s. Right after, the mixture of the surface layer of interlocking concrete block specimens was cast on the base layer mixture in the formwork, pressed (about 3756.0 kgf), and vibrated (55 Hz, 4500 rpm) for an additional 4 s. Then, the specimens were de-molded, placed in a room, and cured for 1, 3, 5, 7, 10, 14, and 28 days. An outline of the specimens is shown in Figure 2.




2.4. Flexural Strength Test


A flexural strength test was performed in order to determine the flexural strength of the blocks according to JIS A 5371 at 1, 3, 5, 7, 10, 14, and 28 days. The flexural strength was calculated using the following equation:


  σ =   3 L F   2 b  d 2     








where  σ : flexural strength (N/mm2);



 L : span (mm);



 F : maximum load (N);



 b : width (mm); and



 d : thickness (mm).



Note that the blocks were placed on equipment with the surface layer facing up, as shown in Figure 3.




2.5. Surface Temperature Measurement


In addition, the temperature of the surface of the interlocking concrete blocks was measured in order to evaluate the mitigation effects of urban heat islands. Three blocks of each mixture were soaked in water for 24 h. After that, the blocks were removed from the water and placed horizontally on a net for about 30 min with the purpose of removing the excess water on the blocks’ surface. Afterwards, as shown in Figure 4 the blocks of each mixture were put on a formwork made of polyethylene foam as a means of avoiding influences from the undesired sides and exposing just one side. Right after the placement, the blocks were exposed to solar radiation for 7 h. The surface temperature of the blocks was measured every 15 min during the solar radiation exposure using a non-contact digital infrared thermometer and a thermography camera. This measurement was realized on 22 April 2020, and the ambient temperature was between 24 and 28 °C, and the humidity between 52 and 77%.



Note that the surface temperature measurement was measured on both surfaces of the blocks. One block with the surface layer facing up and two blocks with the base layer facing up. The effect of the sugarcane residues on the mitigation of the surface temperature of blocks can be directly evaluated with the base layer facing up.




2.6. Water Retention Content Test and Water Evaporation Rate


The interlocking concrete blocks used to measure the surface temperatures were also used to determine the water retention content and water evaporation rate. After the blocks of each mixture were soaked in water for 24 h, removed from the water, and placed horizontally on a net for about 30 min, the blocks were weighted as wet mass (M1). At the end of 7 h of exposure to solar radiation, the weight of the blocks was measured (M2) again, in order to calculate the water evaporation rate. After the measurement of M2, the blocks were completely dried in a drying furnace at 105 °C until they attained a substantially constant mass. Afterward, the blocks were stored, cooled to room temperature, and then their weights (M3) as absolute dry mass were measured. The equation used in the calculation of water evaporation rate is the following:


  E  R w  =    M 1  −  M 2     M 1  −  M 3      ×   100  








where   E  R w   : water evaporation rate (%);



   M 1   : wet mass of block (g);



   M 2   : mass of block right after 7 h of exposure to solar radiation (g); and



   M 3   : absolute dry mass of block (g).



The water retention content was calculated using the following equation:


  R  C w  =    M 1  −  M 3   V   








where   R  C w   : water retention content (g/cm3); and



 V : volume of block (cm3).





3. Results and Discussion


3.1. Flexural Strength Test


Figure 5 shows the results of the flexural strength test after 1, 3, 5, 7, 10, 14, and 28 days of curing. According to JIS A 5371, the interlocking concrete blocks with a flexural strength above or equal to 3 N/mm2 could be used as pavement for pedestrians restricted to light vehicle traffic. When the flexural strength is above or equal to 5 N/mm2, the restriction is extended to heavy vehicle traffic.



As can be seen in Figure 5 the flexural strength of all mixtures exceeded the required standard for pavement for pedestrians restricted to light vehicle traffic. However, in the cases where the sugarcane residues were added into the mixture, the flexural strength is smaller than C and could not achieve 5 N/mm2 after 1 day of curing. The probable explanation is that the presence of some water-soluble sugars may have retarded the setting of the concrete [30].



In order to verify the presence of sugar, 4 g of bagasse fiber was cut, and 40 mL of H2O was added; subsequently, it was allowed to stand for about 2 h. Later, this mixture was centrifuged at 8000 rpm at 20 °C for 30 min. Then, 10 mL supernatant was lyophilized and dissolved in 1 mL of acetonitrile/water (CH3CN/H2O = 75/25). This solution was used as a sample to analyze the reducing sugar. Thereafter, 0.2 mL of sample, 0.4 mL of reagent A (NaCO3 (40 g/L), glycine (16 g/L), CuSO4·5H2O (0.45 g/L)) and 0.4 mL of reagent B (neocuproine hydrochloride (0.15 g/100mL)) were mixed. The mixture was heated at 100 °C for 12 min and rapidly cooled. 1 mL of H2O was added, and the absorbance at 450 nm was measured using a UV-VIS spectrophotometer (SHIMADZU, UV-1700, Kyoto, Japan). From the calibration curve prepared with glucose, the reducing sugar content of the sample was determined as a glucose equivalent.



The result indicates that the reducing sugar content was 1.49 mg/g, confirming the presence of water-soluble sugars that affected the hardening and hydration of cement. However, as can be seen in Figure 5, the flexural strength of blocks added with residues tends to increase with time, and after 10 days of curing, all blocks satisfied the standard of 5 N/mm2.



After 14 days, the flexural strength was 6.46, 7.00, 7.78, 6.84, 7.92, and 7.93 N/mm2; and after 28 days, the flexural strength was 7.36, 7.58, 7.60, 7.47, 7.72, and 7.96 N/mm2 for C, BFL1, BFL2, BFL5, BFS2, and BS, respectively. From these results, it can be said that the higher the amount of fiber added the higher the flexural strength acquired. These high flexural strengths are caused by the fiber networks, which act as a stress transfer bridge. The fiber network reinforces the blocks against the crack propagation, controlling their openings and possibly delaying the cracking/failure of the blocks. However, in the case of BFL5, the flexural strength was not proportional, resulting in a flexural strength smaller than the case BFL1. When a high amount of fiber is added in the blocks, the fibers may not effectively transfer the stress to the other cross sections of the blocks. The reasons for this may be due to the voids between the fiber and the matrix, as can be seen in Figure 6, and also to the fibers clustering together, which may affect the transmission of stress.



It is also possible to see from Figure 5 that the flexural strength of BFS2 is higher compared to BFL2. In other words, when thin fibers are added in the mixture, the flexural strength tends to be higher than when thick fibers are added in the mixture. Since the bagasse fibers were classified by the sieving process, the BFS tends to be more uniform, being able to distribute uniformly into the mixture. In the case of BFL, the fibers tend to cluster more easily, which probably impedes their distribution within the matrix. However, in the case of BS, the flexural strength after 14 days exceeds all cases. Although the fibers used in the BS are BFL, the bagasse sand tends to fill the small pores of the blocks and the blocks becomes denser compared to the BFL2.




3.2. Water Retention Content


Figure 7 shows the water retention content of interlocking concrete blocks. According to the “Manual for Interlocking Blocks Pavement Design and Construction” published by Japan Interlocking Blocks Pavement Engineering Association (JIPEA), the water retentivity of the “water-retentive type” interlocking blocks has to be greater or equal to 0.15 g/cm3.



Although the purpose of this study was not to achieve the standards of “water-retentive type” interlocking blocks, it is possible to see from Figure 7 that the water retention content increased with the addition of the sugarcane residues. In the case of BFL5, the water retention content achieved a value of 0.118 g/cm3, while the water retention content of the control composite C was just 0.087 g/cm3. This increase may be due to the bagasse fibers having a good water-holding capacity and also to the probably large number of voids between the fiber and the matrix. The advantage of retaining a higher amount of water in concrete blocks pavement is that it can prevent the rise in temperature of the road surface through the removal of heat via the evaporation of moisture [31].




3.3. Surface Temperature Measurement and Water Evaporation Rate


Figure 8 and Figure 9 show the results of the surface temperature measurement of the interlocking blocks when the surface layer and base layer are facing up, respectively. Figure 10 illustrates the water evaporation rate,    E  R w   , of the interlocking blocks.



The averages of the surface temperatures of the surface layer for C, BFL1, BFL2, BFL5, BFS2, and BS were 31.4, 33.4, 32.3, 32.3, 31.9, and 32.0 °C, respectively. In the case of the base layer for mixes C, BFL1, BFL2, BFL5, BFS2, and BS, the average surface temperatures were 39.4, 37.0, 37.6, 37.3, 37.5, and 37.0 °C, respectively. Note that the average temperatures of the surface layers were lower than the temperatures of the base layers. This difference is due to the surface color. In the case of the surface layer, the mixture was prepared using a white Portland cement, and consequently, the surface color became white, which can reflect much more solar radiation than a grey color (base layer). The averages of the surface temperatures of both layers for C, BFL1, BFL2, BFL5, BFS2, and BS were 35.4, 35.2, 35.0, 34.8, 34.7, and 34.5 °C, respectively.



Figure 8 shows that in the case of mix C the temperature is lower than the other cases. However, it can be seen in Figure 10 that the water evaporation rate in the case of C is higher in comparison to the other cases. A smaller water retention content and a higher water evaporation may result in a higher elevation of surface temperature on the hottest days. It is possible to see in Figure 9 that when the base layer faces up and the surface color is grey, the surface temperature in the case of C is higher than the other cases and its evaporation rate (see Figure 10) is also higher than the other cases, except for BFL1.



Figure 11 illustrates the relation between the surface temperature and the water evaporation rate. It is possible to see in Figure 11 that in the cases of C and BFL1 the surface temperatures and the water evaporation rates are higher in comparison to the other cases. From these results, it can be concluded that the surface temperature of the blocks may be reduced by the addition of a certain amount of sugarcane residue into the interlocking concrete blocks, which may mitigate the urban heat island. In addition, the reduction of the surface temperature when sugarcane residues are added into the blocks may be expected for a longer period since the water evaporation rate is smaller than C. However, other factors such as density, wind effect, and ambient humidity should be investigated, in order to the clarify the whole mechanism.





4. Conclusions


Sugarcane residues in their original form were used to prepare interlocking concrete blocks, and the flexural strength tends to slightly increase due to the effect of the network of the fibers. In addition, since sugarcane bagasse fiber has a good water retention characteristic, the temperature of the surface of the interlocking concrete blocks was reduced, with smaller water evaporation. The results obtained in this study can be summarized as follows:




	
The flexural strength was 6.46, 7.00, 7.78, 6.84, 7.92, and 7.93 N/mm2 after 14 days of curing and 7.36, 7.58, 7.60, 7.47, 7.72, and 7.96 N/mm2 after 28 days of curing for C, BFL1, BFL2, BFL5, BFS2, and BS, respectively. These values meet the requirement stipulated by JIS A 5371 of 5 N/mm2, which may be used as pavement for pedestrians and heavy vehicle traffic.



	
The water retention content increases with the addition of the sugarcane residue. In the case of BFL5, which was prepared with bagasse fibers (4.75–9.52 mm) with a volume ratio of 5% in comparison to the total amount of aggregate, the water retention content achieved a value of 0.118 g/cm3, while the water retention content of the control composite C was 0.087 g/cm3.



	
The averages of the surface temperature of both the surface and base layer for C, BFL1, BFL2, BFL5, BFS2, and BS were 35.4, 35.2, 35.0, 34.8, 34.7, and 34.5 °C, respectively.



	
In the case of C, in which no sugarcane residue was used, and in the case of BFL1, in which a residue volume ratio of 1% in comparison to the total amount of aggregate was added in the blocks, the surface temperatures and the water evaporation rates are higher in comparison to the other cases, in which the amount of residue was higher.
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Figure 1. Sugarcane residual material. 
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Figure 2. Outline of specimens. 
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Figure 3. Details of the placement of the specimen in the rig. 
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Figure 4. Polyethylene foam form. 
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Figure 5. Flexural strength of each mixture at 1, 3, 5, 7, 10, 14, and 28 days. 
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Figure 6. Voids between the fiber and the matrix (cross section). 
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Figure 7. Water retention content. 
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Figure 8. Surface temperature of the interlocking blocks (surface layer). 
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Figure 9. Surface temperature of the interlocking blocks (base layer). 






Figure 9. Surface temperature of the interlocking blocks (base layer).



[image: Fibers 08 00061 g009]







[image: Fibers 08 00061 g010 550] 





Figure 10. Water evaporation rate. 
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Figure 11. Relation between the surface temperature and the water evaporation rate. 
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Table 1. Physical properties of cement and aggregates.
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Properties

	
Materials




	
Surface Layer

	
Base Layer




	
WPC

	
QS

	
C

	
G

	
S

	
BFL

	
BFS

	
BS






	
Density (g/cm3)

	
3.05

	
2.60

	
3.16

	
2.68

	
2.68

	
0.49

	
0.49

	
1.29




	
Total alkali content (%)

	
0.1

	
—

	
0.56

	
—

	
—

	
—

	
—

	
—




	
Specific surface area (cm2/g)

	
3440

	
—

	
3280

	
—

	
—

	
—

	
—

	
—




	
Loss on ignition (%)

	
2.79

	
—

	
2.26

	
—

	
—

	
—

	
—

	
—
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Table 2. Mix proportions of the surface and base layer of specimens.
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Layer

	
Composites

	
Residues

	
Residues

	
W/C

	
Unit (kg/m3)




	
Type

	
(Vol. %)

	
(%)

	
WPC

	
QS

	
C

	
W

	
G

	
S

	
BFL

	
BFS

	
BS

	
CA






	
Surface

	
―

	
―

	
―

	
25

	
582.6

	
1721.7

	
―

	
145.6

	
―

	
―

	
―

	
―

	
―

	
1.2




	
Base

	
C

	
―

	
―

	
15

	
―

	
―

	
436.1

	
64.0

	
1068.0

	
1068.0

	
―

	
―

	
―

	
1.1




	
BFL1

	
Bagasse Fiber

	
1

	
―

	
―

	
1057.3

	
1057.3

	
3.9

	
―

	
―

	
1.1




	
BFL2

	
Bagasse Fiber

	
2

	
―

	
―

	
1046.6

	
1046.6

	
7.8

	
―

	
―

	
1.1




	
BFL5

	
Bagasse Fiber

	
5

	
―

	
―

	
1014.6

	
1014.6

	
19.5

	
―

	
―

	
1.1




	
BFS2

	
Bagasse Fiber

	
2

	
―

	
―

	
1046.6

	
1046.6

	
―

	
7.8

	
―

	
1.1




	
BS

	
Bagasse Fiber

	
2

	
―

	
―

	
993.2

	
993.2

	
7.8

	
―

	
51.4

	
1.1




	
Bagasse Sand

	
5

	
―

	
―
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