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Abstract

:

This paper aims to facilitate in the reduction of issues related to agricultural wastes such as disposal and burning by incorporating two widely produced agricultural wastes in Pakistan, i.e., Rice Husk and Wheat Straw, in gypsum false ceiling plates to develop an eco-friendly construction product. There is an increased focus of research on the development of such eco-friendly gypsum products to make the use of gypsum sustainable. Composites containing agricultural residues with four different replacement levels of 2.5%, 5%, 7.5%, and 10% by weight are developed along with a control mix containing 100% gypsum. The physical, mechanical, and thermal properties of the developed composites are investigated. Also, the false ceiling plates are made using the developed composites and their flexural behavior is compared with that of the control specimen containing 100% gypsum. The results showed that density and shore C hardness reduced with increasing the amount of agricultural waste while the water absorption remained similar up to a dosage of 7.5%. Except for the 10% wheat straw dosage, flexural and compressive strength of developed composites showed a decrease with the increase of wheat straw and rice husk dosages but remained above the acceptable values of 1 MPa and 2 MPa, respectively, as per BS EN 14246. For the same replacement level, the composites containing wheat straw showed relatively inferior mechanical properties results as compared to those containing rice husk. The thermal conductivity test showed better thermal performance of the composite mixes as compared to the reference mix. The bending test on false ceiling plates showed that all the plates satisfied the minimum flexural strength criteria as per BS EN 14246 and the flexural strength of plates increased up to a replacement level of 5% for both the agricultural wastes.
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1. Introduction


False ceilings are an important component of buildings for aesthetics, insulation, and hiding services [1]. They also provide soundproofing and reduce the area to be air-conditioned [2]. Gypsum is an ideal material for the development of false ceiling plates because it has a lighter weight, rapid setting time, better fire resistance, thermal and acoustic insulation properties, reasonable waterproofing ability, and a significantly lower cost as compared to the other possible materials such as wood, plastic, and fiber-reinforced polymers [3]. The possibility of making different shapes and customized designs of false ceiling plates made of gypsum is another advantage. In Pakistan, the annual gypsum extraction was 2.36 million metric tons in 2019 [4] and there is a growing trend in its extraction and consumption. This gypsum is mainly used for making plaster of Paris, plasterboard, gypsum powder for conditioning soil, and as a hardening retarder in the cement industry [4].



Pakistan, being an agriculture-based economy, produces large quantities of agricultural waste (crop residue) [5]. Sugarcane, wheat, and rice are the three major agricultural residue-producing crops in Pakistan [5,6]. While most of the sugarcane bagasse produced is utilized as a fuel by the sugar industry where it is generated [7], the residues of wheat and rice have multiple uses such as for cattle feed, particleboard, and as a fuel for biomass-based energy generation plants [5], but still, due to abundant production every year (about 13 million tons of wheat and rice residue [5]), most of it is either burnt in open fields or used as fuel for brick kilns, which results in the significant deterioration of the air quality and contributes to smog issues in Pakistan [8,9]. This necessitates discovering alternate uses for these residues in order to reduce the issues related to their burning and disposal.



There is a growing trend in research to make gypsum eco-friendly to ensure its sustainable use [10,11,12,13,14,15,16,17,18,19] and several researchers have investigated the effect of replacing gypsum with some waste material and a few have also tried to develop eco-friendly construction products using the developed composites. In one such study, gypsum mortars are analyzed by incorporating construction and demolition waste (CDW) [13]. Insulation waste (mineral wool and expanded polystyrene with graphite) and aggregates (natural, recycled from ceramic walls and recycled concrete) are incorporated in plaster mortar to measure their physical and mechanical properties. Conventional plaster matrix made with recycled aggregates showed lower mechanical resistance than plaster matrix made with recycled aggregates. Plaster mortars showed significant improvement in the flexure strength due to crushed mineral wool residues’ incorporation. Also, the developed composites showed reduced density and thermal conductivity and an improvement against water absorption due to the incorporation of expanded polystyrene residues. In a similar study, Villoria et al. [18] developed prefabricated elements for interior partitions from gypsum plaster to assess the feasibility of using demolition waste (concrete, ceramic, and expanded polystyrene waster) in a gypsum matrix. Gypsum specimens measuring 40 × 40 × 160 mm were prepared by incorporating 25%, 50%, and 75% waste (concrete, ceramic, and a mixture of both) based on the gypsum weight. Also, an optimum compound was used to prepare the gypsum block of 400 × 200 × 100 mm with a sandwich configuration. The results showed that the addition of concrete and ceramic waste improves the mechanical properties. The reduction in the capillary absorption and improvement in the thermal behavior was observed because of a decrease in the density due to the addition of expanded polystyrene waste in compounds containing concrete and ceramic waste. In another study, the effect of the replacement of gypsum with recycled wood residue for the development of eco-efficient composites was studied. It was concluded that the best thermal and acoustic properties were obtained at a waste replacement ratio of 20%, but mechanical properties showed a decreasing trend with the increase of wooden waste content [20]. In a similar study, density reduction of up to 38–40% of reference material was observed by incorporating 45% wood shavings. Gypsum composites showed improvement in thermal behavior as the proportion of wood wastes was increased. At 40% wood shavings, flexure strength and mechanical resistance to compression showed a reduction of 65% and 78%, respectively. This reduction in flexure and compression values is well under the standard limits [21]. In another study, the effect of antifoam agents in sawdust water extracts concluded that the addition of 20% sawdust in gypsum resulted in a composite of high mechanical performance which could meet the ASTM C 62 [22] requirement for building bricks. The low-density gypsum sawdust composites with higher performance than the commercial blocks at 30% sawdust insertion could be obtained. It was concluded that 20% to 30% of gypsum could be saved along with the physical and mechanical properties’ enhancement of composites [23].



Recycled discs resulting in polycarbonate (PC) waste were used as full reinforcement pieces, crushed aggregate and as a combination of both in a recent study to develop new gypsum coating products and materials. The thermal conductivity and mechanical behavior of the new pieces were assessed. It was found that the addition of PC waste in many cases improved the thermal and mechanical properties [24]. For building applications, the characterization of gypsum composites with cigarette butt waste was studied by Morales-Segura [25]. Cigarette butt waste with different percentages (0.5%, 1%, 1.5%, 2.0% and 2.5%) was incorporated in several gypsum specimens. Acoustic performance, bond strength, flexural strength, compressive strength, superficial hardness, and density of prepared gypsum composites were tested. The better mechanical performance of developed gypsum composites than the control gypsum showed the possibility of using cigarette butt waste in a gypsum matrix. In a recent study, bio-fibers (hemp fibers and sheep wool fibers) were incorporated in gypsum composites as a reinforcement [26]. The composition of gypsum composites and microstructure of the fibers were analyzed by X-ray diffraction and by scanning electron microscope with energy dispersive spectroscopy. The gypsum matrix with wool fibers showed superior mechanical performance than the gypsum matrix with hemp fibers. This is due to very good adhesion of the gypsum matrix with the wool fibers, which also helps in increasing fracture toughness. In another study, the plastic cable waste aggregates, without going through any treatment, were incorporated in gypsum boards to analyze the physical and mechanical properties [27]. The thermal comfort, thermal conductivity, flexure strength, shock-impact resistance and Young’s modulus of gypsum boards with different dimensions were measured. The plastic cable waste aggregates were considered as a suitable alternate to control gypsum boards.



The effect of tannery wastes such as wet blue chrome shavings and buffing dust incorporation in cement and gypsum-based materials to assess the mechanical and thermal properties has also been studied [28]. The results showed a decreasing trend in density, mechanical and thermal conductivity with the increase of tannery waste content. It was suggested to use tannery wastes as separation material in construction boards to avoid the reduction in mechanical strength. In another study [29], the potential of waste rubber’s different particle size proportions obtained from pipe foam insulation in gypsum matrix was investigated to make lightweight products. A maximum of 7.5% replacement of gypsum by weight was investigated. Density reduction achieved compared to reference material was 49% which represented the development of lightweight plaster rubber composites. The best-suited particle size obtained without compromising the mechanical strength of gypsum composites was 4–6 mm. In a similar study [30], three different particle size gradations of end-of-life tires were used in different fractions to assess the thermal, physical, and mechanical properties of plaster specimens. Compressive and bending strengths were reduced by the addition of rubber with the lowest values at 60%. Acoustic performance mainly depended on particle sizes rather than the percentage addition of rubber waste. It was concluded that compression layers or slabs can be made of plaster rubber boards. Another research study aimed to improve gypsum plaster’s elastic behavior by incorporating rubber waste from end-of-life tires, which resulted in reducing the modulus of elasticity compared to reference gypsum plaster without any additives. The rubber waste’s addition resulted in mechanical performance reduction, which was less effective due to its percentage than the size of rubber particles in the gypsum matrix [31]. In another study [32], the effect of end-of-life tire rubber in plasters on water absorption by immersion and capillarity and for open porosity was investigated. Furthermore, paste and rubber transition zones were observed through scanning electron microscope (SEM) techniques. Open porosity was increased due to the addition of the finest grading rubber compared to the reference gypsum matrix. In another research study [33], mechanical and thermal properties of various plasters were assessed by 100% replacement of natural sand and limestone filler with the polyethylene terephthalate (PET) and GFRP waste particles. Flexure and compressive strength were reduced with an increase in organic waste particles but the minimum values as per standard were achieved. In another study, the effect of recycled tile powder addition on the properties of gypsum mortars and gypsum pastes at ambient and high temperature was investigated [34]. The results showed an increase in water absorption and apparent porosity, but the strength of mixtures was found to decrease. High-temperature resistance, thermal conductivity, mass loss, and volume changes at high temperatures were improved with the addition of recycled tile powder. Recently, the life cycle assessment (LCA) of eco-gypsum ceiling tiles incorporating polyurethane foam waste was compared with standard gypsum ceiling tile. The findings showed that the traditional commercial gypsum tile has inferior environmental performance to the eco ceiling tile with polyurethane. Without compromising technical performance, it was observed that the water consumption, CO2 emissions, and energy consumption were reduced by 25%, 14%, and 14% compared to traditional gypsum tile [35].



Previous studies as presented above show that waste materials can be efficiently incorporated into gypsum composites. Hence, to mitigate the issues related to the burning and disposal of agricultural wastes and to conserve the limited natural resources of gypsum, the addition of agricultural residues in gypsum can be a good option for developing eco-friendly false ceiling material. There is also a paucity of research on proposing the use of gypsum-agricultural composites for developing a construction product. Hence, this study investigates the effect of the replacement of gypsum by agricultural residues (wheat straw and rice husk) on the physical, mechanical, and thermal insulation properties of the resulting gypsum composites. The possibility of using the developed composites to make an eco-friendly construction product is also investigated by studying the bending behavior of the false ceiling plates made from the developed gypsum composites.



The contents of this paper are as follows. Firstly, the details of the materials used in this study are presented. In the next section, the experimental methodology followed for this study is detailed along with the details of the mixes and test specimens, and lastly, the results of the experimental program are presented and discussed.




2. Materials


The experimental specimens consisted of gypsum as a base material and agricultural wastes (in the form of wheat straw and rice husk) as replacement materials to develop an eco-friendly construction product. Portable water was used in all the mixes. The details of the other materials used for developing different mixtures are mentioned in the next sections.



2.1. Gypsum


Gypsum (commercially available as plaster of Paris CaSO4.1/2H2O) was the major constituent for the prepared test specimens. The gypsum used for this study was acquired from a local supplier and it was in accordance with EN 13279-2:2014 [36]. The constituents present in gypsum as analyzed by the chemical characterization are shown in Table 1.




2.2. Wheat Straw


The wheat straw used for this study was collected from agricultural fields in the Punjab region of Pakistan where wheat is a major commercial crop and abundant quantities of wheat straw are produced every year. The fibrous wheat straw was produced by the thresher machine while separating the wheat grains from the wheat plant and, in this study, it was used as such without any artificial treatment and sorting as shown in Figure 1a. The maximum length and width of wheat straw fibers used for gypsum matrixes were 12 mm and 2.8 mm, respectively. The characteristics of wheat straw are shown in Table 1. The density of wheat straw is significantly lower than that of gypsum, a characteristic that will help in reducing the weight of the developed composites.




2.3. Rice Husk


The rice husk used for this study was collected from a local rice processing plant where it is produced during the rice milling process. Results of chemical analysis and density of rice husk used are shown in Table 1. It was lighter in weight compared to wheat straw and more than 10 times lighter than gypsum. It was mainly comprised of particles with a maximum length dimension of 9 mm and a width of 2.40 mm, as shown in Figure 1b. A visual analysis of both the agricultural residues showed that the surface of the rice husk was rough while wheat straw particles had a smooth surface. Also, the rice husk particles were stiffer compared to the wheat straw. The same roughness was proven by the microstructure analysis of both wheat straw and rice husk by Wang et al. [37] and Chen et al. [38], respectively.





3. Experimental Program


In this study, test specimens were prepared from gypsum mixtures with 0, 2.5, 5, 7.5, and 10 percent by weight dosages of agricultural residues, i.e., wheat straw and rice husk. A summary of the mixes prepared is shown in Table 2. The water to gypsum ratio for the prepared mixes was optimized to achieve a workable mix by the procedures described in EN 13279-2:2014 [36]. For the control mix (0% agricultural residue) and mixes having rice husk and wheat straw dosages below 7.5%, the water gypsum ratio used was 0.55. However, for the mix with a 10% residue dosage, a 0.8 water gypsum ratio was used to obtain a workable mixture. Such an increase in W/G ratio for mixes with higher replacement ratios is also common in previous research [20,21] investigating the addition of similar low-density waste materials as investigated in the current study. For all the developed mixes, physical and mechanical characterization was done by performing the density, shore C hardness, thermal insulation, water absorption, flexure strength, and compression strength tests as per the relevant standards mentioned in Table 3. Further, the eco-friendly gypsum agricultural waste false ceiling plates were tested for flexure to ascertain their performance as per BS EN 14246 [39]. The details of the test specimens are presented in the next section.



Test Specimens and Methods


Different types of test specimens were prepared for each mix and their details are mentioned in Table 3. The density of the developed composites was determined using the prism samples of dimensions 160 mm × 40 mm × 40 mm made for flexural strength and hardness tests. After one day of casting, the specimens were unmolded and cured at room temperature for seven days. The samples were then placed in an oven at 40 °C for 24 h and taken out for cooling and the weights were recorded. This weight was used to determine the density of the composites by dividing it by the volume of the prism specimen. The shore C hardness was determined using the prism specimen (160 mm × 40 mm × 40 mm) in accordance with EN 102042 [40] using the test setup as shown in Figure 2. A total of 30 measurements were taken on three prepared specimens for each gypsum mix (10 readings for each specimen). The average of 30 values was taken as shore C hardness for each type of gypsum mixture.



Following the same procedure as used by Sumin Kim [41], the water absorption test was performed on samples with dimensions 100 mm × 100 mm × 15 mm. Three specimens of each residue proportion were prepared to determine the water absorption for the respective gypsum mix. First, the weights in the dry state were measured before immersing the samples in water. Then, the specimens were placed under 3 cm water for 24 h at 20 ± 1 °C as shown in Figure 3. After 24 h, the samples were taken out of the water and wiped with a towel to remove water from surfaces. For the 24 h immersion, no thickness swelling was observed in any gypsum composite. Finally, the increase in weight of each specimen was determined as the difference between the final and initial weight of the specimen and it was used for calculating water absorption. In addition, the thickness of the specimen at its center point was measured before and after the immersion to detect any thickness swelling over the 24 h immersion period.



For the thermal conductivity test, gypsum plates measuring 300 mm × 300 mm × 15 mm were prepared for each mix. These plates were tested according to EN 12667:2001 [42] in guarded hot plate apparatus as shown in Figure 4, having a range of 0.015–2 W/m·K to determine the thermal conductivity coefficient. The thermal conductivity coefficient was calculated as follows:


  λ =   Q * d    Δ T     



(1)




where Q is sample heat flux (W/m2), d is sample thickness (m), and ∆T is average temperature difference between two sides of the sample (°C). The thickness of each plate specimen was measured before performing the thermal insulation test by Vernier caliper with an accuracy of 0.01 mm. Three samples were prepared and tested for each gypsum mix as mentioned in Table 3.



For the flexural and compressive strength tests, 160 mm × 40 mm × 40 mm prisms were prepared as shown in Figure 5 by following EN 13279-2:2014 [36]. Three prisms were prepared for each mix. After demolding, the samples were stored for seven days under 23 ± 2 °C temperature and relative humidity of 50 ± 5%. Then, the prisms were placed in an oven at 40 °C for 24 h and after that placed in air for cooling to room temperature. Three-point load tests were performed on these prisms for measuring flexure strength as per the procedure described in EN 13279-2:2014 [36] by using a TIRAtest 2810 universal testing machine with a load capacity of 10 kN (see Figure 6a). The test was conducted at a loading rate of 10 N/min. The pins used at supports had a 10 mm diameter as per standard to avoid local stressing of load at supports. The pins were placed at 100 mm center to center distance with the help of a graduated platform for supporting pins at exact locations. The data of the flexure test generated load-deflection curves for each test specimen. The corresponding flexure strength was calculated using Equation (2).


PF = 0.00234 × P



(2)







PF is the flexure strength (MPa), and P is the average breaking load (N) of at least three obtained values.



The 3 prisms of each dosage tested in the flexure test in turn yielded 6 broken pieces (Figure 6b) out of which 4 sound specimens were later tested in compression as recommended by EN 13279-2:2014 [36]. Steel strips measuring 40 mm × 40 mm were placed above and below the test specimen to ensure load application within a 40 mm strip of the specimen as shown in Figure 7.



As a potential eco-friendly construction product for the developed gypsum composites, the gypsum false ceiling plates with dimensions 600 mm × 600 mm × 15 mm were prepared for each mix as per the EN 14246:2006 [39] standard, which establishes the minimum requirements for the design of gypsum false ceiling plates in discontinuous false ceilings as mentioned in Table 4. The most common dimensions of discontinuous false ceiling plates used in the local construction industry are 600 mm × 600 mm × 15 mm. The plates were prepared by using the same method of casting as used by local plate manufacturers, which involves pouring the wet mix into molds with the bottom surface made of glass and leveling the top surface with a sharp edge without applying any pressure during casting. The casting setup used for this study and a freshly cast and finished gypsum plate are shown in Figure 8. For each gypsum composite, three plates were prepared. The bending test was carried out on developed plates to calculate breaking loads and to check the post-peak behavior of false ceiling plates, which was expected to improve due to incorporating wheat straw and rice husk in the mixes. As a passing criterion as per EN 14246:2006, a line load of 6 kg was applied to each plate at its center for 30 min and the development of any permanent cracks on the bottom side of the plate was observed. All the plates made in this study passed this check. Then, a constantly increasing line load at a rate of 0.1 mm/min was applied on the plate until it broke. Along with the load measurements, the midspan deflection of the plate was also measured to plot the load-deflection curve to confirm the post-peak behavior and to calculate the energy dissipation capacity of the developed gypsum composites. The schematic diagram of the test setup used is shown in Figure 9 whereas the actual test setup is shown in Figure 10.





4. Results and Discussion


4.1. Tests on Gypsum Composites


The results of the various tests conducted on the developed gypsum composites are presented and compared with the results of the reference mixture as well as with the limiting values of the relevant standards [36,39].



4.1.1. Density


Figure 11 presents the density comparison of each gypsum mixture with the control gypsum mix. An increase in the percentage of both agricultural residues (wheat straw and rice husk) caused a reduction in density values compared to the reference gypsum mix. A reduction of 29% and 26% in density values is observed compared to the control gypsum matrix with a 10% dosage of wheat straw and rice husk, respectively. The reduction in density is observed because both agricultural by-products have a significantly lower density than gypsum. Further, a higher value of the W/G ratio is responsible for the increased reduction in density values for the case of composites with 10% agricultural residues. The coefficient of variation (CoV) for the density test on gypsum composite specimens is below 5%.




4.1.2. Shore C Hardness


The results of shore C hardness tests are presented in Figure 12. It is evident that the replacement of gypsum with agricultural wastes caused a decrease in shore C hardness of gypsum composites. The shore C hardness values showed a decreasing trend with the increase in residues’ dosage. However, the difference in values is not significant as the waste percentage increases from 2.5 to 10 percent. The composites containing wheat straw show a slightly lower value of shore C hardness compared to those having rice husk, which is due to the higher stiffness of rice husk particles. The CoV for specimens tested in shore C hardness is below 10%.




4.1.3. Water Absorption


The results of the water absorption test for all the composites investigated in this study are shown in Figure 13. The water absorption values for gypsum composites with an agricultural waste dosage of up to 7.5% are close to the reference specimen because all these mixes have a water/gypsum ratio of 0.55. However, in the case of gypsum composites with 10% agricultural residue dosage, the water absorption values show an increase compared to control gypsum composites due to the availability of excess water and hence porosity because of the greater water gypsum ratio of 0.8. Further, more exposed residue particles on the sample’s surface are another reason for the increased water absorption in the case of mixes containing 10% waste. No thickness swelling was observed for samples of any mix as a result of this 24 h immersion. The CoV for gypsum composite samples in the water absorption test is below 5%.




4.1.4. Flexure Strength


The load-deflection response of all the prism specimens tested in flexure is shown in Figure 14. The control mix prisms (0% waste dosage) suddenly failed under the gradually applied load after reaching a maximum load, showing the brittle nature of the reference mix. However, with the addition of both types of agricultural residues, the prism specimens showed improved post-peak behavior. Although the ultimate load carried by the prisms decreased with the increase in waste percentage, the ultimate deflection of the prism before failure increased as shown in Figure 14. In Figure 15, the crack planes of the tested gypsum prisms obtained because of the flexure strength test are shown. The crack planes of each gypsum prism show the homogenous distribution of wheat straw and rice husk across the cross-section. Grains of both types of residues were uniformly surrounded and separated by gypsum. Figure 16 shows the ultimate flexural strength values for all the mixes studied. A decreasing trend in flexure strength with the increase in agricultural wastes’ dosage can be observed, which is due to the decrease in the quantity of the binder in mixes containing waste dosages up to 7.5% and also due to a higher W/G ratio for mixes containing a 10% waste dosage. However, flexural strength values of all the mixes remained above the minimum limiting mean value of 1 MPa [43], except for the prism specimens with a 10 percent wheat straw replacement level. The CoV for specimens in the flexure strength test is below 10%.



To quantify the effect of incorporating agricultural wastes on the post-peak behavior in flexure of the developed gypsum composites, the energy absorption values were calculated from the load-deflection curves presented in Figure 14 by calculating the area under the curve. Two energy values were calculated for each composite, i.e., energy up to the peak load (pre-peak) and the energy absorbed in the post-peak range. The results of energy absorption in flexure by the gypsum composites incorporating wheat straw are shown in Figure 17. The pre-peak values of energy absorption of samples containing wheat straw up to a dosage of 7.5% are close to the control gypsum prism (0% waste) values but decrease when 10% wheat straw is added. Figure 18 shows the results of energy absorbed in flexure for the composites containing rice rusk. Gypsum rice husk prisms show smaller deflections compared to gypsum wheat straw prisms because rice husk is smaller and stiffer compared to wheat straw.




4.1.5. Compressive Strength


Compressive strength values for all the composites are shown in Figure 19. The compressive strength values are decreased due to the addition of waste and show a decreasing trend with the increase in the replacement ratios of both the wastes. However, these values of compressive strength remain above the minimum limiting mean value of 2 MPa [43], except for the prism specimens with a 10 percent wheat straw replacement level. The CoV for specimens tested for compressive strength is below 10%. It should be noted that for gypsum mixtures containing rice husk as a replacement material, the compressive strength values are higher than gypsum mixture with wheat straw, which is due to the higher stiffness and rough surface of the rice husk particles.




4.1.6. Thermal Behavior


The thermal conductivity plates were placed in between the hot and cold plates of the guarded hot plate apparatus (see Figure 4). The plate heat flux (W/m2), plate thickness (m), and average temperature difference between two sides of the plates (°C) are determined to measure the thermal conductivity. The results of thermal conductivity obtained by performing the test according to EN 12667:2001 [42] in guarded hot plate apparatus on gypsum plates measuring 300 mm × 300 mm × 15 mm are shown in Figure 20. It is evident from the results that the thermal conductivity of the composites decreases with the increase in the percentage of waste, therefore providing superior thermal performance for the developed composites. At the same waste dosage level, gypsum plates containing wheat straw showed better performance compared to the gypsum rice husk plates. Gypsum plates with 10% of wheat straw achieved the lowest density, i.e., 898 kg/m3 as well as the lowest thermal conductivity, i.e., 0.127 W/m·K, which is 29% lower than the reference gypsum plate. The improved thermal insulation of the developed composites as compared to the reference mix is encouraging for the utilization of the agricultural waste to develop eco-friendly gypsum composites for use in buildings as an insulating material.





4.2. Tests on False Ceiling Plates


As mentioned in the previous section, all the plates passed the bending test of carrying a 6 kg centered linear load for 30 min as per European standard EN 14246:2006 [39]. The complete load-deflection curves for the plates made of all the mixes are shown in Figure 21. The reference plate (0% waste dosage) failed suddenly after reaching the peak load, showing the brittleness of the reference mix. However, for the plates made of the other developed composites, an improved load-carrying capacity and the post-peak behavior are evident in these curves as compared to the reference specimen.



The results of the ultimate load for plates in the bending test are shown in Figure 22. For the plates made from the composite mixes, the load-carrying capacity of the plates was improved, which is due to the fibrous action of the agricultural waste in the 15 mm thickness of the plate. Further, the load-carrying capacity of plates with rice husk is more compared to the plates with wheat straw because rice husk is a stiffer material with a rougher surface compared to wheat straw. With the replacement of 2.5% of gypsum with wheat straw, better flexure behavior of the plate was observed. The post-peak behavior shows that the brittleness of reference gypsum false ceiling plate can be avoided by replacing gypsum with wheat straw. The deflection to carry the load also increased with the addition of wheat straw as compared to the control gypsum plate. The 5% wheat straw gypsum false ceiling plates carry more load and greater deflection values compared to the reference gypsum plate and 2.5% wheat straw gypsum plate. The 5% wheat straw is the optimum content when compared to the control gypsum plate. A similar load-deflection behavior is seen in gypsum false ceiling plates with a 7.5% dosage of wheat straw but with lower load-carrying capacity compared to that of 5% wheat straw plates. But, the deflections carried by 7.5% wheat straw plates were more than 5% wheat straw plates. The load-carrying capacity of gypsum false ceiling plates with 10% wheat straw is lower compared to the reference plate and for gypsum plates with a wheat straw dosage of 2.5%, 5%, and 7.5%. Although the load is smaller compared to reference gypsum plates, in 10% wheat straw gypsum plates, better post-peak behavior is observed compared to the sudden failure of the control gypsum plate.



At 2.5% dosage, deflection values of gypsum false ceiling plates with rice husk are smaller than the plates containing wheat straw. Both the load-carrying capacity and deflection values of the plates with 5% rice husk are greater than the values for plates containing 2.5% rice husk. The 5% dosage is a significant dosage both in the case of wheat straw and rice husk for replacing gypsum. The load-carrying capacity of 7.5% rice husk gypsum plates is lower than gypsum plates with 2.5% and 5% dosages, but they can carry the load with more deflections. The lowest load-carrying capacity is shown by the 10% rice husk gypsum plate compared to the 2.5%, 5%, and 7.5% rice husk dosages. At 10% waste dosage, deflection values in wheat straw gypsum plates are higher than in rice husk plates, however, the load-carrying capacity is superior for rice husk plates compared to wheat straw at a 10% dosage.



It is noticed that the trend of flexural strength of composites as obtained from the prism tests is different than the trend of peak loads obtained from the flexural testing of the plates. This is possibly due to the significantly smaller thickness as compared to the span for the case of plate-type specimens as compared to the prism-type specimens. The positive effect of the incorporation of agricultural residues has been observed for the plate-type specimens as compared to the plates containing the control mixture (100% gypsum). This improved performance of plates containing waste has also been observed in previous research [13].



The stiffness variation results for both control and the false ceiling plates containing agricultural residues are shown in Figure 23. The stiffness is calculated as the slope in the elastic zone of the load versus deflection curve of the gypsum plates presented in Figure 21. The results show that stiffness for wheat straw up to the 7.5% dosage remains close to that of the control sample but decreases at 10% dosage. In the case of gypsum false ceiling plates with rice husk, the stiffness values increase up to the 5% replacement level and then decrease for 7.5% and 10% rice husk dosage.



The results of energy absorption, calculated as the area under the load-deflection curve, for gypsum false ceiling plates with wheat straw and rice husk are shown in Figure 24 and Figure 25, respectively. The results of energy absorption up to the peak load for both wheat straw and rice husk plates are close to the reference plate, which is due to the smaller thickness of the plate as compared to the span and the smaller length fibers added not contributing to the dissipation of energy up to the peak load of the plates. However, after the peak load, the presence of fibers contributes to the dissipation of energy by providing greater deflection capacity to the plates as compared to the sudden failure for the case of the control specimen. The post-peak dissipated energy is maximum for the 5% dosage of wheat straw and the 7.5 dosage of rice husk.





5. Conclusions


The main aim of this experimental study was to investigate the possibility of incorporating abundantly available agricultural residues in the development of an eco-friendly construction product. Based on the results, it can be concluded that the flexural strength and compressive strength of all gypsum composites showed a decreasing trend with the increase of wheat straw and rice husk dosages. But even after the decrease and incorporation of a significant quantity of waste in all cases, the values remain above the acceptable limits of 1 MPa and 2 MPa, respectively, as per EN 13279-1 [43], except for the 10% wheat straw dosage wherein the values of 0.81 MPa and 1.33 MPa were observed for flexural strength and compressive strength, respectively. With the increase in agricultural waste percentage, density and shore C hardness showed a reduction in values, while thermal insulation showed superior performance for gypsum agricultural waste composites compared to the control gypsum matrix. This reduction in density was due to the porous structure of residues, which resulted in porosity increment, and the flexible structure of the fibers present at the sample’s surface are the possible reason for the decreasing shore C hardness values. In the case of water absorption, similar values have been found for the control gypsum mix and the developed composites up to 7.5% waste dosage. Further, the developed composites incorporating wheat straw showed a relatively higher reduction in properties than those that include rice husk in the same percentage, possibly due to the significantly rough surface of rice husk compared to the surface of wheat straw. At 10% dosage of both the wheat straw and rice husk, a higher water/gypsum ratio was used in the gypsum matrix to maintain the workability. However, this resulted in a significant reduction of the mechanical properties of developed gypsum composites containing 10% waste dosage. All the false ceiling plates tested in bending satisfied the 6 kg mid-span load criteria as per EN 14246-2006 [39]. The flexure strength of false ceiling plates increases up to the 5 percent wheat straw and rice husk dosage and decreases with further replacement of residues with gypsum material.



The superior thermal insulation, reduced density, and better bending behavior of the plates prove the usefulness of these composites for their application as a building material for making false ceiling plates and gypsum boards. Investigation of the durability and acoustic characteristics of the developed composites and their possible application as eco-friendly masonry units will be the focus of future research in the continuation of this study.
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Figure 1. Wheat straw and rice husk. (a) Wheat Straw; (b) Rice Husk. 
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Figure 2. Brinell Hardness Testing Machine and scale. 
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Figure 3. Water absorption samples immersed in 3 cm water for 24 h. 
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Figure 4. Test setup for thermal conductivity test. (a) Guarded Hot Plate Apparatus; (b) Gypsum plate between hot and cold plates. 
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Figure 5. Hardened gypsum prisms with 10% rice husk and 7.5% wheat straw. 
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Figure 6. Strength test on control prism. (a) Before strength test on control prism; (b) After strength test on control prism. 
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Figure 7. Compressive strength test setup. 
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Figure 8. Wet mix of gypsum–waste composite (Left) and finished gypsum false ceiling plate (Right). 
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Figure 9. Schematic diagram of bending test setup. 
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Figure 10. Test setup for false ceiling plates. 
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Figure 11. Density variations with the amount of waste replaced with gypsum. 
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Figure 12. Shore C hardness at different amounts of waste percentages. 
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Figure 13. Effect of amount of waste on water absorption of composites. 
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Figure 14. Load deflection response for each prism under flexure strength test. 
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Figure 15. Failure planes of prisms after failure in flexure strength test. 
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Figure 16. Effect of amount of waste on flexure strength of composites. 
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Figure 17. Energy absorption in flexure by gypsum prisms incorporating wheat straw. 
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Figure 18. Energy absorption in flexure by gypsum prisms incorporating rice husk. 
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Figure 19. Effect of amount of waste on compressive strength of gypsum agricultural waste composites. 
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Figure 20. Effect of amount of waste on thermal behavior of composites. 
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Figure 21. Load deflection response of gypsum false ceiling plates for bending strength test. 
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Figure 22. Gypsum false ceiling plates breaking load variation with the amount of waste. 
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Figure 23. Effect of amount of waste on the stiffness of false ceiling plates. 
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Figure 24. Energy absorption variations of plates with amount of wheat straw. 
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Figure 25. Energy absorption variations of plates with amount of rice husk. 
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Table 1. Characteristics of gypsum, wheat straw, and rice husk materials.
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	Property
	Gypsum

(%)
	Wheat Straw

(%)
	Rice Husk

(%)





	CaO
	39.24
	12.51
	Traces



	MgO
	1.04
	2.38
	0.530



	SiO2
	2.17
	62.44
	91.10



	SO3
	47.29
	1.34
	0.408



	Al2O3
	1.59
	4.29
	0.576



	Fe2O3
	0.083
	0.96
	0.417



	L.O.I
	8.01
	7.06
	6.47



	Cl
	0.007
	0.0021
	0.032



	Density (kg/m3)
	877
	95
	76.72



	pH
	7.5
	10.4
	9.9
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Table 2. The prepared mixes.
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	Material
	Acronyms
	Gypsum (g)
	Water (g)
	W/G*

Ratio
	Wheat Straw (g) (%)
	Rice Husk (g) (%)





	Gypsum
	Ref.
	1000
	550
	0.55
	-
	-



	Gypsum
	WS-2.5
	975
	536.25
	0.55
	25 (2.5%)
	-



	+
	WS-5
	950
	522.5
	0.55
	50 (5%)
	-



	Wheat
	WS-7.5
	925
	508.75
	0.55
	75 (7.5%)
	-



	Straw
	WS-10
	900
	720
	0.8
	100 (10%)
	-



	Gypsum
	RH-2.5
	975
	536.25
	0.55
	-
	25 (2.5%)



	+
	RH-5
	950
	522.5
	0.55
	-
	50 (5%)



	Rice
	RH-7.5
	925
	508.75
	0.55
	-
	75 (7.5%)



	Husk
	RH-10
	900
	720
	0.8
	-
	100 (10%)







W/G*: water to gypsum.
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Table 3. Details of test specimens.
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	Test
	Dimensions of Test Specimens

(mm)
	Number of Specimens for Each Mix
	Reference





	Density, Hardness, Flexural Strength
	160 × 40 × 40
	3
	EN 102042:2013 [40]

EN 13279-2:2014 [36]



	Water absorption
	100 × 100 × 15
	3
	Sumin Kim [41]



	Thermal conductivity
	300 × 300 × 15
	3
	EN 12667:2001 [42]



	Bending test of plates
	600 × 600 × 15
	3
	EN 14246:2006 [39]
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Table 4. Minimum requirements for gypsum plates according to EN 14246:2006.
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	Requirements
	Requirements according to EN 14246:2006





	Dimension (Type A)
	Length: 600–1200 mm; Width: 600 mm; Thickness: 15 mm



	Spacing of Supports
	576 mm spacing between supports for a plate with exposed gird



	Flexure Strength
	Can support a 6 kg centered linear load for 30 min
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