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Abstract

:

The rapid urbanization of developed countries and the difficulty in disposing of agricultural wastes have created opportunities for the construction industry to use agricultural wastes. A wide variety of agricultural waste materials are already in use with concrete as substitutes for cement and aggregates, as well as reinforcing materials. This study reviews the available literature published from 1935 to 2022 on agricultural wastes being used as building materials. The research utilizes a bibliographic approach based on the Scopus database. This article retrieves data employing the Scopus database and incorporates 671 articles based on the keywords, agricultural wastes used as building materials. The scientometric analysis is the second step, wherein the patterns of the obtained articles are investigated with various factors such as countries with the most publications, sources that have the most publications, most frequently appearing keywords, and articles with more relevant research works. A summary of the results obtained at various stages of the research is depicted in each phase. Detailed quantitative and qualitative discussions are also conducted to achieve the three main objectives: the summarization of quantitative data, discussion of the existing application, and identification of future research directions. These findings serve the future endeavor of agricultural waste-to-building materials’ incineration academic research. The scientometric review paves the way for academics from various nations to impart novel ideas and information and foster research collaboration.
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1. Introduction


The construction industry worldwide consists of real estate and urban development that include residential and office buildings, retail properties, hotels, amusement parks, and many such establishments. Concurrently, the urban development sector comprises any subsectors such as water supply and sanitation, urban transport, schools, and healthcare that aid in city development and management [1].



The demand for and cost of building materials are increasing daily due to the shortage of raw materials [2]. Therefore, the procurement of natural resources for building materials is becoming a global issue. Furthermore, conventional building materials, such as cement, require a great deal of thermal and electrical energy. Hence, during production, it results in higher construction costs. Furthermore, the construction industry is inherently unsustainable. These observations suggest that more scientific research works are needed in developing more sustainable and environmentally friendly building materials without sacrificing or relinquishing the building quality [3].



In addition, the disposal of wastes generated from crops such as sugarcane bagasse, wheat husks, coconut shell, and rice husks is crucial in developing countries. For example, India has been reported to produce over 600 (MT) of agricultural waste in a year [4]. Moreover, as the farming system becomes more intensive, agricultural wastes are expected to be generated more because of the rising agricultural practices in the current decade [5]. The predominantly used methods for disposing of and dealing with agricultural wastes are dumping, incinerating, and composting conventionally. Unfortunately, all these methods have significant negative environmental consequences. However, new research attempts have shown that agricultural waste and its byproducts can be utilized to develop a viable and preliminary solution to the recently identified challenges, either in part or as a whole [6,7].



The use of agricultural wastes in the construction industry reduces the environmental impact of waste disposal in landfills, thereby reducing the pollution caused by conventional building materials such as cement [8]. There has been partial replacing of the sand in the production of cement blocks with agricultural crop wastes such as peanut shells, rice husks, rice straws, and coconut shells. The utilization of agricultural wastes in producing blocks has met ASTM standards for the strength and durability of the product [9,10,11,12,13,14,15,16,17]. In addition, wat and barley straw fibers stabilized the soil to produce bricks with properties facilitating the development of environmentally friendly and safe building materials [18]. Furthermore, it was demonstrated that straw bale instead of soil construction led to more environmentally friendly buildings. Materials with thermal performance and low embodied energy have been cited as the reason for this issue. It has also been concluded that the use of agricultural wastes as building materials is acceptable and can help meet the sustainability goals, and at the same time reduce pollution and other harmful effects involved [19,20].



The field of research employing agricultural wastes as building materials and their applications in construction can almost be traced back to the beginning of the 21st century. The state of agricultural wastes being economical, universally available, cost-efficient, and yet a possible building material motivated the current investigation. These agricultural wastes are utilized as building material on supplementary cementitious materials (SCMs), an alternative to recycled aggregate, and alternative building materials. The utilization of agricultural wastes in the construction industry assists environmental and sustainable development in various ways.



This article qualitatively evaluates the global trend of the literature seeking alternative agricultural wastes as building materials from 1935 to 2022. In the current study, scientometric analysis was conducted to examine the published articles that employed agricultural wastes for construction. Therefore, a systematic analysis of various studies on agricultural wastes as building materials is provided including an assessment of the current state of the research and a forecast of future trends based on the knowledge of the application of agricultural wastes as building materials.



As a visual reference, this type of investigation on the performance of scientists can reveal patterns followed and improve the research in developing and mature disciplines [21,22]. In recent years, bibliometric analysis has become a popular method. The main objective of the bibliometric study is to measure the performance within a specific field or body of literature in national and international scientific and technological research [23,24,25,26]. Data from a wide range of fields, such as biology, physics, social science, and health science have been incorporated into the methodology employed in preparing this article. Even when traditional literature reviews fail to provide enough direction, bibliometric analyses play an important role in helping researchers chart a course forward [27]. Figure 1 illustrates the Sankey diagram of the country, keyword, and source of topics researched. Bibliometric analysis was conducted based on three principles: the Zipf, Bradford, and Lotka laws [28]. According to the Zipf’s law, predicting the distribution of words in a text is possible based on their frequency [29]. The Bradford’s law is a good starting point for librarians in determining the number of core journals in a given field of study [30,31]. In accordance with the Law of Scientific Productivity, formulated by Lotka, an author’s published articles, on average once in every two years in a given field, measure the scientific productivity of the author [32,33].



Bibliometrics is the study of the structure of documents using tools, objectives, frequency classification, ranking, and reference analysis. Although document structures are essential for all topics, they are particularly important in the field of information inspection [34]. In the concept of “sustainable alternative building material” in this article, the unique values of the documents were created through knowledge diagrams based on keywords, groups, and citations using the VOSviewer quantification feature [35]. This method was applied for validation from the year 1935 to 2022. The outcome of the bibliometric analysis is demonstrated in Figure 2.



VOSviewer is used to view bibliographic analysis, and to create and view graphical maps based on author sections and other important published topics. Network maps utilize various colors, shapes, and symbols to represent the relationship and its relative contribution. The number of sides represents nodes, and the thickness of the link chain represents the connectivity with the number of copies made by the researcher. Some researchers have used the VOSviewer software (version 1.6.18) to publish the bibliometric analysis results [36,37,38,39,40,41,42].



In this study, a scientometric analysis was conducted on the bibliometric data regarding the utilization of agricultural wastes as building materials. A scientometric analysis was employed to address the fundamental flaws of conventional manual reviews. More precisely, the identification of sources with the greatest number of articles, co-occurrence of keywords, author collaboration, the most cited articles, and regions actively engaged in the utilization of agricultural wastes as building materials were studied.




2. Methodology


To complete the examination of this research, the researchers observed the articles on “agricultural wastes as building materials” distributed in the World Logical Diary through 2022 and considered their relevance. For the corresponding exploration, the relevant data sets were scrutinized from the Scopus database. A complete analysis was carried out with the whole content of the publications (articles, book chapters, and proceeding papers), involving investigations on “agricultural wastes used as building materials” and “agricultural wastes in the construction industry”. In this bibliometric assessment, the segments examined were articles, authors, and references. Figure 3 displays the graphical representation of the methodology of this research.



Data Acquisition


In this study, the data obtained from the existing literature play a pivotal role as they determine the scientific basis of the concluded results. Therefore, the database and the search system were sensibly selected. Scopus was chosen as the bibliographic database because it is comprehensive and structured, serving as a powerful source for intensive scientific research. It is the most widely used and recognized database for bibliographic research. Between the period of 1935–2022 with the keyword “agricultural wastes used as building materials”, a total of 671 publications were retrieved from the Scopus database, including articles, conference contributions, book chapters, and books.



Table 1 lists the document publication types for the same stipulated time (1935 to 2022) and indicates the language in which the articles were published. In total, 96% of the documents were published in the English language. Regarding the publication access of the articles, 74% of the articles were published as open source.





3. Discussion


3.1. Trends in Scientific Study on Agricultural Wastes Used as Building Materials


Journal trends in “agricultural wastes used as building materials” from the year 1935 to 2022 are presented and elucidated in this section. As was mentioned, 671 published articles were obtained from this period of time. The yearly publication trend is depicted in Figure 4. Since 2004, the number of articles published on the topic has increased significantly. Every decadal year, for example, 1985 and 1995, a peak in the publication trend is observed. Despite this, the number of research articles published has steadily increased over the last four decades. From 2015 to 2020, the number of publications was seen to grow exponentially.




3.2. Analysis of Research Keywords


Existing studies and research topics are described regarding keywords [43]. A close relationship indicated between two or more keywords is stated as keyword co-occurrence. Author keywords and fractional counting are used to improve the quality of VOSviewer results [44]. This review started with a broader topic search to analyze the research trend of “agricultural wastes used as building materials”. The retrieved publications were examined to see the most popular keywords associated with “agricultural wastes used as building materials”. Figure 5 shows the most occurring keywords. The minimum number of co-occurrences was maintained following the default value, which was six. Maintaining this limiting condition, 35 published articles out of 671 were initially selected.



In general, there were closer ties among the keywords in the same grouping (Figure 5). For example, studies on agricultural wastes and compressive strength have frequently been carried out in the same publication. In Figure 5, the interconnectedness of keywords is illustrated by the distances and connection lines that connect them. The most frequently studied keywords are agricultural waste, building materials, brick, and concrete. According to the visualization of the literature samples, the average year of publication (Avg. Pub. Year), the average citation (Avg. Citation), and the average normalized citation (Avg. Norm. Citation) are further summarized in Table 2. The following information was utilized for the tabulation [45].


  Norm .   Citation =   T o t a l   n u m b e r   o f   c i t a t i o n s   A v e r a g e   c i t a t i o n s   p e r   y e a r    



(1)






  Avg .   Norm .   Citation =   N o r m a l i z e d   c i t a t i o n s   N u m b e r   o f   p u b l i s h e d   a r t i c l e s    



(2)






  Avg .   Pub .   Year =   A v e r a g e   p u b l i c a t i o n   y e a r   o f   a r t i c l e s   p u b l i s h e d   i n   j o u r n a l    



(3)








3.3. Analysis of Articles’ Sources


Analyzing the journal’s impact in the specific field helps readers obtain the best information available and quickly identify the journals that may be best for publication [46]. The journal sources were also summarized, and the annual number of published articles are discussed here too. The minimum number of articles in VOSviewer was set to 6. Among the 394 sources identified, 18 satisfied the thresholds set and were included in the composite network. The source occurrences map is illustrated in Figure 6.



	
Cluster 1: Chemosphere links are identified to be 6, with total link strength of 10; Construction and Building Materials links are 14, with total link strength of 293; Journal of Environmental Management links are 12, with total link strength of 92; Key Engineering Materials links are 2, with total link strength of 2; Transactions of The Chinese Society of Agricultural Engineering links are 3, with total link strength of 3.



	
Cluster 2: Applied Mechanics and Materials links are 6, with total link strength of 15; Environmental Science and Pollution Research links are 11, with total link strength of 113; Journal of Building Engineering links are 13, with total link strength of 296; Waste Management links are 7, with total link strength of 37.



	
Cluster 3: Energy and Buildings links are 11, with total link strength of 202; Industrial Crops and Products links are 10, with total link strength of 96; Lecture Notes in Civil Engineering links are 7, with total link strength of 13; Sustainability (Switzerland) links are 10, with total link strength of 141.



	
Cluster 4: International Multidisciplinary Scientific Geoconference Surveying Geology and Mining Ecology Management links are 7, with total link strength of 17; Materials links are 13, with total link strength of 156; Resources, Conservation and Recycling links are 8, with total link strength of 30.






Table 3 provides a quantitative summary of the impact of the sources.




3.4. Analysis of Articles’ Regions


On a minimal count, the number of countries included per document is 20. In 102 countries, each with a threshold of 13 countries, the total strength of co-production groups with other countries was calculated and the country with the highest unlimited bandwidth was selected. Figure 7 demonstrates the collective network based on the collaboration of the countries. The four groups of elements identified from the cluster network are:




	
The clustered links for Brazil, Spain, the United Kingdom, and the United States are 12 and the total link strength is 4353. This cluster collection has the most considerable number of articles (143 articles).



	
The clustered links for China, India, and Malaysia are 12 and the total link strength is 5237. This cluster collection has the most considerable number of articles (176 articles).



	
The clustered links for Germany, Russian Federation, and Thailand are 12 and the total link strength is 2395. This cluster collection has the most considerable number of articles (73 articles).



	
The clustered links for France, Italy, and Turkey are 12 and the total link strength is 4961. This cluster collection has the most considerable number of articles (86 articles).








A quantitative summary of the impact of sources, including 13 countries, is reported in Table 4. Conclusively, India and China contributed the most research on agricultural wastes being used as building materials.





4. Description of Active Research Areas: Agricultural Wastes Used as Building Materials


Wastes generated from the primary treatment of some natural and agricultural products can be important alternatives to ecological concrete production [11]. Agricultural wastes can be applied as an alternative in sheets, bricks, proof cement, wall panels, cement panels, particle boards, and insulation panels [47]. Figure 8 shows various applications of agricultural wastes as building materials.



Many studies worldwide have validated the importance of agricultural waste in considering future uses and introducing many new types of agricultural waste that can be further used. Due to their environmental friendliness and economic viability, global and affordable agricultural wastes are considered a starting point for this investigation. Amorphous silica is abundantly present in agricultural waste ash, which makes it an excellent candidate to be utilized as a pozzolanic material [48]. When researchers used agricultural waste as an alternative for 30% cement in high-strength concrete, they demonstrated that this material proves to be a potential alternate candidate that can be employed. Despite such substitutions, agricultural waste ash cement has demonstrated excellent performance in mortar and concrete even when exposed to a hydrochloric acid solution [49].



4.1. Agricultural Wastes Used in Concrete


Emphasis is placed on using agricultural-waste-incorporated cement in concrete to increase the mechanical qualities of mixed agricultural waste concrete. It is critical to understand and interpret the cost efficiency of any new technology in a sustainable building. A study in [49] examined the economics of using agricultural-waste-incorporated cement in the production of concrete. As a result, efforts should be made to find ways to incorporate various agricultural wastes into concrete as sustainable materials. A review of all the available publications (articles, book chapters, and conference papers), as a result of searches on the terms “agricultural wastes” and “agricultural cement”, was carried out in this investigation.



Novel residues of 100:0 (blast furnace slag/sugar cane straw ash), 85:15 (85/15), 75:25 (75/25), and 67:33 (67/33) were examined as a partial replacement for the blast furnace slag to evaluate whether the ash obtained from biomass could be used as a filler in bituminous blends. After the successful treatment, most of the examined biomass ashes were assessed and found to be environmentally friendly, with the absence of hazardous particles, making them an ideal alternative for the natural fillers in bituminous mixes. The findings also revealed that the alkaline solution affected the compressive strength development, reaching more than 60 MPa after 90 days of specimen curing. Consequently, sugar cane straw ash demonstrated favorable results as it is a viable material for alkali-activated binders [50].



There is a good chance that most of the investigated biomass ashes could be used as a natural filler in bituminous mixtures because of their low organic matter and harmful fines content [51].



Employing spectroscopic methods, the interaction between sugarcane bagasse ash (SCBA) and the brick-making clay in a brick-making process was evaluated. At temperatures between 800 and 1100 °C, brick-making clay and SCBA were mixed before being hydraulically uniaxially compressed and sintered [52].



When concrete was submerged in a 5% magnesium sulphate solution for 364 days, it was subjected to various tests to determine its qualities, such as setting time, compressive strength, and expansion owing to magnesium sulphate assault. The expansion level of the concrete bar created with 30% slag powder was the same as that of the concrete bar manufactured from Portland cement Type V. Pozzolanic material palm oil fuel ash (POFA) acted as a good substitute for cement in concrete according to the obtained results [53].



Environmental concerns such as pollution and energy usage have piqued the public’s attention in recent years. The accompanying legislation has prompted the building industry to emphasize thermal insulation more. The development and implementation of bio-based insulating materials may help reduce the negative environmental impact of buildings by lowering the amount of energy utilized during the construction and operation of structures [54].



Prusty et al. [9] discussed the agricultural waste materials that can be utilized as a partial substitute for fine aggregates in concrete. It has been observed that the workability of the agricultural waste concrete, which includes groundnut shell, oyster shell, cork, rice husk ash (RHA) [55,56,57], and tobacco waste as an alternative, stood superior to that of concrete having just groundnut shell. According to the review, many significant studies are needed on all fine aggregates replacing agricultural waste materials. Nevertheless, this research provided more assurance on the utilization of concrete, which is a noteworthy discovery.



Research was done in [58] examining the durability, mechanical characteristics, global warming potential (GWP), and air pollutants of various ternary- and quaternary-RHA blended concrete mixes. As a conclusion, it was discovered that ternary and quaternary concrete mixes, including RHA and fly ash, decreased GWP while boosting durability without affecting the design strength.



Many studies have used oil palm ash in concrete, mortar, and cement paste as a pozzolanic material, either as a binder or as a filler substitute to lessen the negative environmental effect [59].



Concrete’s mechanical qualities improved when SCMs such as fly ash and silica fume were utilized in ordinary Portland cement (OPC) as a partial substitute for OPC. Consequently, RHA was examined as a potential alternative solid-phase microbe SCM. Three different diameters of RHA (600 mm, 150 mm, and 44 mm) were used in conjunction with 10% and 20% partial cement replacements. In addition to RHA-modified concrete specimens, a commonly used local Class C fly ash was also included for comparison purposes [60].



Based on various alternatives to traditional SCMs, the performance and durability of recycled aggregate concrete were assessed in [61] incorporating the available industrial byproducts, including RHA, POFA/POCP, and other industrial byproducts. The compressive strength and mass change of concrete were measured based on the effects of hydrochloric acid and magnesium sulphate (MgSO4).



The feasibility of recycled aggregate concrete was evaluated in [62] utilizing readily industrial byproducts such as RHA and POFA as alternatives to traditional SCMs. In addition, an investigation of the impact of compressive strength and microstructural analysis were carried out.



Magnesium oxysulfate cement (MOSC) is one of the new cements that has garnered significant interest in the cement industry in recent years. MOSC is a ternary cementing system composed of active MgO and a specific concentration of MgSO4 solution. Low energy consumption, low thermal conductivity, and high fire resistance are the primary advantages of MOSC [63].



In recent years, many scientists have employed MOSC to recycle industrial solid wastes, such as fly ash, which have been studied extensively. Both low- and high-calcium fly ash have promising application prospects in MOSC, with a dosage that can reach up to 50% of MgO [55,64].



To improve the utilization of forestry wastes and save MgO, composites containing locust powders with 0–25% mass of MgO were mechanically mixed and cured for 3 days and 100 days. Mechanical properties, water resistance, and microstructure of the slurry were investigated. The maximum locust dosage based on fluidity was found to be 25% [56,65].



From the Scopus database, 564 articles were retrieved with the keywords “Agricultural Waste Used in Concrete”. From the data analysis, the top 10 globally cited articles are reported in Table 5 with total citations (TC), TC per year, normalized TC (Norm. TC), and reference (Ref.).




4.2. Agricultural Wastes Used in Insulation


Building insulations are generally made from materials derived from petrochemicals (mostly polystyrene) and natural sources treated with high energy efficiency (glass and rock wool). Bringing “sustainability” into the design process of buildings prompted researchers to examine the development of thermal and acoustic insulating materials made from natural or recycled resources. In [76], the current state of the art was provided in the field of building insulation products made from natural or recycled materials.



Insulation materials made from natural fiber waste appeared to be an excellent alternative thanks to their abundant availability in the southern regions of Chile, potential low cost, minimal energy consumption during the manufacturing process, and high bio-degradation rate at the end of their lives. Moreover, the flexural and compressive stresses of expanded polystyrene block insulation were assessed and compared with conventional insulation. Furthermore, the flexural stress values were compared with the findings obtained from the conventional expanded polystyrene type IX and documented [77].



A scientific plan for bio-insulation research was presented as the conclusion, as well as recommendations for selecting suitable types of treatments, both traditional and innovative, for enhancing specific properties, the order in which properties should be tested along with a scientific presentation of research findings [78]. This research could precisely aid in the development of a more detailed understanding of the current state of bio-insulation research.



An environmentally acceptable method was developed for replacing cement with wood ash at 10, 15, 20, and 25%. In addition, styrene-butadiene polymers were added to increase strength and stiffness for modifying mortars. In all likelihood, by substituting cement with up to 10% wood ash, 1.5% banana fibers, and 0.3% styrene-butadiene polymer emulsion, the best performance could be achieved among other ingredients. Furthermore, according to the researchers, the composite material produced has excellent thermal insulation capabilities and may be employed in various cement-based applications [79].



From the Scopus database, 149 articles were retrieved using the keywords “Agricultural Wastes Used in Insulation”. From that data analysis, the top 10 globally cited articles are reported in Table 6 with total citations (TC), TC per year, normalized TC (Norm. TC), and reference (Ref.).




4.3. Agricultural Wastes Used in Thermal Insulating Materials


From the environmental point of view, insulation serves to be very energy efficient. The expected energy has the advantage that, if it is used for construction, the required operating energy can significantly be decreased. The energy saved helps reduce the causes of environmental pollution. Table 7 represents the physical properties of boards made of recycled materials manufactured from various agricultural wastes. The waste-incorporated materials are used in the construction of floors, walls, roofs, bridges, boats, and other vessels. These building insulations are easy to handle, dust-free, and non-irritating to the skin. They also provide good thermal insulation.




4.4. Agricultural Wastes Used in Mortar


The thermal advantages of cork mortars for renderings were compared with cement-expanded polystyrene mortars, specifically in steady and unsteady situations [90]. The average thermal conductivity of the mortar was reduced by over 76%, and its density was decreased by around 30% when 70% of the dry weight of the olive stone was added to the cement lime mortar. Conclusively, based on the percentage of the olive stone added, a significant decrease in the thermal conductivity was observed compared with the reduction in the density [91,92]. From the Scopus database, 149 journals were retrieved using the keyword “Agricultural Wastes Used in Mortar”. From the data analysis, the top 10 globally cited articles are reported in Table 8 with total citations (TC), TC per year, normalized TC (Norm. TC), and reference (Ref.).




4.5. Physical and Chemical Properties of Agricultural Waste Ash


Low-density particles are used to produce low-density concrete and can be utilized in various applications including building frames. The density, specific gravity, bulk density, and fineness of agricultural waste ash vary depending on the location and the processing parameters. Figure 9 depicts the specific gravity of agricultural waste ashes such as corncob ash (CCA) [101], SCBA [102,103,104,105,106,107,108,109], groundnut shell ash (GNSA) [89,110,111,112], RHA [113,114,115,116,117,118], and POFA [119,120]. The chemical composition of the ash is directly related to the interaction percentages of SiO2, Al2O3, Fe2O3, CaO, MgO, SO3, K2O, Na2O, P2O5, MnO2, and TiO2, which are given in Table 9.




4.6. Microstructural Characteristics of Agricultural Waste Ash


Microstructural analysis of agricultural waste ash is essential because it can considerably affect the performance of the agricultural waste ash blended cementitious system, particularly the mechanical properties [121,122,123,124,125]. Understanding the microstructures of various types of agricultural waste ash enables one to predict the behavior of ash–concrete blends.



In the literature, micrographs of corncob ash revealed the presence of both macro- and micropores. Crystalline and spherical CCA particles were also observed [126,127,128]. In addition, it was stated that coconut shell ash particles have an extremely irregular shape [129]. Nevertheless, some particles were discovered to be spherical. The scanning electronic microscopy micrograph of GNSA uncovered that its surface is irregular and porous [130]. POFA has highly porous particles, but when it is grounded, its porosity is significantly reduced [131]. In addition, it has been reported that RHA particles have an irregular shape, and it is evident from the structure of RHA that its pores vary in size from nanometers to micrometers. These pores contribute to an increased RHA surface area [93,132]. In its microstructure, SCBA particles include prismatic, spherical, and fibrous particles [133].




4.7. Mechanical Properties of Agricultural Waste Used in Building Materials


Figure 10 displays the influence of various agricultural waste ashes on the compressive strength of blended concrete after 28 days of curing. Even though the addition of agricultural waste ashes increases the compressive strength, exceeding the optimal replacement level of cement with agricultural waste ashes decreases the compressive strength of the cementitious system. RHA- and SCBA-blended concrete had a higher normalized compressive strength than concrete blended with CCA and POFA.



The optimal replacement level of RHA and SCBA in concrete has been determined to be between 10 and 20%. The normalized compressive strengths of RHA- and SCBA-blended concrete were approximately 1.2 times that of control concrete. In addition to the 10% replacement level, 20% has been reported as the optimal replacement level for POFA in previous research works. At the optimal replacement level, the normalized compressive strengths of POFA-modified concrete ranged from 1.01 to 1.11. Normalized compressive strengths for CCA-based concrete ranged between 0.81 and 1.02 and 0.88 and 1.08 at the optimal replacement levels of 5 to 10%, respectively [156].




4.8. Research Trends and Recommendations


As a sustainable alternative building material, agricultural waste has led to relevant literature works over the past decades. Apart from the articles and technical documents, there have been many other publications and research attempts in this field. The most important building materials are sand, cement, concrete, insulators, and brick, as illustrated in Figure 11 based on their usage. Many research works have been carried out on replacing cement and concrete, and trending research is toward thermal insulation, brick, and aggregate. Technology acts as an important tool for sustainable construction. Thermal insulation is one of the most significant ways to decrease energy consumption. From the year 2008 to 2022, the total number of keyword entries found was 671 including concrete, wood, and steel [157].



In agriculture, the utilization of agricultural waste products in the building materials industry helps reduce the emissions from waste storage or incineration, avoiding the excessive accumulation of waste in sanitary landfills and improving environmental quality. There is a dearth of thermal science research on agricultural waste in concrete, cement, and brick. Several researchers have employed agricultural wastes as building materials in various fields. However, agricultural wastes such as refractory bricks have not been used as building materials in various cases.



Figure 12 shows the development of keywords in this research. From 1935 to 2007, the keywords connected with future work were bedding, biomass, blended cement, compressive strength, farm residue, heavy metals, and waste management. From 2008 to 2014, keywords in the research changed to agricultural wastes, biomass, recycling, compressive strength, and building materials. The indices are weighted inclusion index: 3.71, inclusion index: 3.70, occurrences: 17, and stability index: 1.33. In 2015–2018, keywords in the research changed to agricultural waste, thermal conductivity, thermal insulation, waste management, compressive strength, waste, rice husk, straw, building materials, bio composite, and agricultural byproducts. The indices are weighted inclusion index: 4.59, inclusion index: 4.33, occurrences: 62, and stability index: 1.38. From 2019 to 2020, keywords in the research changed to agricultural waste, straw, thermal conductivity, building materials, bio composite, agricultural byproducts, mechanical properties, and thermal insulation. The indices are weighted inclusion index: 7.44, inclusion index: 6.66, occurrences: 89, and stability index: 2.94. Finally, from 2019 to 2020, the keywords in research were agricultural byproducts, agricultural waste, RHA, and waste management. The indices are the weighted inclusion index: 1.36, inclusion index: 1.45, occurrences: 13, and stability index: 0.39. These points help us understand the connection of keywords and future words for research on these keywords.





5. Discussion


As was previously mentioned, a variety of operations and a wide range of sources result in enormous amounts of waste being generated. The challenges associated with disposing of waste products are illustrated by their hazardous and complex composition. These wastes could contaminate usable lands and cause problems for waste management authorities if they are dumped in landfills. The flowchart of generated agricultural wastes, their related disposal effects, and the benefits of them being used as building materials are demonstrated in Figure 13. Additionally, waste materials have a tendency to contaminate water when they come into contact with water bodies.



Moreover, a number of waste products in powder form are simple to combine with air and pollute the atmosphere. If waste is dumped close to agricultural lands, this could have an impact on cultivable lands. Therefore, it is necessary to dispose of or reuse waste materials properly because not doing so puts the natural environment and human health in danger. One of the most popular building materials is concrete. Therefore, recycling waste into concrete would be a more environmentally friendly strategy. Concrete can use a variety of waste products as natural aggregate replacements, including plastic, rubber, recycled concrete aggregate, glass, ashes, and slag.



On the other hand, several agricultural wastes (RHA, etc.) contain chemical compounds that are appropriate for SCMs. As a result, these waste materials can replace cement in concrete, which is a benefit of using waste materials in concrete. Furthermore, according to the majority of researchers, adding waste materials produces composites with better strength characteristics at a lower price. In addition, waste management issues can be resolved by reducing the amount of waste that ends up in landfills, thereby preserving the environment.



Recycled aggregate concrete has comparatively weak mechanical properties due to the existence of weak bonds between the old mortar and aggregate, alongside cross cracks and fractures in the recycled aggregates developed during the recycling process. However, some improvement methods, such as adding mineral admixtures, changing the mixing process, and coating recycled aggregates with cement slurry or admixture solution, can help mitigate the strength loss caused by incorporating recycled aggregates. For the purpose of generating large quantities of recycled aggregate concrete, these processes must be further studied. Furthermore, it is important to look into the structural and material aspects of long-term durability performance.



As already mentioned, waste materials used as SCMs can possibly enhance the mechanical properties of concrete in addition to producing concrete that is more environmentally friendly. The filler effect and pozzolanic properties of SCMs enable this improvement. However, there is an optimal limit at which adding SCMs to concrete no longer improves its properties. As a result, it is still necessary to investigate how SCMs can be utilized in large quantities without losing their material properties.




6. Application


Sustainable development should be of particular importance as the global population increases, and the concrete industry should contribute to this development. Utilizing byproducts and agricultural wastes in concrete is one approach. According to the studies, many agricultural wastes, such as CCA, POFA, RHA, GNSA, etc., may be used as partial replacements or additions of aggregate or cement in concrete, mortar, and brick production. These replacements can considerably contribute to the construction industry’s cost-effectiveness, energy savings, and environmental impact reduction. Considering the current criteria for sustainable infrastructure and the associated environmental benefits, the use of agricultural wastes as aggregate or cement in concrete production can also contribute to the concrete industry’s sustainability.




7. Conclusions


This study used a three-stage holistic approach to review the articles published in the “agricultural wastes used as building materials” domain over the past decades.



	
In addition to Scopus, bibliometrics was utilized to compile this review’s findings. A total of 671 publications with the keywords “agricultural wastes used as building materials”, “agricultural wastes used as a replacement of cement”, and “agricultural wastes used as a replacement of aggregate” were found and investigated.



	
It was found that the journals of Building and Environment, Energy and Buildings, Journal of Cleaner Production, and Construction and Building Materials have all published research works in the field of agricultural wastes used as building materials. There was consensus that Renewable and Sustainable Energy Reviews held the most sway.



	
The research communities in China, India, and Australia have all made significant contributions, and there are many active links between them. India had a considerable yearly impact.



	
Qualitative analysis summarized the major areas of research on agricultural wastes used as building materials and discussed existing gaps. This comprehensive review adds knowledge to the framework and direction for future research on this topic.



	
With the help of this study, researchers can identify high-impact journals or scholars, understand recent trends in research on agricultural wastes as building materials, and promote academics and related works to think creatively about incorporating new agricultural wastes as building materials.







8. Recommendations for Future Research Work


The following future studies are recommended based on the analysis performed in this research.



	
Limited research works have been published on the use of agricultural wastes as fine aggregate in concrete. This allows for a thorough examination of the engineering characteristics of every agricultural-waste-based concrete mix and a comparison with conventional concrete.



	
The majority of studies on concrete made from agricultural waste have primarily focused on compressive strength. All agricultural-waste-based concretes and their corresponding conventional concrete, however, could be studied for other properties such as tensile and flexural strengths, elastic modulus, and ultrasonic pulse velocity.



	
Few durability studies on agricultural-waste-based concretes have been published. Therefore, future research on the durability characteristics of various agricultural waste concrete types can be conducted.



	
Agricultural waste ash has been employed as fine aggregate in concrete in a number of research attempts. As a result, other raw agricultural wastes might be utilized in concrete to partially replace the fine aggregate and achieve the desired effects on the characteristics of concrete.



	
Additional studies are needed to establish the strength variations and thermal properties when using these agricultural wastes as a fine aggregate replacement in concrete.
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Figure 1. Sankey diagram of country, keyword, and source of researched topics. 
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Figure 2. Outcome of bibliometric analysis. 
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Figure 3. Methodology of research. 






Figure 3. Methodology of research.



[image: Buildings 13 00426 g003]







[image: Buildings 13 00426 g004 550] 





Figure 4. Number of publications on “agricultural wastes used as building materials”. 
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Figure 5. Keywords. 
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Figure 6. Source occurrences map. 
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Figure 7. Country occurrences map. 
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Figure 8. Applications of agricultural wastes as building materials. 
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Figure 9. Specific gravity of agricultural waste ash. 
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Figure 10. Normalized compressive strength of agricultural waste ash in concrete; (a) CCA (Pinto et al. [134], Adesanya and Raheem [135], Pinto et al. [136], Adesanya and Raheem [137], Apampa [138]), (b) POFA (Aslam et al. [139], Islam et al. [140], Muntohar and Rahman [141], Kanadasan et al. [142], Shafigh et al. [143], Shafigh et al. [144]), (c) RHA (Khan et al. [94], Menya et al. [145], Nimwinya et al. [146], Geraldo et al. [147], Arabani and Tahami [148], Jittin et al. [149], Guna et al. [150]), (d) SCBA (Murugesan et al. [151], Moretti et al. [152], Sohal and Singh [153], Souza et al. [154], Faria et al. [155]). 
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Figure 11. Trend of publications in agricultural waste as a building material. 
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Figure 12. Keywords for future direction. 
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Figure 13. Flowchart showing generated agricultural wastes, their related disposal effects, and their benefits when used as building materials. 
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Table 1. Main information about data.
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Description

	
Results

	
Document Types

	
Results

	
Document Contents

	
Results






	
Time period

	
1935–2022

	
Short survey

	
1

	
Keywords Plus (ID)

	
5404




	
Article

	
403

	
Author’s Keywords (DE)

	
1862




	
Sources (journals, books, etc.)

	
395

	
Book

	
3

	
Authors

	
2310




	
Documents

	
692

	
Book chapter

	
38

	
Authors

	
2580




	
Average years from publication

	
9.67

	
Conference paper

	
165

	
Authors of single-authored documents

	
87




	
Average citations per document

	
17.64

	
Conference review

	
21




	
Average citations per year per document

	
2.109

	
Note

	
1

	
Authors of multi-authored documents

	
2223
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Table 2. Quantitative summary of influence of keywords.
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	Keywords
	Occurrences
	Avg. Pub. Year
	Avg. Citation
	Avg. Norm. Citation





	Agricultural Wastes
	33
	2018
	12.42
	1.11



	Sustainability
	29
	2017
	14.03
	1.19



	Compressive Strength
	28
	2014
	20.79
	1.18



	Mechanical Properties
	22
	2018
	16.45
	1.42



	Thermal Conductivity
	21
	2016
	30.76
	1.28



	Building Materials
	18
	2015
	15.56
	0.94



	Thermal Insulation
	18
	2017
	21.72
	1.52



	Concrete
	17
	2017
	10.94
	1.06



	Rice Husk Ash
	15
	2016
	9.60
	0.58



	Circular Economy
	14
	2020
	10.36
	1.12



	Rice Husk
	14
	2016
	13.29
	1.18



	Waste
	14
	2018
	26.71
	2.60



	Waste Management
	14
	2015
	38.36
	1.47



	Agricultural Wastes
	13
	2015
	5.08
	0.57



	Fly Ash
	13
	2016
	33.15
	0.88



	Recycling
	13
	2017
	48.69
	1.53



	Biomass
	12
	2013
	36.42
	1.27
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Table 3. Quantitative summary of impact of sources.
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	Source
	Documents
	Citations
	Norm. Citations
	Avg. Citations
	Avg. Norm. Citations
	Avg. Pub. Year





	Construction and Building Materials
	25
	893
	55.46
	35.72
	2.22
	2017



	Journal of Building Engineering
	12
	89
	17.87
	7.42
	1.49
	2021



	Materials
	12
	118
	15.19
	9.83
	1.27
	2020



	Environmental Science and Pollution Research
	11
	523
	21.74
	47.55
	1.98
	2017



	Journal of Environmental Management
	9
	257
	14.36
	28.56
	1.60
	2016



	Energy and Buildings
	8
	184
	11.81
	23.00
	1.48
	2018



	International Multidisciplinary Scientific Geoconference Surveying Geology and Mining Ecology Management
	8
	4
	0.36
	0.50
	0.04
	2016



	Waste Management
	8
	486
	22.08
	60.75
	2.76
	2015



	Resources, Conservation and Recycling
	7
	298
	21.11
	42.57
	3.02
	2017



	Sustainability (Switzerland)
	7
	43
	5.81
	6.14
	0.83
	2020



	Applied Mechanics and Materials
	6
	11
	0.39
	1.83
	0.06
	2013



	Chemosphere
	6
	89
	10.43
	14.83
	1.74
	2020



	Industrial Crops and Products
	6
	168
	14.06
	28.00
	2.34
	2019



	Key Engineering Materials
	6
	26
	0.95
	4.33
	0.16
	2012



	Transactions of the Chinese Society of Agricultural Engineering
	6
	14
	1.13
	2.33
	0.19
	2019



	Building and Environment
	5
	629
	12.02
	125.80
	2.40
	2000



	Case Studies in Construction Materials
	5
	104
	7.74
	20.80
	1.55
	2019



	Journal of Cleaner Production
	5
	85
	7.81
	17.00
	1.56
	2018



	Polymers
	5
	36
	6.24
	7.20
	1.25
	2020
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Table 4. Quantitative summary of impact of sources.
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	Country
	Documents
	Citations
	Norm. Citations
	Avg. Citations
	Avg. Norm. Citations
	Avg. Pub. Year





	India
	79
	1443
	89.80
	18.27
	1.14
	2011



	China
	62
	1149
	81.55
	18.53
	1.32
	2018



	United States
	59
	2183
	96.16
	37.00
	1.63
	2008



	Italy
	43
	561
	45.63
	13.05
	1.06
	2018



	Malaysia
	35
	451
	37.04
	12.89
	1.06
	2017



	Germany
	33
	1642
	53.34
	49.76
	1.62
	2012



	United Kingdom
	32
	1316
	71.01
	41.13
	2.22
	2013



	Spain
	29
	372
	25.98
	12.83
	0.90
	2015



	Brazil
	23
	471
	52.10
	20.48
	2.27
	2014



	France
	22
	561
	39.69
	25.50
	1.80
	2016



	Turkey
	21
	548
	23.05
	26.10
	1.10
	2013



	Russian Federation
	20
	263
	10.56
	13.15
	0.53
	2016



	Thailand
	20
	417
	16.22
	20.85
	0.81
	2014
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Table 5. Top 10 most globally cited articles.
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	Year
	Source
	Article
	TC
	TC per Year
	Norm. TC
	Ref.





	2007
	Cement–Concrete Composites
	“Evaluation of bagasse ash as supplementary cementitious material”
	403
	25.19
	6.42
	[66]



	2006
	Cement–Concrete Composites
	“Strength development of concrete with rice-husk ash”
	258
	15.18
	4.31
	[67]



	1996
	Cement and Concrete Research
	“Rice-husk ash paste and concrete: Some aspects of hydration and the microstructure of the interfacial zone between the aggregate and paste”
	217
	8.04
	1.00
	[68]



	2015
	Construction and Building Materials
	“Supplementary cementitious materials origin from agricultural wastes—A review”
	209
	26.13
	7.85
	[69]



	2011
	Construction and Building Materials
	“The study of using rice husk ash to produce ultra-high performance concrete”
	198
	16.50
	5.33
	[70]



	2006
	Construction and Building Materials
	“A huge number of artificial waste material can be supplementary cementitious material (SCM) for concrete production—A review part II”
	194
	11.41
	3.24
	[71]



	2017
	Journal of Cleaner Production
	“Sugarcane bagasse—The future composite material: A literature review”
	186
	31.00
	16.23
	[72]



	2013
	Resources, Conservation and Recycling
	“Concrete from an agricultural waste-oil palm shell (OPS)”
	173
	17.30
	9.75
	[73]



	1984
	International Journal of Cement Composites and Lightweight Concrete
	“Use of rice husk ash in concrete”
	138
	3.54
	7.26
	[74]



	1990
	Journal of Materials in Civil Engineering
	“Ash from oil-palm waste as a concrete material”
	135
	4.09
	2.00
	[75]










[image: Table] 





Table 6. Top 10 most globally cited articles.
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	Year
	Source
	Article
	TC
	TC per Year
	Norm. TC
	Ref.





	2016
	Renewable Sustainable Energy Review
	“Potential applications of rice husk ash waste from rice husk biomass power plant”
	358
	51.14
	6.40
	[80]



	1995
	Applied Clay Science
	“Clay and man: clay raw materials in the service of man”
	257
	9.18
	1.00
	[81]



	2003
	Building and Environment
	“New insulating particle boards from durian peel and coconut coir”
	198
	9.90
	2.00
	[82]



	2008
	Waste Management
	“Effect of organic residues addition on the technological properties of clay bricks”
	192
	12.80
	3.80
	[83]



	2005
	Building and Environment
	“Utilization of kraft pulp production residues in clay brick production”
	150
	8.33
	1.86
	[84]



	1992
	Bioresource Technology
	“Mechanical and thermal properties of particle boards made from farm residues”
	103
	3.32
	1.28
	[85]



	2004
	Bioresource Technology
	“Possibility of using waste tire composites reinforced with rice straw as construction materials”
	101
	5.32
	2.00
	[86]



	2017
	Renewable Sustainable Energy Review
	“The development history and prospects of biomass-based insulation materials for buildings”
	94
	15.67
	6.65
	[78]



	1992
	Biomass Bioenergy
	“Physical and chemical properties of soils as affected by municipal solid waste compost application”
	91
	2.94
	1.13
	[87]



	2012
	Construction and Building Materials
	“Characterization of corn cob as a possible raw building material”
	90
	8.18
	1.84
	[88]
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Table 7. Physical properties of insulation boards from agricultural wastes [89].






Table 7. Physical properties of insulation boards from agricultural wastes [89].





	Agricultural Wastes
	Density (kg/m3)
	Thickness (mm)
	Water Absorption (%)
	Thermal Conductivity

(W/mK)





	Cotton stalk
	150–450
	25
	13
	0.0585–0.0815



	Banana bunch
	1000
	3
	–
	N.A.



	TPM/corn peel
	789 ± 16
	3.5
	52.3 ± 3.2
	0.147 ± 0.0082



	Coconut coir
	311–856
	10
	227.382–32.291
	0.0764–0.1254



	Maize husk
	310
	16
	11–14
	0.000348



	Paddy straw
	190
	16
	11–14
	0.000229



	Coconut pith
	290
	16
	11–14
	0.000314



	Groundnut shell
	540
	16
	11–14
	0.000548



	Kenaf board
	150–200
	–
	–
	0.051–0.058
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Table 8. Top 10 most globally cited articles.






Table 8. Top 10 most globally cited articles.





	Year
	Source
	Article
	TC
	TC per Year
	Norm. TC
	Ref.





	2007
	Cement–Concrete Composites
	“Evaluation of bagasse ash as supplementary cementitious material”
	403
	25.19
	2.81
	[66]



	2016
	Construction and Building Materials
	“RETRACTED: Microstructure and durability properties of cement mortars containing nano-TiO2 and rice husk ash”
	129
	18.43
	2.98
	[93]



	2012
	Construction and Building Materials
	“Reduction in environmental problems using rice-husk ash in concrete”
	114
	10.36
	3.70
	[94]



	2016
	Construction and Building Materials
	“Influence of different curing temperatures and alkali activators on properties of GBFS geopolymer mortars containing fly ash and palm-oil fuel ash”
	105
	15.00
	2.42
	[95]



	1990
	Cement and Concrete Research
	“Incineration of rice hull for use as a cementitious material: the Guyana experience”
	100
	3.03
	1.00
	[96]



	2016
	International Journal of Environment and Sustainable Development
	“Concrete using agro-waste as fine aggregate for sustainable built environment—A review”
	95
	13.57
	2.19
	[9]



	2015
	Construction and Building Materials
	“Properties of natural fiber cement materials containing coconut coir and oil palm fibers for residential building applications”
	93
	11.63
	2.62
	[97]



	1986
	Cement and Concrete Research
	“Reactivity of rice husk ash”
	93
	2.51
	1.00
	[98]



	2016
	Construction and Building Materials
	“RETRACTED: Polypropylene fiber reinforced cement mortars containing rice husk ash and nano-alumina”
	91
	13.00
	2.10
	[99]



	2015
	Ceramics International
	“Mechanical and durability properties of alkali-activated mortar based on sugarcane bagasse ash and blast furnace slag”
	63
	7.88
	1.77
	[100]
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Table 9. Chemical composition of agricultural waste ash.






Table 9. Chemical composition of agricultural waste ash.














	Chemical Composition
	OPC (%)
	CCA (%)
	POFA (%)
	RHA (%)
	SCBA (%)
	GNSA (%)





	SiO2
	17.6
	67.33
	64.17
	92.95
	75.67
	26.96



	Al2O3
	4.02
	7.34
	3.73
	0.31
	1.52
	5.82



	Fe2O3
	4.47
	3.74
	6.33
	0.26
	2.29
	0.5



	CaO
	67.43
	10.29
	5.8
	0.53
	6.62
	9.5



	MgO
	1.33
	1.82
	4.87
	0.55
	1.87
	5.6



	SO3
	4.18
	1.11
	0.72
	−
	−
	1.86



	Na2O
	0.03
	0.39
	0.18
	0.08
	0.12
	1.15



	K2O
	0.39
	4.2
	8.25
	2.06
	9.59
	20.02



	P2O5
	
	−
	
	−
	−
	2



	MnO2
	
	−
	
	−
	−
	0.32



	TiO2
	
	−
	
	−
	−
	0.69
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