


Research progress and application of solid waste foam concrete：A comprehensive review


Abstract：As a new green building material, foam concrete not only has low deadweight and good thermal insulation performance, but also can add solid waste to reflect the principle of green environmental protection and resource reuse. However, the differences in the types and amounts of solid waste will significantly affect the performance of materials. Based on the systematic analysis of literature from around the world in the past five years, this paper introduces some kinds of fine aggregate substitutes in solid waste foam concrete, and summarizes the effects of expanded vermiculite powder, recycled concrete aggregate, and palm oil fuel ash on the performance of foam concrete. The research shows that the incorporation of these three kinds of solid wastes can improve the internal pore structure of foam concrete, thereby improving its mechanical properties and microscopic performance. Finally, the application of solid waste foam concrete in construction engineering is further discussed, and the development direction of future research is prospected.
1.Introduction 
Foam concrete ( FC ), also known as porous concrete or lightweight concrete, is a new type of building energy-saving material with waste utilization, environmental protection, energy saving, low cost and non-combustibility [1].Through physical or chemical methods, dense and stable bubbles are mixed into the cement paste and evenly stirred. After reasonable curing and forming, a large number of dense and closed pores are formed inside, and concrete products with certain strength are formed. Because of its low density ( 300 ~1800kg /m3 ), light weight and good thermal insulation performance, it is widely used in different fields such as structure, partition wall, thermal insulation and filling. In recent years, under the guidance of energy conservation and carbon reduction in the 14 th Five-Year Plan, the construction field has made great progress around the goal of green and low-carbon transformation[2]. Foam concrete is often used in non-load-bearing parts, and its strength requirements are relatively low [3]. The principle of energy conservation and emission reduction and resource reuse can be achieved by incorporating certain solid waste into FC [4,5]. Based on the current research progress at home and abroad, this paper sorts out the effects of different types of solid waste on the performance of Foam concrete, aiming to provide reference for the systematic research and engineering application of solid waste Foam concrete.
2. Three kinds of solid waste foam concrete fine aggregate
Usually, foam concrete will be mixed with an appropriate amount of natural sand as fine aggregate. However, natural sand is a non-renewable resource, and overexploitation and excavation can easily lead to a series of environmental problems, including increasing river bank erosion, destroying habitat and changing river direction [6]. At the same time, millions of various wastes are produced every year in the world, mainly from industrial solid waste, construction waste, agricultural by-products and other fields, and this number is still increasing year by year [7]. In this context, it has become a feasible solution to use solid waste such as stone powder, rice husk ash and palm oil fuel ash to replace natural sand in foam concrete. This approach not only helps to alleviate the environmental pressure caused by natural resource consumption and waste accumulation, but also expands the high-value utilization of solid waste in green building materials.
3.Research status of performance of solid waste foam concrete 
3.1 Expanded Vermiculite Powder (EVP)
Expanded vermiculite powder ( EVP ) is a layered magnesium-containing aluminosilicate material made from natural vermiculite by high-temperature calcination and expansion, which belongs to industrial solid waste [8]. The material has the characteristics of heat insulation, fire prevention and sound absorption. Its chemical properties and images are shown in Table 1. Studies have shown that the addition of EVP can reduce the dry density and thermal conductivity of Foam concrete. Koksal[9]used EVP to completely replace sand to prepare Foam concrete with a dry density of 587-1040 kg/m3. The 28d compressive strength was 0.4-3.7 MPa, and the thermal conductivity was 0.059-0.237 W/m·K. Liu[10] used EVP to replace part of the sand ( 10 %, 20 %, 50 % ). With the increase of its content, the thermal conductivity of Foam concrete gradually decreased, the lowest was 0.304 W/m·K, and the compressive strength also gradually decreased, 4.4-8.4 MPa. In summary, EVP has little contribution to the compressive strength, but it can significantly reduce the thermal conductivity and dry density of Foam concrete. The reason is that the material has a small hardness, but the quality is light and its thermal conductivity is low. More pores and void spaces are generated in the cement slurry, thereby improving the thermal insulation capacity. In addition, Liu[11] also studied the performance change of EVP foam concrete at high temperature. Compared with the control group, EVP can improve the stability of the structure in high temperature environment, and can maintain good adhesion with cement paste even at 900 ℃.
3.2 Recycled Fine Aggregate (RFA)
The recycling and utilization of concrete waste provides a way for the construction industry to achieve a circular economy, reducing the landfill of construction waste and the consumption of natural aggregates in concrete production. Studies on the substitution of natural sand with recycled concrete crushed to the required fine aggregate particle size have shown potential benefits in terms of sustainability. The chemical properties and images are presented in Table 1. Previous research has indicated that the incorporation of recycled concrete can reduce the compressive strength and thermal conductivity of foam concrete while increasing its porosity. Pasupathy[12] incorporated 50% and 100% recycled concrete to replace sand in geopolymer foam concrete, producing geopolymer foam concrete with a dry density of 820-840 kg/m³, a compressive strength of 1.25-1.79 MPa, and a thermal conductivity of 0.27-0.36 W/m·K. They also found that the substitution of sand with recycled concrete improved the stability of geopolymer foam by reducing the depth of blockage. Additionally, studies by Gencel[13] and Rodhia[14] have shown that as the amount of recycled concrete increases, a large number of voids, pores, and microcracks are generated in the microstructure of concrete, thereby affecting its compressive strength. This may be due to the fact that recycled concrete powder has a better pore structure distribution compared to sand, thus influencing the overall porosity.
3.3 Palm Oil Fuel Ash (POFA)
Palm oil fuel ash (POFA) mainly comes from the by-products after the combustion of palm shells. After burning, palm shells can be processed through grinding, screening and other procedures to obtain fuel ash. These wastes are usually disposed of in landfills, causing health, environmental and economic problems for many people [15]. Their chemical properties and images are shown in Table 1. Existing research shows [16,17] that POFA can not only replace cement as a cementitious material, but also substitute natural sand as a fine aggregate. Al-Shwaiter[18,19] replaced part of the natural sand with POFA and incorporated it into Foam concrete for research, and prepared Foam concrete with a dry density of 1500±50kg/m³. With the continuous increase of substitution amounts (0%, 10%, 20%, 30% and 40%), the compressive strength of foam concrete is constantly increasing, and the optimal substitution amount is 40%. The thermal conductivity of POFA foam concrete is gradually decreasing. When the substitution amount is 30%, the thermal conductivity performance is the best, which is 33.4% lower than that of the reference group. These phenomena indicate that POFA can improve the pore structure and distribution as well as particle packing of Foam concrete, thereby influencing the compressive strength and thermal conductivity of Foam concrete. In addition, Al-Shwaiter et al. also studied the influence of high temperature on the performance of POFA foam concrete. The results showed that with the increase of temperature, the degree of material deterioration gradually intensified. At 200 ℃, the pore film began to crack and peel off, while at 400 ℃, the solid matrix began to crack and have pores. And as the content of POFA increases, the reduction in the quality of foam concrete becomes more obvious. Alharthai[20] prepared ultra-light foam concrete (with a dry density of 330-350 kg/m3) and conducted research by using POFA to replace part of the cement (with substitution amounts of 5%, 10%, 15%, and 20%), reaching the opposite conclusion. With the increase of the substitution amount, the dry density of foam concrete gradually decreases, the compressive strength first increases and then decreases, the optimal substitution amount is 15%, but each substitution amount is greater than the reference group, while the thermal conductivity gradually increases with the increase of the substitution amount, from 0.345 m2/g to 0.359 m2/g. The reason for the analysis is that the bulk density of POFA is less than that of cement, which can fill the internal voids of foam concrete, thereby increasing the compressive strength and thermal conductivity.
Table 1  Main chemical components of three types of solid waste
	Material replaced
	Reference
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3

	EVP
	Koksal [9]
	38.76
	15.89
	12.06
	2.32
	17.69
	0.38

	
	Liu [10,11]
	41.8
	14.2
	11.7
	5.6
	18.4
	-

	RFA
	Gencel [13]
	49.41
	7.08
	2.75
	12.95
	1.18
	0.17

	
	Rodhia [14]
	71.038
	7.162
	2.263
	7.467
	1.015
	0.137

	POFA
	Al-Shwaiter [18,19]
	20.34
	5.22
	3.38
	56.6
	1.24
	-

	
	Alharthai [20]
	66.04
	5.76
	3.78
	7.86
	3.65
	1.98


4. Engineering application of solid waste foam concrete
4.1 Expanded Vermiculite Powder (EVP)
Expanded vermiculite powder is a lightweight porous material obtained by crushing natural vermiculite ore after high-temperature calcination and expansion. When it is applied as fine aggregate in foam concrete, it can significantly enhance the thermal insulation performance of the material. The unique layered structure of vermiculite contains a large number of closed air cavities inside, which can effectively reduce the thermal conductivity of foam concrete, making it highly suitable for engineering scenarios with high thermal performance requirements, such as insulation layers of building envelope structures and roof slope insulation layers. In addition, expanded vermiculite powder also has certain sound absorption performance and fire resistance, which can further enhance the functionality of foam concrete. However, expanded vermiculite powder will to some extent reduce the compressive strength of the material[21]. Therefore, it is necessary to optimize the mix ratio to meet the target dry density and insulation requirements while taking into account its mechanical properties.
4.2 Recycled Fine Aggregate (RFA)
Recycled concrete aggregates are derived from the crushing and screening of construction waste. Using them as fine aggregates to replace natural sand in foam concrete is one of the key technical paths to promote the green and sustainable development of the construction industry. This application can not only consume a large amount of construction waste, reduce the exploitation of natural sand and gravel resources, but also lower the production cost of foam concrete. In engineering, the surface of recycled fine aggregates is rough, has a high porosity and is adhered with old cement paste. These characteristics will increase the demand for mixing water and may have a certain impact on the stability of the foam and the strength of the final product. Therefore, when applying it, special attention should be paid to its pretreatment (such as strengthening and screening) and the optimization design of the mix proportion[22]. It is usually used in the production of non-load-bearing structures, such as backfill materials, roadbed filling, ground bedding and other engineering fields with low strength requirements, to achieve the organic combination of waste resource utilization and engineering application[23].
4.3 Palm Oil Fuel Ash (POFA)
Palm oil fuel ash is the ash produced after palm oil plants burn biomass fuels such as palm shells and fibers. After being ground finely, it can be used as fine aggregate or mineral admixture in foam concrete. It is rich in amorphous silica and has certain pozzolanic activity. It can undergo a secondary reaction with calcium hydroxide, the hydration product of cement, to improve the microstructure of foam concrete, thereby playing a positive role in the later strength development. Applying it as fine aggregate not only solves the problems of accumulation and environmental pollution of such agricultural waste residues, but also reduces the bulk density and production cost of foam concrete[24]. In engineering, it is particularly suitable for the production of lightweight insulating blocks, wall panels and other products. While achieving the lightweighting of buildings, it also provides an effective solution for the high-value resource utilization of agricultural waste.
5.Conclusion
Converting waste into raw materials of foam concrete is a win-win strategy to realize the sustainable development of waste and the green transformation of foam concrete. This paper summarizes the literature on introducing waste into foam concrete to replace aggregate at home and abroad. The main conclusions are as follows:
1) As an industrial solid waste, EVP can effectively reduce the dry density and thermal conductivity of foam concrete, increase the internal porosity, but reduce the compressive strength of foam concrete. At the same time, EVP contributes to the stability of foam concrete under high temperature.
2) As a kind of construction waste, RFA can reduce the compressive strength and thermal conductivity of foam concrete. The reason is that RFA has a better pore structure distribution compared to sand, which affects the overall porosity.
3) As a kind of agricultural waste, POFA can increase the compressive strength of foam concrete (the optimal content is 40%) and reduce its thermal conductivity (the optimal content is 30%). At the same time, with the increase of POFA content and temperature, the stability of foam concrete is worse.
Foam concrete, as an effective way of solid waste recycling, shows significant economic and environmental benefits. The preparation of foam concrete by partially replacing cement or fine aggregate with solid waste not only conforms to the basic principle of resource recycling, but also has good technical feasibility and material compatibility. The material properties are mainly affected by a combination of factors such as mix proportion, waste characteristics, and process parameters. In practical engineering applications, the target dry density and solid waste dosage should be reasonably determined based on the usage environment and functional requirements. Effective control of material properties can be achieved by optimizing the ratio, thereby promoting the large-scale and high-value utilization of solid waste. Further promoting this technological route is of great significance for reducing natural resource consumption and promoting the green transformation of the construction industry. Future research can focus on long-term performance evaluation and standardization system construction to promote its wider application.
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