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This paper briefly analyzes the current development of lightweight design and applications for hydraulic support in the coal mines. Specifically, the comparative investigations of lightweight design demonstrate the potential application for carbon fiber reinforced composites (CFRP) in the production and manufacturing process of hydraulic support. After analyzing the major industrial applications of CFRP in the three main parts, hydraulic structure, cylinder and special frames, it demonstrated the feasibility of the potential CFRP exploitations in the future research of hydraulic support for coal mining sites.
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1 INTRODUCTION
Hydraulic support is the key structure of fully mechanized coal mining equipment. Its function is to support the roof of the mine, ensure the safety of the working space, and move the scraper conveyor and shearer in the working face (Buyalich et al., 2019; Gou, 2014). Therefore, the lightweight of coal mine hydraulic support inevitably requires the modifications of hydraulic supports design, with changing structures or replacing materials, so as to lower down the cost and improve the product competitiveness. There are two ways to facilitate the lightweight design (Yan, 2017): to change the structures or to replace the materials. Researches on structural modification focus on the optimization of structure by using simulation technology (Cheng et al., 2021; Chen and Liang, 2010; Cui and Zhang, 2012; Shao et al., 2012; Zhu et al., 2012; Han, 2020), Although these studies have made considerable progress, there is still lack of lightweight optimization through reducing the material mass. Carbon fiber composites have high strength, high Young’s modulus, high temperature resistance and corrosion resistance. With gradual cost drop, carbon fiber composites possess a wide range of applications in the design and manufacture of hydraulic supports. Although the lightweight research on new materials replacement is still in the preliminary stage, the application of carbon composite has made a new guidance. Owing to the advantages of high fatigue tolerance and impact resistance, carbon fiber reinforced composites (CFRP) can be exploited for structural parts applied with variable loads, which have been widely used in aerospace, national defense, wind power equipment, automobile manufacturing and rail transportations (Li et al., 2017; Duan et al., 2019). For instance, Wang (Wang, 2016) applied the CFRP on top beam of the hydraulic support, and used the 3D finite element model to simulate the roof beams. Results demonstrated optimization of the beam structure and reduction of the volume and weight provided a solid theoretical ground for the feasible CFRP applications. Moreover, the specific strength and modulus of carbon fiber composites can be improved by orders of magnitude, compared with high strength steel (Deng and Hao, 2019).
2 CFRP APPLICATIONS ON HYDRAULIC STRUCTURE
The main loaded parts of hydraulic support are commonly welded, such as the top beam and the base. In mining sites, structural design for the top beam, such as the strength requirement and parameters optimization, is critical because the external load contacts the top beam to transfer force, aiming at achieving the significant technical and economic benefits by proper weight reduction (Xue, 2018). The carbon fiber honeycomb structure, including upper and lower panels, can improve the plate stiffness and stability, consolidate the internal I-shaped structure, and further reduce the surface density of the panels, as shown in Figure 1A. Carbon fiber structure reinforces the panel, to bear the load and improve the flexural performance. Due to the incombustibity, the panel can be exploited to manufacture some high-temperature resistant facilities, specifically suitable for the mining environment. Moreover, carbon fiber honeycomb panel can be resized under various requirements, in terms of its extraordinary plasticity. Therefore, the honeycomb structure possesses the feasibility to replace the box structure of top beam, shield beam, base, links and other major loaded parts in hydraulic support.
[image: Figure 1]FIGURE 1 | (A) Carbon fiber honeycomb panel; (B) Carbon fiber hydraulic cylinder; (C) Schematic diagram of nano coating; (D) Carbon fiber hydraulic cylinder made by Zhejiang University; (E) Carbon fiber cylinder; (F) Piston rod.
3 CFRP APPLICATIONS OF ON HYDRAULIC CYLINDER
Hydraulic cylinder is another important part of hydraulic support. However, due to the heavy weight, low strength, weak stiffness and fatigability, the traditional steel hydraulic cylinder cannot adapt to the requirement of the modern design. Using CFRP to fabricate hydraulic cylinder, can achieve high stiffness, high strength, lateral force bending stiffness, and seal improvement for in and out of the oil channel, such as friction pair. Solazzi (Solazzi, 2019) designed a connection structure between CFRP and aluminum alloy piston, as shown in Figure 1B. Compared with the traditional steel hydraulic cylinder, the weight of the CFRP cylinder can be dramatically reduced to 88%, with no leakage. But the starting pressure, running friction and other test data, remained undiscussed. ELASSWAD (Elasswad et al., 2018) proposed a CFRP hydraulic cylinder, using a robot knee joint for the piston rod. The cylinder was dynamically tested, but the design pressure was merely 1.5 MPa, whose efficiency needs to be further improved. The CFRP hydraulic cylinder manufactured by the Lightweight Centre of Saxony (LZS) was tested with a 30% weight reduction to replace the retractable and retractable actuators for the nose landing gear of passenger aircraft (Modler et al., 2016). Scholz (Scholz and Kroll, 2014) designed a nano Al2O3 reinforced epoxy coating to replace the metal lining, in terms of the failure of FRP lamination structure and various mechanical properties, as shown in Figure 1C. After 50,000 piston stroke tests under typical working conditions of 0.4Hz and 35Mpa, it was found that the coating was not cracked and the interface was not stratified. It is further proved that the nano-structured coating possesses stiff toughness, high wear resistance and strong adhesion. Ritchie (Li et al., 2022) manufactured a CFRP piston and an end cover for the underground mining equipment. Although their weights are lighter than the steel piston and end cover, carbon fiber surface finish is not consistent, which causes the material fragments off and damage the hydraulic system. This problem hinders the CFRP applications on the hydraulic cylinder. Zhang (Zhang et al., 2016) developed a lightweight coated CFRP hydraulic cylinder (0.89 kg), as shown in Figure 1D, with working pressure of 21 MPa, cylinder diameter of 25 mm, rod diameter of 15 mm and stroke of 57 mm. Shang et al. (2021) designed a 75 mm diameter CFRP cylinder to adapt to the characteristics of winding forming process, and a prototype of CFRP cylinder with aluminum alloy, as shown in Figure 1E-(f), which met requirements for the hydraulic cylinder under the Chinese GB/T 15,622–2005 standard, with 31.5 MPa pressure, no leakage, and 0.05 MPa starting pressure. Results demonstrated efficient lightweight facilitation. The CFRP hydraulic cylinder developed by Harbin FRP Research Institute (Elasswad et al., 2018) adopted the CFRP reinforced metal lining. The knurled and sandblasted interface is exploited to prevent the bonding between CFRP and metal. Under special groove design, the cylinder and the end cover are connected on the inner surface of the end cover. The piston rod uses CFRP reinforced metal lining, whose weight is 45% lighter than the prototype. Consequently, the commercialization of the CFRP based product can be potentially applied for lightweight purposes, although the researches of CFRP on the hydraulic cylinder and other important components are still in shortage.
4 CFRP APPLICATIONS OF SPECIAL FRAMES
With the environmental protection purposes, researchers innovatively developed two new kinds of hydraulic supports, the solid filling support (Cui et al., 2011) and the paste filling support (Zhang et al., 2010), as shown in Figure 2A,B. With the assistance of the filling conveyors, such supports have been widely applied in the coal mining sites. Furthermore, the applications of CFRP on bottom panel of the solid filling support and clapboard of the paste filling support achieved the extraordinary lightweight effects, due to the high strength and toughness of CFRP. Therefore, such applications also demonstrate high-cost CFRP can be exploited in some certain circumstances, where economic benefits could cover the cost of CFRP.
[image: Figure 2]FIGURE 2 | (A) Solid filling hydraulic support; (B) Paste filling hydraulic support.
5 DISCUSSIONS
The application of CFRP can reduce the weight of the support, enhance the lifting and extending performances and prolong the service life of the hydraulic support. Follow the cost reduction the application of carbon fiber reinforced composites in the manufacturing process of hydraulic support is expected to achieve large-scale industrial practices in the future.
1) Carbon fiber honeycomb panel could replace the top beam, shield beam, base, links and other main loaded parts of the hydraulic support with box structure at the technical level. However, there is still a lack of investigations on the related optimization design and experimental verification.
2) Carbon fiber composites research of hydraulic cylinder has a certain amount of progress on commercial use, but the high cost restricts its applications in hydraulic support columns and jack. Furthermore, the universal testing standards for CFRP cylinder has not yet been set up, which cannot assist to achieve complete characterized performances for the products, such as high pressure resistance, low leakage, low friction (Li et al., 2022).
3) Weight reduction for the equipment parts is the goal of high efficiency in the coal mine industry. With the development and application of special support, it is expected to apply carbon fiber composites for the hydraulic support to drive the lightweight development in the coal mines, and achieve promising effects of energy conservation and emission reduction.
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