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Review of Carbon Fiber Cementitious Materials Research
Abstract: The research status of several common fiber-reinforced cementitious materials, such as steel fiber cementitious materials, polypropylene fiber cementitious materials, basalt fiber cementitious materials and hybrid fiber cementitious materials, is introduced, and the performance characteristics of carbon fiber cementitious materials and the research status are described in detail, and its mechanical properties, frost resistance, durability and thermal conductivity are summarized. The results show that carbon fiber can effectively improve some of the properties of cementitious materials, so that it can be better used in engineering. However, carbon fiber also has some shortcomings, need to choose to use according to the actual situation, in order to meet the actual engineering requirements.
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1  Progress in research on fiber cement-based materials
1.1   Background of the study
Cementitious materials have the disadvantages of low tensile strength, poor toughness and difficult to control the width of cracks after cracking, etc. Therefore, cracks appear in the traditional reinforced cementitious material structure due to the influence of the external environment, and the existence of cracks makes the reinforcement inside the cementitious material corrode and engineering accidents occur. A large number of studies have shown that the speed of deterioration of the structural performance of cementitious materials mainly depends on the speed of invasion of harmful ions such as water, carbon dioxide and chloride ions into the interior of cementitious materials, and the emergence of cracks in cementitious materials will greatly accelerate the invasion of these harmful media into the interior of cementitious materials, which will ultimately lead to the premature deterioration of the structure or even the complete loss of the use of the function, that is, the cracks in the cementitious materials directly affect the durability of the structure, and the cracks will also affect the durability of the structure. The structural cracks of cementitious materials directly affect the durability of the structure and the service life of the project. Therefore, the research and development of various modified cementitious materials are endless, such as adding rubber, fiber, slag and so on into the material, of which fiber reinforced cementitious materials is an important direction of development.

In order to overcome these shortcomings of cementitious materials, people began to use the addition of fiber materials to improve the tensile strength of concrete and toughness and other properties. Fiber-reinforced cementitious composites is a composite material formed by hydration and hardening of cement and water to form a hardened cement paste as a matrix, and discontinuous short fibers or continuous long fibers as a reinforcing material combination[1]. 
Concrete as a typical cementitious material, adding fiber materials to concrete to form fiber-reinforced concrete has been proven by many studies to effectively improve the tensile properties of concrete.Currently, commonly used fiber materials include: steel fibers, carbon fibers, basalt fibers, polypropylene fibers, and hybrid fibers. According to the different types and properties of fibers, different fibers have different mechanisms and degrees of improving the tensile properties of concrete. Therefore, some researchers have also added different kinds of fibers with different characteristics to concrete, and achieved certain results. However, the incorporation of fiber materials is prone to introduce pores in concrete and reduce the mechanical properties of concrete[2]. 
1.2 Current research status of different fiber cementitious materials
The reinforcing effect of different fibers on cementitious materials varies, and the current status of research on several commonly used fiber cementitious materials is described below.
1.2.1  Current status of research on steel fiber cement materials
Steel fiber reinforced cementitious material is a composite material with excellent mechanical properties formed by mixing randomly distributed short steel fibers in mortar or glue sand. Steel fiber cementitious or reinforced steel fiber cementitious materials, randomly distributed short steel fibers can play a great role in improving the performance of the material, the fiber in the substrate to limit the generation of early cracks and the further expansion of cracks under the action of external forces. Steel fiber can not only improve the tensile strength, flexural strength, shear strength of the substrate, but also improve the ductility, durability and other properties[3].
Mohammed alias Yusof presented the experimental data and simulation results of hybrid steel fiber concrete (HSFRC) and normal reinforced concrete (NRC) subjected to impact loading.The steel fibers used in HSFRC consisted of 70% long steel hook end fibers and 30% short steel hook end fibers, with a volume rate of steel fibers of 1.5%. The parameters measured were the failure forms under static and explosive loading. In addition to this, simulation work was carried out using AUTODYN and verified using experimental data. The experimental results show that Hybrid Steel Fiber Concrete (HSFRC) slabs have excellent resistance to impact loading compared to normal reinforced concrete (NRC) slabs. The simulation results also correlate closely with the experimental data[4].
Doo-Yeol Yoo investigated the flexural properties of Ultra High Performance Fiber Reinforced Concrete (UHPFRC) with monofiber and hybrid steel fibers. Three different types of steel fibers were considered, namely hooked, wavy and straight fibers. The test results show that straight steel fibers have the best flexural properties including strength, flexural capacity, energy absorption capacity and crack arresting properties as compared to the three types of fibers and the enhancement effect increases with the increase in the amount of fibers. Hybrid fibers (hooked + straight fibers) showed a significant improvement in flexural properties over ultra-high performance concrete with single hooked fibers, but the twisting properties were not as effective as single wavy fiber concrete. The best overall ultrahigh-performance fiber concrete ratios were 2% volumetric single straight fibers (L/F ratio 19.5/0.2) or a blend of 0.5 volumetric fibers (L/F ratio 30/0.3) and 1.5 volumetric fibers (L/F ratio 19.5/0.2) [5]. 
1.2.2 Research status of polypropylene fiber cement materials
Polypropylene fibers have a small modulus of elasticity, mostly white or milky white in color and large in length, and are pure polymer compounds of high density, good heat and corrosion resistance, and insoluble in water. In addition to high fire resistance, low electrical conductivity and thermal conductivity, polypropylene fiber also has high tensile strength and strong resistance to deformation, as well as strong resistance to acid, alkali and corrosion resistance, and very stable chemical properties[6]. 
Wang Jun through the preparation of different admixture of polypropylene fiber concrete, and compare its compressive strength and splitting tensile strength, found that for the addition of polypropylene fibers, compressive strength, although there is an increase, but the amount of the increase is not large, it can be seen that polypropylene fibers do not have a large impact on the compressive strength of the concrete[7]. 
Choi et al. concluded that by adding polypropylene fibers, there will be an increase in the tensile strength of concrete, however, there is no corresponding effect on its compressive strength, and even a decrease in the compressive strength [18].Behfarnia and Behravan investigated the effect of PP Crude Fiber content on the compressive strength of concrete. According to the results of the test, it was shown that within the mixing gradient set for the test, there was no significant change in the compressive strength of concrete with PP coarse fibers compared to the compressive strength of the control concrete[8]. 
Wen Jiang et al. studied the effect of polypropylene fiber dosage on the frost resistance of rubber concrete, and concluded that: (1) in the early stage of freeze-thaw cycle, the mass loss rate of rubber concrete shows a negative trend, and with the increase in the number of freeze-thaw cycles, the mass loss rate increases and gradually rises; the relative modulus of elasticity of kinetic elasticity, compressive strength, and splitting tensile strength curves with the increase in the number of freeze-thaw cycles have been gradually decreased. (2) Polypropylene fiber can improve the frost resistance of rubber concrete; the effect of fiber on tensile strength is higher than that of compressive strength; in terms of mass loss rate, relative dynamic elastic modulus and strength indexes, the frost resistance of rubber concrete is optimal when polypropylene mixing is 1.80%[9].
Hoang Nguyen et al. took the durability of polypropylene fiber caliche-based concrete under the action of sulfate corrosion and freeze-thaw cycling, while the microstructure and products were analyzed using SEM and XRD techniques, and the tests showed that polypropylene fibers enhance the durability of the composites in an aggressive environment, and that bridging of the fibers slows down the rate of diffusion of sulfate ions[10]. 
Yao Xiupeng et al. investigated the performance of polypropylene fiber-reinforced cementitious composites after high temperature, and found that for polypropylene fiber/concrete (PF/concrete) doped with different contents and sizes, the effective thermal conductivity (ETC) decreases with the increase of heat treatment temperature. For PF/concrete after any temperature treatment, the higher the PF admixture, the worse the thermal conductivity, while the length of the PF had almost no effect[11]. 
1.2.3 Research status of basalt fiber cement materials
Basalt fiber is a new type of concrete reinforcing material, which is made of pure natural volcanic rock ore by high temperature melting and drawing, and has the advantages of high cost performance, high tensile strength, corrosion resistance, high temperature resistance and good crack resistance. Zhang Wenbin et al. studied the compressive strength, split tensile strength and damage mode of basalt fiber reinforced cementitious composite specimens under the conditions of basalt fiber volume doping of 0.1%, 0.2%, 0.3% and length of 6, 12 and 18 mm respectively. It can be seen through the test: compressive and cleavage tensile test, the damage mode are brittle damage and damage with ductile characteristics of the two modes, adding basalt fibers can significantly improve the compressive and tensile strength of the specimen, and the brittle effect has been significantly improved. When the fiber volume doping is 0.1% and the length is 6 mm, the cubic compressive strength is the highest, 49.72 MPa; when the fiber volume doping is 0.2% and the length is 12 mm, the split tensile strength is the highest, 3.63 MPa[12]. 
Tan Zhifang basalt fiber reinforced reinforced concrete beam bending performance of experimental research, and its results show that: the concrete beam cross-section bearing capacity with the increase in the amount of fiber doping and increase, and in the context of other test conditions, the doping of fiber length of 25mm pieces of the cross-section bearing capacity of the enhancement of the effect of the test specimen is significantly better than that of the doping of 15mm fibers; In addition, from the results of the experiment, it can be found that the In addition, it can be found from the test results that the cracking resistance of concrete beams is improved after mixing basalt fibers, and the crack width is reduced obviously[13]. 
Zielinskl, by testing the mechanical properties of basalt fiber-reinforced cement mortar, found that the incorporation of fibers improved the fracture toughness of the specimens significantly, and the optimal amount of incorporation was given[14]
. 1.2.4 Current status of research on hybrid fiber cement materials
Zhang Xiaoyan et al. studied the flexural toughness performance of fully lightweight concrete reinforced with steel fiber and polypropylene fiber blends through experiments, and the results show that: the flexural toughness parameters of fully lightweight concrete reinforced with blended fibers are all increased with the increase in the volume rate of steel fibers, and the steel fibers are the determining factor for the significant improvement of the flexural toughness of the fully lightweight concrete; the polypropylene fibers can synergize with the steel fibers to improve the flexural toughness of the fully lightweight concrete, which is more obvious under the situation of larger specimen deflections. The effect is more obvious in the case of large specimen deflection. According to the different requirements of the structure on the flexural toughness of the hybrid fiber reinforced all-lightweight concrete, different indexes can be selected for toughness evaluation, in order to rationally use the toughening effect of steel fibers and polypropylene fibers on all-lightweight concrete[15]. 
Zhang et al. conducted drop hammer impact tests on hybrid fiber ECC slabs, plain concrete slabs and steel fiber concrete slabs in order to determine the resistance of hybrid fiber ECC materials to impact loading. The specimens were large-size flat plates (2m×1m×0.1m), and the test results showed that compared with ordinary concrete and steel fiber concrete plates, the hybrid fiber ECC material plate has less damage, can significantly improve the impact of the impact load, and has a better energy absorption capacity[16]. 
Ahmed et al. investigated the multi-crack development and strain hardening characteristics of ECC materials with different fiber dosages (steel and polyvinyl alcohol fibers, both with 12 mm fiber length), and also investigated the properties of the blended materials with polyvinyl alcohol fibers of 18 mm fiber length for comparison. The test results show that the steel fiber enhances the ultimate tensile capacity of the material, and the polyvinyl alcohol fiber enhances the deformation capacity of the material; it is found that the deformation capacity of the hybrid fiber ECC material increases by 1.5 times when the length of the polyvinyl alcohol fiber is 18 mm[17]. 
1.3 summarize
Although different fibers have different effects on cementitious materials, they can generally improve the shortcomings of cementitious materials. In practice, it is important to select different types of fibers or blends of fibers, depending on the requirements, in order to maximize the performance of each material for the purpose of the project.
2  Carbon fiber cementitious materials
Carbon fiber as one of the important reinforcing materials in advanced composite materials, countries around the world have paid high attention to carbon fiber, so in recent years the manufacturing technology of carbon fiber has made remarkable progress, its production and use is also increasing day by day, it can be said that carbon fiber has entered a new period of high-speed development.

Carbon fiber is a fibrous material with carbon as its main component. Natural fibers, recycled fibers and synthetic fibers can be used to prepare carbon fiber. At present, the main raw materials for carbon fiber are rayon (viscose fiber), polyacrylonitrile (PAN) fiber and asphalt. Carbon fiber is often divided into three types based on the type of raw silk: polyacrylonitrile (PAN)-based carbon fiber, asphalt-based carbon fiber and cellulose-based carbon fiber. Polyacrylonitrile-based carbon fibers and asphalt-based carbon fibers are commonly used in cementitious composites. They can also be categorized by performance and function.

Carbon fiber is characterized by low density, high strength and high modulus. Compared with steel, the density is 3 to 5 times smaller and the strength is 4 to 5 times higher. But carbon fiber impact toughness is low, the fracture process is completed in an instant, does not yield, is a typical brittle material. In addition, carbon fiber also has good electrical conductivity and corrosion resistance is harmless to humans and animals. Due to the presence of active carboxyl and hydroxyl groups on the surface of carbon fiber, after surface oxidation treatment, it can carry out strong chemical bonding with cement containing abundant hydroxyl groups. Observed with an electron microscope, the surface of carbon fiber is very rough, which is conducive to its physical combination with cement. With the dual binding effect of chemistry and physics, it provides the feasibility for the composite of carbon fiber in cementitious materials[18]. 
2.1 Mechanical properties of carbon fiber cementitious materials
Yin Junhong et al. designed carbon fiber concrete specimens with different mixing ratios and carried out a study on the compressive strength and splitting tensile strength of carbon fiber concrete by carbon fiber length and admixture. The test results show that the tensile and compressive strengths of carbon fiber concrete are enhanced compared with that of ordinary concrete, in which the tensile strength increases to the greatest extent, reaching 150% of that of ordinary concrete, the modulus of elasticity and ductility are also improved, and these characteristics can be used to effectively delay and stop the cracking of the lining pipe sheet. In addition, the expression of stress-strain curve of carbon fiber concrete was obtained by fitting the test data[19]. 
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Fig.1 Compressive strength of concrete with different carbon fiber content and length
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Fig.2 Splitting tensile strength of concrete with different carbon fiber content and length
Dopko M investigated the compressive strength properties of carbon fiber concrete at its volume admixture of 0-0.5%. The results showed that carbon fibers increased its compressive strength, in addition the crack arresting effect of the concrete increased significantly in the first 15d and then leveled off[20]. 
2.2 Frost resistance of carbon fiber cementitious materials
Nie Hongbin et al. tested the freezing resistance index of carbon fiber reinforced concrete (CFRC) under extreme temperature cycling from -27 to 40℃ in Sichuan and Tibet by rapid water freezing and water thawing method, and came to the following conclusions (1) The freezing and thawing process of CFRC can be divided into freezing and thawing acclimatization period, initial loss of mass, resistance to loss of mass, damage of test specimen, and destruction of test specimen. Before 70 times of freeze-thaw cycles, the CFRC mass loss rate is basically the same as that of plain concrete; after 70 times of freeze-thaw, with the increase of fiber dosage, the CFRC mass loss decreases first and then increases, and the dosage of 0.24% CFRC has the lowest mass loss rate; in the late stage of freeze-thaw, the effect of length-to-diameter ratio on the dosage of 0.24% CFRC is larger than that of 0.3% CFRC. (2) The frost resistance of CFRC is better than that of plain concrete, and when the carbon fiber dosage is 0.24%, CFRC has the best frost resistance; in the late stage of the freeze-thaw damage of CFRC, the relative dynamic elastic modulus suddenly decreases, and it shows brittle damage characteristics. In terms of size parameters and influence coefficients, CFRC with 0.24% doping has the best performance, and in the shape parameter fitting, 0.30% doping is optimal. (3) With the increase of the number of freezing and thawing, the water loss of CFRC increased linearly, and with the increase of carbon fiber doping showed a trend of increasing and then decreasing, when the doping amount was 0.24%, the total water loss of CFRC was the largest; carbon fiber doping had a small effect on the change of the amount of water loss. (4) In the process of freezing and thawing, the mixing amount of carbon fiber has a greater effect on the crack resistance and split tensile strength of concrete. Without freezing and thawing, the splitting tensile strength of CFRC with 0.24% dosage is 101% higher than that of plain concrete, and after 160 cycles of freezing and thawing, the splitting strength of CFRC with 0.24% dosage can still reach that of plain concrete without freezing and thawing, and the tensile strength is 50% higher than that of plain concrete[21]. 
2.3 Carbon fiber cementitious material durability
Wang Tengjiao et al. conducted freeze-thaw cycle experiments, penetration experiments, and carbonation experiments of carbon nanofiber-reinforced concrete with different volumetric additions (0.1%, 0.2%, 0.3%, 0.4%, and 0.5%), and further explored the micro-modification mechanism of carbon nanofibers on the durability of concrete through SEM experiments. The results show that the nanocarbon fibers can improve the microscopic morphology of the concrete through fiber bridging and pore filling, and significantly improve the durability of the concrete; at a dosage of 0.3%, the freeze-thaw resistance, permeability resistance and carbonation resistance of the nanocarbon fiber-reinforced concrete reach the best performance; the number of freeze-thaw cycles is the same, and with the increase in the dosage of nanocarbon fibers, the rate of loss of concrete mass and compressive strength decrease firstly and then increase. With the same number of freeze-thaw cycles, the mass loss rate and compressive strength loss rate of concrete decreased and then increased with the increase of nanocarbon fiber dosage; the water penetration height and relative permeability coefficient of concrete showed a trend of decreasing and then increasing with the increase of nanocarbon fiber dosage; with the increase of nanocarbon fiber dosage under the same carbonation age, the depth of carbonation of concrete decreased and then increased; however, the freezing and thawing resistance, impermeability resistance, and carbonation resistance of the nanocarbon fiber-reinforced concrete with the dosage of 0.5% were better than that of the plain concrete[22].
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Fig.3 Microtopography of carbon nanofiber reinforced concrete
2.4 Carbon fiber cementitious materials conductivity
D.D.L. Chung team of the State University of New York at Buffalo found that methyl cellulose (MC), as a surfactant, can form a layer of stable film on the surface of the fibers, which on the one hand can prevent the carbon fibers that have been dispersed from regrouping, and on the other hand, can reduce the tension on the surface of the carbon fibers and the surface energy of the cement matrix, which can effectively promote the dispersion of the carbon fibers in the cement slurry. In addition, due to the addition of methyl cellulose, a certain amount of air bubbles will be introduced in the process of carbon fiber mixing, and the aqueous solution of methyl cellulose belongs to the expanding fluid, which will also increase the consistency of the cement paste. In order to reduce the content of air bubbles and improve the fluidity of the cement paste, it is usually necessary to add a certain dose of defoamer and water reducer at the same time[23]
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3  Summary and outlook
This paper introduces the current research status of several common fiber cementitious materials, and highlights some characteristics of carbon fiber cementitious materials, such as mechanical properties, frost resistance, durability and electrical conductivity. Through the above research, it can be obtained that carbon fiber is a kind of material that can effectively improve the performance of cementitious materials, which can not only improve the tensile strength and compressive strength of cementitious materials, but also enhance the frost resistance and erosion resistance of cementitious materials. But it also has certain defects. For example, it is not high temperature resistant, expensive and so on. Therefore, according to the actual situation, we should use it flexibly, avoid the shortcomings and give full play to the advantages of carbon fiber cementitious materials.。
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