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Abstract

:

As impacted by environmental concerns and the demand for high-strength concrete, novel ideas of the development of eco-efficient, steel fiber-reinforced concrete have been proposed. In this study, the aim is to develop a type of eco-efficient steel fiber-reinforced concrete with graphite tailings and steel fiber. Steel fibers act as a type of concrete toughening material, and graphite tailings serve as a partially alternated aggregate to sand. Mechanical properties exhibited by the concrete are assessed based on different volume fractions of graphite tailings (i.e., 0%, 10% and 20%). The concrete mixture proportion is determined in accordance with the theory of particle densely packing, and the concrete mechanical properties are more specifically studied by performing compressive and flexural tests. As indicated by the results, the maximal mixed bulk density of graphite tailings at different grades is greater than that of sand, so concrete with graphite tailings exhibits higher compressive strength. For the content of graphite tailings, the addition of graphite tailings impacts the interfacial adhesion between aggregates and cementing matrix, thereby inhibiting bifurcation and convergence of cracks. However, excessive mixing of graphite tailings would decrease the specimen’s effective water-to-binder ratio (W/B), thereby adversely affecting the internal structure of the concrete. The amount of graphite tailings impacts the distribution of steel fibers at the concrete interface, which could be the most conducive to the distribution of steel fibers under the graphite tailings’ content of 10%. This study demonstrates that graphite tailings and steel fibers are feasible to prepare eco-efficient, steel fiber-reinforced concrete.
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1. Introduction


Developed nations comprise 20% of the world’s population, and they emitted 70% of the greenhouse gases before the 1990s; they well deserved the title “emitters” [1,2,3]. Countries worldwide are encountering the challenge of carbon emission reduction with the world’s continuous economic development and global climate change. Concrete has been most extensively employed to reduce carbon emissions, improve greenness and take the road of high-quality development by ensuring product quality [4]. Concrete is the most widely used building material and it has significantly contributed to the construction of buildings, bridges, tunnels, highways, railways, airports, docks, municipalities, and water conservancy projects [5]. The most significant challenge facing the concrete industry is reported as the change in the “supply and demand relationship” of the largest volume of mineral granular raw materials, i.e., sand and gravel aggregates and powder materials. Such a change is currently shifting from one-time mining and fewer varieties of natural resources to multi-variety alternative resources or solid waste [6].



Concrete, the main material for infrastructure construction, is increasingly demanded every year. Aggregates can be applied to fill in the production of concrete, taking up nearly 75% of the overall volume, in which sand takes up nearly 30% of the total volume [7,8]. With the continuous mining of river sand, a shortage of sand supply and rising prices have been caused. The use of tailings as fine aggregate instead of sand in concrete materials turns out to be a research hotspot in the construction industry. By substituting iron or copper tailings for sand, the density of concrete can be improved [9,10,11,12]. With the amount of fixed cementing material unchanged, iron tailings concrete and natural sand concrete exhibit similar mechanical properties, ultimate tensile strain, compressive elastic modulus and frost resistance [13]. When iron tailings and admixture work together, the utilization rate of iron tailings reaches 40% [14]. Copper tailings concrete exhibits high segregation resistance and long-term strength development [15]. The concrete meeting the construction requirements can still be prepared under the copper tailings content of 60% [16,17]. Graphite tailings refers to a type of slag, and composite powders after graphite tailings are recovered have been studied [18]. Thus far, methods of efficiently utilizing graphite tailings and processing them in large quantities have been rarely developed. The particle size of graphite tailings is small, and the tailings particles are easily dispersed in the air in windy weather, thereby inevitably polluting the atmospheric environment and water resources. Furthermore, the accumulation of graphite tailings takes up considerable land and wastes land resources. The particle size of graphite tailings is consistent with that of sand (0 to 5 mm) [19]. Graphite tailings and sand exhibit numerous similarities as indicated by the analysis of appearance, physical properties and chemical properties. As indicated from the chemical composition analysis, the composition of graphite tailings complies with that of pozzolan and exhibits pozzolanic activity [20], so graphite tailings can more likely replace fine aggregates in cement-based materials. Using graphite tailings instead of sand as aggregate to prepare concrete can effectively solve the shortage of sand. Liu et al. [21,22,23,24,25] replaced sand with graphite tailings and successfully fabricated concrete exhibiting higher mechanical properties. Moreover, ideal results have been achieved in the subsequent research on the conductivity exhibited by graphite tailings concrete. As reported by Peng et al. [26], the addition of graphite tailings could change the Ca/Si ratio in the gel matrix; an appropriate addition of graphite tailings can increase the production of hydrated calcium silicate gel, thereby increasing the strength of concrete. Numerous gaps have been found in the application research of graphite tailings in concrete.



The expansion application of concrete has been limited by self-weight, low tensile strength, poor crack resistance and defects of concrete as a brittle material [27]. The mentioned defects can be addressed in the form of cement-based composite materials, i.e., using cement as the carrier and employing various synthetic fibers, ceramic fibers, metal wires, natural plant and mineral fibers as the reinforcements, as well as adding fillers, chemical additives and water based on a composite process to fabricate composite materials [28,29,30,31,32]. Steel fiber has been found to be a generally applied toughening material in concrete. The incorporation of steel fiber can improve the fatigue life of concrete and the compressive strength of concrete [33,34,35,36]. Due to the multi-directional and non-uniformity of the structure and composition of steel fiber concrete, as well as the short characteristics exhibited by steel fiber, steel fiber is distributed in random directions in the concrete, thereby making it significantly more complex than ordinary materials. Adding steel fiber to concrete can essentially improve the mechanical properties exhibited by concrete and play a role in strengthening, toughening and cracking resistance of concrete [37]. The synergistic effect of steel fiber and iron tailings can enhance the durability and compactness of tailings concrete [38,39]. However, excessive steel fiber content adversely impacts the fluidity of concrete [40,41], so the uniform distribution of steel fibers acts as a vital factor for the maximal improvement of concrete strength by steel fibers. Graphite tailings exhibit a small average particle size and are easily dispersed in concrete, thereby improving the uniform dispersion of steel fibers [25]. This is because safety and durability are vital issues for concrete structures. This study employs steel fiber as the toughening material of concrete to prepare eco-efficient, steel fiber-reinforced concrete based on the discussion above. Moreover, graphite tailings-based eco-efficient steel fiber-reinforced concrete should be further studied in the future.



To effectively utilize graphite tailings, the following studies are conducted. First, local raw materials in Heilongjiang Province, China are used for experiment. Based on the particle densely packing theory, the mix ratio is designed, and specific preparation steps are employed to optimize the concrete strength. Then, by performing compressive and flexural experiments, the strength and stress–strain are analyzed and the effect of graphite tailings’ content on the mechanical properties exhibited by concrete is studied. Lastly, the number and distribution of steel fibers in the flexural section of the specimen are studied, and the characteristics of the collaborative work of steel fibers and graphite tailings are discussed.




2. Experimental Programs


2.1. Materials


	(1)

	
Cement. The cement applied in this survey was Portland cement produced in Harbin Yatai Cement Factory, exhibiting a density of 3.0 g/cm3 and a specific surface area of 380 m2/kg.




	(2)

	
Silica fume. The Silica fume was provided by Xinming New Building Materials Co., Ltd., Heilongjiang, China, exhibiting an average particle size of 0.1~0.3 μm and a specific surface area of 20~28 m²/g.




	(3)

	
Sand. The maximal particle size of the sand (fineness modulus of 2.5) employed in the experiment was 2.5 mm.




	(4)

	
Graphite tailings (GT). The maximal particle size of the GT (fineness modulus of 1.0) employed in the experiment was 1.25 mm. In this study, the GT was replaced as sand at different volume ratios from 0% to 20%.




	(5)

	
Steel fiber. Copper-plated steel fiber with the following dimensions: a length of 12~14 mm, a diameter of 0.18~0.23 mm, and a tensile strength of the fibers ≥2850 MPa.




	(6)

	
Admixture. Polycarboxylate superplasticizer acted as the admixture, with a water reduction rate not less than 25%, and PH value in 1% aqueous solution was 7~9.







Figure 1a–e present the pictures of cement, silica fume, sand, GT and steel fiber. Table 1 lists the chemical composition of cement, silica fume and GT. The major chemical components of cement were CaO, SiO2, Al2O3, Fe2O3 and MgO (Table 2), of which CaO and SiO2 accounted for about 80% of the total chemical content. The main chemical composition of silica fume was SiO2, taking up over 90% of the total chemical content. The chemical composition of GT mainly included SiO2, CaO, Al2O3 and Fe2O3, SiO2 accounted for about half of the total composition, and CaO, Al2O3 and Fe2O3, respectively, took up about 10% of the total chemical composition.



Table 1 gives a comparison chart of the particle size of sand and GT. The particle size distribution interval of sand was concentrated in four intervals (i.e., 2.50~1.25 mm, 1.25~0.63 mm, 0.63~0.315 mm and 0.315~0.15 mm). The particle size distribution of GT was concentrated in three intervals (i.e., 0.63~0.315 mm, 0.315~0.15 mm and 0.15~0 mm). The particle size distribution of sand tended to increase first and then decrease, and the particle size distribution of GT was irregular. The intersection of the two particle size distribution intervals was 0.63~0.315 mm and 0.315~0.15 mm.



The crushing rate and water absorption of aggregate were measured according to Chinese standard for technical requirements and test method of sand and crushed stone (or gravel) for ordinary concrete (JGJ 52-2006) [42].



Table 3 gives a comparison chart of crushing value and water absorption rate of GT and sand. According to the table, the crushing value and water absorption rate of GT were greater than those of sand. In terms of water absorption, there are two effects for GT on concrete: reducing the actual W/B and increasing agglomeration of cement powder, which have opposite functions for the strength of concrete. Analysis of crushing rate shows that the crushing rate of GT is larger than that of sand, which means that GT has a detrimental effect on concrete elastic modulus.



Table 4 presents the microscopic pictures of sand and GT with different particle sizes. The surface of sand was smoother, and the surface of GT was rough and uneven. The smooth surface of the sand slightly affected the reaction of the cementitious material in the mixing and curing process. Although the rough and uneven surface of GT can slightly increase the bite force between the aggregate and the cementitious matrix, it can easily adsorb cement and silica fume, thereby causing more cementitious materials that cannot participate in the hydration reaction and the pozzolanic reaction.




2.2. Mix Design Based on Particle Densely Packing Theory


2.2.1. Maximal Mixed Bulk Density of Sand and GT in Different Grades


Aggregate gradation significantly impacts the strength of concrete matrix [43,44,45,46]. The experiments were performed by referencing related theories [47] to make the distribution of aggregates more reasonable. GT replacement sand was replaced in the identical particle size range. Table 1 shows that the main particle size distribution range of sand was concentrated between 2.5 and ~0.15 mm, and the main particle size distribution range of GT was concentrated between 0.63 and ~0 mm. The identical range of particle size distribution of sand and GT was 0.63~0.315 mm and 0.315~0.15 mm. Accordingly, the selected aggregate particle size range for the experiment was 0.63~0.315 mm and 0.315~0.15 mm. Sand/GT with a particle size range of 0.63~0.315 mm was termed coarse sand/GT, and the particle size range of 0.315~0.15 mm was termed fine sand/GT. The basic physical parameters of sand and GT were measured before the test (Table 5).



	(1)

	
Determination of the optimal ratio of different grades of sand and GT







In theory, fine sand /GT can be overall filled into coarse sand/GT. First, the fine sand /GT with a particle size of 0.315~0.15 mm was mixed into the coarse sand/GT with a particle size of 0.63~0.315 mm. After fully mixing, a test was applied to the samples to determine the maximal unit weight of the mixture. Lastly, the optimal ratio of fine sand/GT and coarse sand/GT was determined. The test result of sand is presented in Figure 2, and the test result of GT is shown in Figure 3. The filling coefficient of fine sand/GT filled with coarse sand/GT was defined as α, and it was calculated by Equation (1).


  α =    W  0.315 ~ 0.15   mm      W  0.315 ~ 0.15   mm   +  W  0.63 ~ 0.315   mm      



(1)




where α denotes the fill coefficient;    W  0.315 ~ 0.15   mm     represents the initial dosage of sand/GT with a particle size of 0.315~0.15 mm (kg/m³);    W  0.63 ~ 0.315   mm     expresses the initial dosage of sand/GT with a particle size of 0.63~0.315 mm (kg/m³).



According to Figure 2, when fine sand and coarse sand were mixed at 0.4:1, the maximal bulk density could be 1346 kg/m3, and the apparent density at this time measured through the test was 2586 kg/m3.



Figure 3 shows that when fine GT and coarse GT were mixed at 0.7:1, the maximal bulk density was 1833 kg/m³, and the apparent density measured by the test was 2858 kg/m3.



The optimal gradation of sand and GT is shown in Table 6.



	(2)

	
Preliminary determination of different grades of sand and GT







The maximal bulk density of sand/GT per unit volume refers to the sum of the initial dosages of aggregates in different particle size ranges. Based on Equation (1), the initial dosage of sand and GT can be determined. The maximal packing density of sand/GT is determined in Equation (2). Table 7 lists the initial dosage of sand and GT.


   ρ  density , max   =  W  0.315 ~ 0.15   mm   +  W  0.63 ~ 0.315   mm    



(2)




where    ρ  density , max     denotes the maximal packing density of sand/GT (kg/m³).



	(3)

	
Determination of the final dosage of different grades of sand and GT







The void ratio was calculated after the optimal compaction state of the aggregate was determined, as shown in Equation (3). The number of cementitious materials and aggregates (sand/GT) was determined according to the void ratio.


  P = ( 1 −    ρ   bulk   density       ρ   apparent   density      ) × 100 %  



(3)




where  P  denotes the Porosity of different graded sand/GT system (%);    ρ   bulk   density      is the bulk density of sand/GT (kg/m³);   ρ   apparent   density      is the apparent density of sand/GT (kg/m³).



The cementitious material fills the voids of the fine aggregate. Furthermore, it should wrap the aggregate. Therefore, the calculation of the volume of the cementitious material requires the void volume to be multiplied by an additional coefficient n, which is taken as 1.4 [48,49]. The calculation of the amount of cementing material per unit volume is expressed in Equation (4).


   V p  = n P  



(4)




where    V p    denotes the amount of cementing material per unit volume;  n  is the additional coefficient.



The calculation of the amount of aggregate per unit volume is shown in Equation (5).


   V  a g g   = 1 −  V p  =    W  0.315 ~ 0.15   mm  ′     ρ  0.315 ~ 0.15   mm     +    W  0.63 ~ 0.315   mm  ′     ρ  0.63 ~ 0.315   mm      



(5)




where    V  a g g     denotes the amount of aggregate per unit volume;    W  0.315 ~ 0.15   mm  ′    represents the final dosage of sand/GT with a particle size of 0.315~0.15 mm (kg/m³);    W  0.63 ~ 0.315   mm  ′    is the final dosage of sand/GT with a particle size of 0.63~0.315 mm (kg/m³);    ρ  0.63 ~ 0.315   mm     expresses the apparent density of sand/GT with a particle size of 0.63~0.315 mm (kg/m³);    ρ  0.315 ~ 0.15   mm     expresses the apparent density of sand/GT with a particle size of 0.315~0.15mm (kg/m³).



The final dosages of sand and GT are listed in Table 8.



	(4)

	
Determination of the amount of cementitious material







According to the pilot test, when the W/B was 0.2, the replacement rate of silica fume to cement reached 20%, and the volume content of steel fiber was 2%. The cement paste system could reach the optimal water demand, and the concrete strength was also better. The density of the mixed cementing material measured by the test was 2812 kg/m³, and the correlation between the cementing material and the water consumption is expressed in Equation (6).


   V p  =    m W     ρ W    +    m  C M      ρ  C M      



(6)




where    V p    denotes the total amount of cementing material;    m W    is the water consumption per unit volume (kg/m³);    ρ W    is the density of water (kg/m³), take 1000 kg/m³;    m  C M     is the amount of cementing material per unit volume (kg/m³);    ρ  C M     expresses the density of cementitious material (kg/m³).




2.2.2. Mixing Proportions of Concrete


According to the above tests and related calculations, the final test mix ratio is listed in Table 9: GT replaces sand by volume, where GT00 denotes the specimen with 0% graphite tailings’ content. GT10 represents the specimen with 10% graphite tailings’ content, and GT20 is the specimen with 20% graphite tailings’ content.





2.3. Concrete Preparation Process


The preparation process of GT ecological concrete is illustrated in Figure 4, and the preparation steps are as follows:




	(1)

	
The sand and GT were poured into the mixing pot and rotated at a low speed for 120 s. The fine-grained sand/GT and coarse-grained sand/GT were mixed thoroughly. Sand and GT were employed for the first stage of filling.




	(2)

	
Silica fume and cement were poured into the mixing pot and rotated at a low speed for 120 s. Silica fume and cement were applied for the second stage of filling.




	(3)

	
The mixed liquid of water and admixture that was evenly stirred in advance was poured and stirred at a low speed for 120 s and then at a high speed for 180 s. The tricalcium silicate (C3S) and dicalcium silicate (C2S) in the cement were hydrated to form hydrated calcium silicate (C-S-H) and Ca(OH)2 at this time. Pozzolanic reaction between SiO2 and Ca(OH)2 in silica fume synthesized C-S-H. Two reactions above complemented and coordinated with each other, i.e., Ca(OH)2 was consumed, and considerable C-S-H gel was distributed in the slurry, which increased the strength of the slurry after hardening. The pores of the body were filled for the third time, which made the slurry denser.




	(4)

	
Steel fibers were poured into the mixing pot, and the mixing was accelerated until the raw materials in the slurry were evenly mixed. The addition of a small number of steel fibers slightly impacted the fluidity of the slurry. Due to the high tensile properties exhibited by steel fibers, the flexural and compressive strength of concrete were improved.




	(5)

	
The mixture was poured into a mold of 70.7 mm × 70.7 mm × 70.7 mm and 40 mm × 40 mm × 160 mm and the ZDP-1200 × 1200 vibration table was used for vibration molding.




	(6)

	
It was stored in an environment at an ambient temperature of 20 ± 1℃ and a relative humidity of 60% for one day. After the samples were demolded, they were cured in a curing room at an ambient temperature of 20 ± 2℃ and a relative humidity of ≥95%. The specimens were cured, and the ages were 3 days, 7 days and 28 days.










2.4. Experiment Methods


2.4.1. Compression Test


The compressive test was performed in accordance with Chinese regulations GB/T 17671-1999 [50]. For the test, the electronic universal testing machine (maximal load of 600 KN), produced by MTS Corporation (Eden Prairie, Minnesota, United States), was used. The compression test is presented in Figure 5; the load was applied continuously and uniformly at a loading speed of 2400 N/s during the test. Strain gauges were used to measure the strain of the compression test piece and the computer recorded the load on the specimen in real time. The compressive strength was obtained by Equation (7), and the arithmetic average of the measured values of 3 test pieces was taken as the strength value of the group of specimens.


   f  c c   =  F A   



(7)




where    f  c c     denotes the compressive strength of concrete (MPa);  F  is the load when the specimen is broken (N);  A  is the area of the specimen under pressure (mm2).




2.4.2. Flexural Test


The flexural test was performed by complying with Chinese regulations GB/T 17671-1999 [50]. According to the test, the microelectronic control electronic universal testing machine was applied (maximal load of 100 KN), which was manufactured by Jinan Shijin Testing Machine Company, Shandong, China. The flexural test is illustrated in Figure 6. The load was applied continuously and uniformly at a loading speed of 50 N/s during the test. Strain gauges were used to measure the strain of the flexural specimen and the computer recorded the load on the specimen in real time. The flexural strength of the test piece was obtained from Equation (8), and the arithmetic average of the measured values of the 3 test pieces was taken as the strength value of the group of specimens.


   f f  =   3 F l   2  b 3     



(8)




where    f f    is the concrete flexural strength (MPa);  F  is the load when the specimen is broken (N);  l  is the span between supports (mm);  b  is the side length of square section (mm).






3. Results and Discussion


3.1. Test Phenomenon Analysis


3.1.1. Phenomenon Analysis of Compression Test


At first, the specimen was compressed, and no significant signs were found. Subsequently, a small number of concrete fragments were gradually peeled off on the surface, micro-cracks were generated and the cracks tended to be expanded. Lastly, a crack penetrated the specimen (accompanied by a loud noise), and the specimen was crushed. The specimen was not crushed under the drawing connection effect of steel fibers. Moreover, the specimen remained a complete whole, and the residual strength of the test piece was still high. The compression failure patterns of different mixes are illustrated in Figure 7. The compression process of the specimen underwent 4 stages (i.e., compression stage, linear enhancement stage, defect expansion stage and the destruction stage of the specimen).



	
Compression stage. The schematic diagram of compression stage is given in Figure 8a. The internal structure of the concrete varied, and the internal cracks and pores of the concrete perpendicular to the direction of the force were gradually compacted, which made the concrete denser.



	
Linear enhancement stage. The schematic diagram of linear enhancement stage is shown in Figure 8b. The external force was not large, and the stress concentration within the concrete caused by the external force was insufficient to affect the strength of the concrete. The internal bonding force of the concrete matrix was strong and the deformation attributed to the interaction between the materials was coordinated with the others. The deformation response and the stress and strain of the material varied linearly.



	
Defect expansion stage. The diagram of defect expansion stage is presented in Figure 8c. The effect of the external force began to manifest. Cracks and remaining pores in the concrete parallel to the direction of the force underwent stress concentration under the huge external force, thereby causing concrete surface to peel off. The cracks in the identical part of the concrete began to bifurcate and gradually merged in different parts.



	
Destruction stage. The schematic diagram of destruction stage is illustrated in Figure 8d. The cracks in the identical part of the concrete continued to expand, and the cracks in different parts penetrated together. Lastly, the specimen was penetrated and damaged by the cracks, and the compression test was over.







3.1.2. Phenomenon Analysis of Flexural Test


At first, no deformation or damage was caused to the specimen when the indenter of the machine was in contact with the specimen, and the duration at this stage was significantly shorter. Subsequently, micro-crack occurred in the specimen at the mid-span position. Lastly, the micro-crack developed into penetrating crack, the width of which became larger and lastly extended to the entire section. The flexural failure patterns of different mixes are presented in Figure 9. The flexural resistance of concrete can fall into three stages (i.e., initial stress stage, stress enhancement stage and ultimate failure stage).



	
Initial stress stage. The schematic diagram of initial stress stage is presented in Figure 10a. The specimen surface substrate fell off as the force continued to be loaded. The main body of force at this stage was the concrete matrix. The factors included the degree of concrete compactness, the degree of cement hydration and the degree of pozzolanic reaction of silica fume. The drawing effect of steel fibers was found as a secondary influencing factor.



	
Stress enhancement stage. The schematic diagram of the stress enhancement stage is shown in Figure 10b. The crack continued to expand and extend inside with the load applied continuously. It gradually developed into penetrating cracks, and steel fibers came into play and were continuously pulled out. At this stage, the main body of the force was the concrete matrix and the steel fibers, which was represented by the synergy of the matrix and steel fibers. The factors included the degree of adhesion between concrete matrix, the compactness of concrete matrix and the adhesion between steel fibers and concrete matrix.



	
Ultimate failure stage. The schematic diagram of the fracture stage is shown in Figure 10c. At this stage, the crack completely penetrated the specimen, and the bonding force between the substrates had basically lost its effect. Steel fibers were the main body of the force; the strength factors included the interface bonding force between steel fibers and the matrix and the friction force when the fibers were pulled out.








3.2. Experiment Analysis


3.2.1. Compression Test Analysis


Compressive Strength


The main mechanism of the uniaxial failure of concrete is that under the continuous action of the load, the specimen will be expanded laterally, which causes the specimen to fail. As shown in Figure 11, the strength of the specimen first increased and then decreased as the GT content increased. Uniaxial compressive strengths of three groups of specimens were all higher than 100 MPa after 28 days of curing, which indicated that the addition of steel fibers could more significantly inhibit the lateral expansion of the specimen under uniaxial compression. According to Figure 12, strength improvement rates of GT00, GT10 and GT20 from 3 days to 7 days reached 44.95%, 48.31% and 38.96%, respectively, and the strength improvement rates from 7 days to 28 days were 22.81%, 9.65% and 15.82%, respectively. With the incorporation of silica fume, the early strength characteristics of concrete specimens turned out to be remarkable [51,52]. The incorporation of GT improved the strength of specimens, the compressive strength of GT10 increased by 19.85%, 22.63% and 9.49% at 3 days, 7 days and 28 days, respectively. The compressive strength of GT20 respectively increased by 14.69%, 9.95% and 3.70% at 3 days, 7 days and 28 days.


  d  W 1  = d  W 2  + d  W 3   



(9)







Equation (9) expresses the correlation between work and energy. Where   d  W 1    denotes the work done by unit load on specimen;   d  W 2    represents the energy required for crack propagation;   d  W 3    expresses the unit elastic strain energy of steel fibers and matrix composite system.



The factors of the elastic strain energy of steel fibers and matrix composite system under the identical unit load are presented below: (1) the degree of bonding between steel fibers and the matrix, (2) the degree of bonding between the matrix and the aggregate, (3) the degree of cement hydration reaction in the matrix and (4) the degree of silica fume pozzolanic reaction. The densest packing density of GT exceeded that of sand, and the porosity was smaller, and the density of GT-sand composite system exceeded that under only sand according to the comparison between GT10 and GT00. The GT content was low, the high water absorption rate of GT during stirring insignificantly impacted cement hydration and silica fume pozzolanic reaction and the production of hydrated C-S-H was nearly not impacted. The strength of the concrete matrix increased, and the rigidity was improved after hardening, so micro-deformation could have been difficult to produce. Elastic strain energy of the composite system of steel fibers and the matrix was reduced, and crack propagation required more energy.



GT20 exerted better filling effect than GT10, whereas the high water absorption rate of GT prevented the cement from being fully hydrated. The amount of C-S-H produced was significantly reduced. Unhydrated cement spreading all over the interior of the concrete matrix, the interface between matrix and aggregate and the interface between matrix and steel fibers could not act as the skeleton, thereby causing more defects in matrix, more pores and more micro-deformation. The elastic strain energy of the composite system of steel fibers and matrix increased, and cracks may have found it easier to expand. The compressive strength of GT20 decreased. Nevertheless, the compressive strength of GT20 is larger than that of GT00. It is believed that the addition of GT to the matrix has two opposite effects on the compressive strength of the concrete material. The filling effect of GT on the matrix increases the compressive strength of the concrete, while its disadvantage for high water absorption reduces that.




Compressive Stress–Strain Curve


According to Figure 13, the stress–strain curve of specimens corresponded to the four stages of compressive resistance. (1) Compression stage. Impacted by the micro-cracks in specimen, micro-cracks perpendicular to the direction of the force would be closed when the specimen was stressed, thereby strengthening concrete; the internal microstructure of the specimen varied accordingly. However, the stress intensity at this stage was low, and the duration was short. (2) Linear enhancement stage. According to Figure 13, the stress–strain curve of the specimen developed linearly as a whole. GT10 achieved the largest slope, and GT00 had the smallest slope. Based on the slope of the stress–strain curve at this stage, the elastic modulus could be determined (Figure 14). The deformation of concrete was highly dependent of the elastic deformation of aggregate [53]. We have already discussed in Table 4 that the surface of GT is rough and the occlusal force between GT particles is enhanced, with more edges and corners, more contact points, and a stronger skeleton is formed between the cement and GT when the cement is hydrated. Compared with GT00, the addition of 10% GT effectively improved the elastic modulus of concrete (modulus of elasticity increased by 8.02%). The crush value of the aggregate has a greater effect on the elastic modulus than on the compressive strength [54]. When the content of GT reaches 20%, the slurry adhering to the surface of GT transmits stress through the skeleton of GT and sand under the action of force. The GT was continuously subjected to force and the energy could not be released, which eventually led to cracks in the GT. However, there were still many GT that maintained their integrity; therefore, GT20 still have 6.12% more elastic modulus than GT00. The internal cracks in the concrete caused stress concentration in the partial areas of the specimen and produced some micro-cracks, whereas the force at this time was relatively small. Thus, the appearance of the mentioned cracks would share the stress in the larger cracks, thereby reducing the effect of stress concentration on the specimen. If unloaded at the elastic phase, the specimen would exhibit a better self-healing ability. (3) Defect expansion stage. The micro-cracks increased, and their width increased with the increasing load. Cracks continued to expand and converge, and the stress–strain curve at this time deviated from the original linear development trend. The viscoplasticity and cracks of the concrete expanded randomly, thereby making the concrete vary from a recoverable elastic state to an unrecoverable plastic state. As indicated by Figure 13, the specimen with GT10 had the largest peak stress, and the curve subsequently tended to be flat. The specimen still exhibited a higher residual strength after unloading at this stage. (4) Destruction stage. The destruction patterns of GT00, GT10 and G20 are similar. The cracks in the concrete spread more rapidly, and the micro-cracks spread all over the specimens. Moreover, the cracks at different positions penetrated each other and developed into large cracks, thereby penetrating the entire specimen and the damaging specimen.





3.2.2. Flexural Test Analysis


Load–Deflection Curve


The load deflection curve (Figure 15) indicates the three stages of bending resistance of the specimen. (1) Initial stress stage. According to Figure 15, the three curves basically coincided. Only one visible micro-crack was generated on the specimen surface at this stage. The drawing effect of steel fiber and the replacement effect of GT were insignificant, and the duration of this stage was significantly shorter. (2) Stress enhancement stage. As the load continued to be applied, the specimen entered the stress enhancement stage that lasted the longest. When the concrete was destroyed, the steel fibers at the cross-section would be all pulled out, and no fracture would occur. The drawing strength of steel fiber was significantly greater than the bonding force between the steel fiber and the specimen. Impacted by the drawing action of steel fiber, the cracked section exhibited good ductile failure characteristics [55,56,57,58,59], and the first half of the peak load was the linear elastic response stage. As shown in Figure 15, the GT-sand aggregate structure effectively transfers the load to the fibers, and the fibers can bridge the GT and the slurry, reduce crack openings, and thus increase the flexural strength of concrete (Figure 16). Part of the GT in GT20 failed to make good contact with the matrix, and the residual GT contributed to the increase in porosity, so the peak load of GT20 was smaller and the elastic modulus was lower than that of GT10. At this stage, the maximal bending and tensile strain (Figure 17) of different specimens were determined according to Equations (10) and (11). Combining Equation (12), the bending stiffness modulus of the corresponding specimen was determined (Figure 18).


   R B  =   3 L  P B    2 b  h 2     



(10)






   ε B  =   6 h d    L 2     



(11)






   S B  =    R B     ε B     



(12)




where  b  denotes the width of the cross-interrupt interview piece (mm);  h  is the height of the cross-interrupt interview piece (mm);  L  is the span of test piece (mm);    P B    is the maximal load when the specimen fails;  d  represents the mid-span deflection when the specimen fails (mm);    R B    is the bending and tensile strength when the specimen is broken (MPa);    ε B    denotes the maximal bending and tensile strain when the specimen fails (με);    S B    expresses the flexural modulus when the specimen is broken (MPa).



The flexural strength and the compressive strength were affected by the internal bonding force of the matrix. Figure 16 complies with the rule of Figure 11: the specimen achieved the maximal flexural strength under the GT content of 10%. The second half of the peak load was the stress softening stage, and the width of the main crack at the bottom of the specimen increased continuously. The deflection of GT00 is larger than that of GT10 and GT20 under the same load; the cracks in GT00 cannot develop in time to follow the original path and form more fine branch cracks to consume energy, which accelerates the loss of energy in GT00. The engagement force between GT and steel fiber in GT20 is not as large as that of GT10, and the ability of GT20 to resist bending and suppress deformation is weaker than that of GT10. (3) Ultimate failure stage. At the final fracture stage, the peak load continued to decrease and gradually approached zero. The aggregate in the cross-section of the crack was almost completely separated from the hardened cementitious slurry, and it lost its connection to the specimen. Both the bonding force between the steel fiber and the cementitious matrix and the friction force between the steel fiber and the specimen when it is pulled out could be vital factors for maintaining the integrity of the specimen.




Flexural Stress–Strain Curve


The micro-cracks continued to expand, merged from the initial stress stage to the stress enhancement stage and tended to develop into destructive cracks with a certain width. Figure 19 presents the stress–strain relationship at the initial stress stage. The specimen under the initial force passed through two stages, i.e., the elastic stage and the plastic stage. The strain was tensile strain at the elastic stage, and the stress and strain in the tiny area of the crack tip were basically linear. The curves of GT00, GT10 and GT20 basically overlap. The specimen enters the plastic stage under continuous applied load. The curve of GT00 tends to be flat at first, indicating that the concrete in the GT00 crack tip area is the first to crack due to stress concentration. The curve of GT20 tends to be flattened earlier than that of GT10, indicating that the deformation of the crack tip tending to concrete in GT20 needs to be released first, and GT10 can store more energy than GT20. As the load acted on the specimen, the aggregate, cement stone and steel fiber redistributed the load transmitted by the machine to the specimen. The addition of GT could impact the coordination between the cementitious matrix, aggregates and steel fibers and change the overall distribution of the interface transition zone, thereby impacting the ratio of the force to the transfer force of the respective component. Compared with GT00, the length of elastic interval and plastic interval corresponding to GT10 and GT20 are the largest, indicating that the addition of GT can increase the ability of concrete to resist external force and restrain deformation.



The specimens were composed of five parts, i.e., steel fibers, cement stone, aggregate, the interface transition zone between cement stone and steel fibers and the interface transition zone between cement stone and aggregate. The interface transition zone was the weakest among them, and steel fibers could hinder the propagation of cracks. To expand cracks more easily, the cracks will bypass the steel fiber and aggregate and expand in the transition zone of the interface when the micro-cracks encounter steel fibers or aggregates [60,61,62]. Figure 20 shows the area enclosed by the stress–strain curve in Figure 19; the figure presents the energy required for cracks to propagate in the interface transition zone at the initial stress stage. According to Figure 20, the specimens without GT required the least energy to expand and extend in the interface transition zone and the energy of GT10 and GT20 increased by 44.32% and 36.60%, respectively, as compared with GT00. According to the above test results, the incorporation of GT improved the original structure of the concrete interface transition zone, thereby complying with the research results of Liu et al. [19]. The rougher aggregate surface had stronger physical interaction and mechanical interlocking between the mortar and the mortar [62]; the addition of GT increases the roughness of the aggregate system in concrete compared to GT00. The frictional force when the steel fibers are pulled out from the matrix increases, which makes GT10 and GT20 require more energy to pull out when the aggregate steel fibers are fractured. This is consistent with previous analysis results. The GT particles are irregular. The GT particles and the slurry are easily separated, and segregation occurs when the GT content is 20%. The GT, the slurry and the steel fiber cannot be well bonded, and the steel fibers are easier to pull out. This is in line with the functional relationship established by the compression test.




Flexural Section


The toughening effect of fiber on concrete is dependent of the interaction between the fibers and the concrete matrix, as well as the distribution effect of the fiber group [63,64,65]. To further explore the effect of GT content on the distribution of steel fibers in concrete, the flexural section of specimens (Figure 21) was studied. Figure 22 presents the distribution diagram of 40 mm*40 mm flexural cross-section steel fibers distribution from GT00 to GT20, which indicates that the total number of cross-section fibers of GT00, GT10 and GT20 reached 415, 469 and 433, respectively, from Figure 22.



The respective section was divided into 16 regions, and an in-depth analysis was conducted to generate Figure 23. The red circle represents less than 10 steel fibers and the green circle represents more than 10 steel fibers. According to Figure 23a,b, there were eight areas with fiber number less than 10, three areas with fiber number greater than 20 and 21 areas with fiber numbers between 10 and 20 in the 32 areas in the GT00 cross-section. There were five areas where the number of fibers was less than 10, five areas where the number of fibers exceeded 20 and 20 areas where the number of fibers ranged from 10 to 20 in the 32 areas in the GT10 cross-section. There were six areas where the number of fibers was less than 10, five areas where the number of fibers exceeded 20 and 21 areas where the number of fibers ranged from 10 to 20 in the 32 areas of the GT20 cross-section.



Since the stress at the bending section of the specimen was significantly smaller at the initial stage of bending resistance, the stress was uniformly distributed in the bending section at this time. Initial micro-cracks began to form inside the specimen over the flexural test, and stress and strain were developing in a non-uniform direction. There would be stress concentration close to the micro-cracks. Sudden changes of crack length led to abrupt variations in stress and strain. The stress concentration was more obvious when the initial cracks merged with the inherent cracks of the specimen. The GT-sand aggregate system is more compact than the sand aggregate system. GT10 and GT20 have more reasonable steel fiber distribution than GT00 (Figure 23), which provides a favorable proof for the excellent mechanical properties of GT concrete. The areas with 10~20 steel fibers decrease when the GT content reaches 20%, and the areas with less than 10 fibers increase. Compared with GT10, GT20 has two differences, one is that the rough surface of GT hinders the uniform distribution of steel fibers, and the other is that 20% GT content leads to a decrease in the water content of hydration reaction, which reduces the effective W/B in the raw material. Both of these aspects are detrimental to the GT-sand aggregate system.



Excessive mixing of GT led to a decrease in the water content involved in the hydration reaction, thereby reducing the effective W/B in the raw materials. Thus, the degree of chemical reaction between cement and silica fume was reduced, and the synergistic effect of the GT-sand composite system was affected. The uniformity of steel fibers distribution was closely related to the strength of concrete; the slurry could not fully surround the steel fibers if the GT content was too high. As a consequence, not only would the fibers form agglomerates, but the overall skeleton of the specimen would be affected. The steel fibers distribution of GT10 was more uniform, and the number was larger, which could alleviate stress concentration [66]. Pull-out of steel fiber had less influence on the section stress and strain and the required pull-out force was also greater when there was bending resistance. The steel fiber distribution of GT10 and GT20 is more ideal than that of GT00 in the 32 regions, the stress concentration is lower when the steel fibers are pulled out, and more energy is required to pull out, which is consistent with the previous test results.







4. Conclusions


Graphite tailings are waste residues left after graphite mining. In this study, the physical and mechanical properties exhibited by concrete containing different content of GT as a part of its fine aggregate volume were investigated, and the following conclusions are drawn:




	
The physical properties of GT have a great influence on the mechanical strength of concrete. GT has higher water absorption than sand, which reduces the effective W/B ratio in concrete and affects the hydration of cementitious materials. The rough surface of GT can increase the occlusal force between steel fibers, aggregates and matrix.



	
The GT ecological concrete was successfully produced based on particle densely packing theory. This method could provide a new idea for the preparation of high-strength concrete by GT in the future. The compressive and flexural test phenomena of GT00, GT10 and GT20 are similar, but the mechanical strength shows different characteristics.



	
GT can reduce the elastic strain energy between the steel fiber and the matrix, which increases the energy required for crack propagation. Compared with GT00, the compressive strength of GT10 and GT20 increased by 9.49% and 3.70%, respectively. When the GT content reaches 20%, the energy of the slurry attached to the GT surface cannot be released under the action of force; this results in an 8.02% increase in elastic modulus for GT10 and only 6.12% for GT20.



	
The flexural strengths of GT00, GT10 and GT20 (25.92 MPa, 32.39 MPa and 29.04 MPa) were obtained from the load–deflection curves. The stress–strain curves of the flexural specimens were measured, and the energy required for the specimens to be flexed was quantitatively analyzed, which was in line with the functional relationship in the compressive analysis.



	
The influence of GT on the distribution of steel fibers was studied, and the relative position of each steel fiber was marked. The incorporation of GT could improve the distribution of steel fibers, and the distribution of steel fibers in GT10 was the best.
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Figure 1. Materials used in the production of concrete. (a) Cement; (b) Silica fume; (c) Sand; (d) GT; (e) Steel fiber. 
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Figure 2. Bulk density test of sand. 
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Figure 3. Bulk density test of GT. 
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Figure 4. Preparation process of GT ecological concrete. 
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Figure 5. Compression test. 
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Figure 6. Flexural test. 
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Figure 7. Specimens after compression damage. 
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Figure 8. Schematic diagram of the compression stage of the specimen. (a) Compression stage; (b) Linear enhancement stage; (c) Defect expansion stage; (d) Destruction stage. 
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Figure 9. Specimens after flexural failure. 






Figure 9. Specimens after flexural failure.



[image: Buildings 12 00509 g009]







[image: Buildings 12 00509 g010 550] 





Figure 10. Schematic diagram of the bending resistance stage of the specimen. (a) Initial stress stage; (b) Stress enhancement stage; (c) Ultimate failure stage. 
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Figure 11. Compressive strength of specimens with different substitution rates. 
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Figure 12. Strength increase rate of each age. 
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Figure 13. Compressive stress–strain curve. 
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Figure 14. Elastic modulus. 
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Figure 15. Load deflection curve. 
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Figure 16. Flexural strength. 
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Figure 17. Maximum bending and tensile strain. 
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Figure 18. Flexural modulus. 
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Figure 19. Stress–strain curve at the initial stress stage. 
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Figure 20. The energy required for crack propagation in the initial stress stage. 
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Figure 21. The selected flexural specimens and their cross-sections. (a) GT00 and its cross-sections; (b) GT10 and its cross-sections; (c) GT20 and its cross-sections. 
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Figure 22. Distribution diagram of 40 mm×40 mm flexural cross-section steel fibers. (a) GT00 Left section (The number of fibers is 213); (b) GT00 Right section (The number of fibers is 202); (c) GT10 Left section (The number of fibers is 225); (d) GT10 Right section (The number of fibers is 244); (e) GT20 Left section (The number of fibers is 212); (f) GT20 Right section (The number of fibers is 221). 
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Figure 23. Simplified diagram of the number of cross-section steel fibers. (a) GT00 Left section (b) GT00 Right section; (c) GT10 Left section; (d) GT10 Right section; (e) GT20); (f) GT20 Right section. 
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Table 1. Comparison of particle size between sand and GT.






Table 1. Comparison of particle size between sand and GT.





	Particle Size (mm)
	2.50~1.25
	1.25~0.63
	0.63~0.315
	0.315~0.15
	0.15~0



	Proportion of sand particle size (%)
	13.62
	24.56
	39.96
	16.93
	4.93



	Proportion of GT particle size (%)
	--
	2.19
	28.23
	28.27
	41.32
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Table 2. Chemical composition of cement, silica fume and GT.
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Mineral Composition

	
SiO2

	
CaO

	
Al2O3

	
Fe2O3

	
MgO

	
K2O

	
Loss






	
Mass percentage %

	
Cement

	
24.66

	
55.46

	
7.09

	
2.71

	
2.15

	
0.65

	
7.28




	
Silica fume

	
92.8

	
0.31

	
0.76

	
0.52

	
0.53

	
2.2

	
2.88




	
GT

	
56.64

	
13.34

	
11.52

	
7.25

	
3.72

	
3.54

	
3.99
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Table 3. The crushing rate and water absorption rate of sand and GT.
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	Material Type
	Crushing Rate (%)
	Water Absorption (%)





	Sand
	15.04
	0.5



	GT
	28.59
	1.7
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Table 4. Microscopic pictures of sand and GT with different particle sizes.
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	Particle Size (mm)
	2.50~1.25
	1.25~0.63
	0.63~0.315
	0.315~0.15
	0.15~0



	Sand
	 [image: Buildings 12 00509 i001]
	 [image: Buildings 12 00509 i002]
	 [image: Buildings 12 00509 i003]
	 [image: Buildings 12 00509 i004]
	 [image: Buildings 12 00509 i005]



	GT
	⸺
	 [image: Buildings 12 00509 i006]
	 [image: Buildings 12 00509 i007]
	 [image: Buildings 12 00509 i008]
	 [image: Buildings 12 00509 i009]
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Table 5. Physical parameters of sand.






Table 5. Physical parameters of sand.





	Aggregate Type
	Particle Size (mm)
	Apparent Density/(kg/m3)
	Bulk Density/(kg/m3)
	Porosity/(%)





	Coarse sand
	0.6 0.3
	2591.12
	1278.48
	50.66



	Fine sand
	0.3 0.15
	2583.10
	1262.92
	51.11



	Coarse GT
	0.6 0.3
	2864.78
	1202.63
	58.02



	Fine GT
	0.3 0.15
	2854.21
	1812.95
	36.48
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Table 6. Optimal gradation of sand and GT.
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Aggregate Type

	
Ratio of Coarse and Fine Particle Size

	
Porosity after Close Packing (%)




	
Coarse

(0.63~0.315 mm)

	
Fine

(0.315~0.15 mm)






	
Sand

	
1

	
0.4

	
20.44




	
GT

	
1

	
0.7

	
25.54
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Table 7. Optimal gradation of sand and GT.






Table 7. Optimal gradation of sand and GT.










	
	Sand
	GT





	  α  
	0.28
	0.51



	    W  0.63 ~ 0.315 mm       kg /  m 3      
	961
	1078



	    W  0.315 ~ 0.15 mm       kg /  m 3      
	384
	755
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Table 8. Determination of final dosage of sand and GT.
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	    P / %    
	     V p     
	     V  a g g      
	     W  0.315 ~ 0.15   mm  ′  / kg /  m 3     
	     W  0.63 ~ 0.315   mm  ′  / kg /  m 3     





	Sand
	48.0%
	0.672
	0.328
	238
	611



	GT
	35.9%
	0.503
	0.497
	487
	696
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Table 9. Concrete mixture proportion of GT00 to GT20 (kg/m³).






Table 9. Concrete mixture proportion of GT00 to GT20 (kg/m³).





	
Group

	
Water

	
Cement

	
Silica Fume

	
Sand

	
GT

	
Steel

Fibers

	
Admixture




	
Coarse

	
Fine

	
Coarse

	
Fine






	
GT00

	
224

	
896

	
224

	
611.0

	
238.0

	
0

	
0

	
157

	
16.8




	
GT10

	
224

	
896

	
224

	
545.8

	
218.3

	
49.9

	
34.9

	
157

	
16.8




	
GT20

	
224

	
896

	
224

	
485.1

	
194.1

	
99.9

	
69.9

	
157

	
16.8
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