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Incorporation of coal gangue in the concrete mixes can realize utilization of the solid waste and reduce extraction/use of natural aggregates. To improve the mechanical properties of coal gangue concrete, this paper studies use of steel fibre together with coal gangue coarse aggregate, coal gangue fine aggregate/sand in various concrete mixes. The effect of volume dosages of steel fibre and different levels of replacing nature coarse aggregate and river sand with coal gangue aggregates on concrete compressive strength was first investigated. Then, a design of experiment using orthogonal test was adopted to study concrete mixes with 3 factors, namely, coal gangue coarse aggregate, coal gangue sand and steel fibre, and each at 3 levels. Through multidimensional statistical data analysis of the test results, the primary and secondary factors and the optimal composition of the steel fibre reinforced coal gangue concrete were identified, and a grey prediction model for compressive strength of the concrete mixes established. The microstructural characteristics and failure mechanism of steel fiber reinforced coal gangue concrete was also studied and discussed.
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1 INTRODUCTION
Hugh extraction and consumption of natural aggregate has brought a heavy burden to the ecological environment. At the same time, a large amount of coal gangue (Huang et al., 2018; Li and Wang, 2019; Yiran et al., 2020) is produced in process of coal mining. Due to its physical and chemical properties highly similar to those of natural aggregates, processed coal gangue coarse aggregate and coal gangue sand could partially replace natural coarse and fine aggregates to produce concrete (DUAN, 2014; Wang et al., 2020). However, due to its performance characteristics, use of coal gangue usually leads to a decrease in concrete strength. A number of relevant studies on using coal gangue in concrete have been carried out. Zhou M (Zhou et al., 2019) studied C30 concrete mixes with spontaneous combustion and non-spontaneous combustion coal gangue coarse aggregates to replace natural coarse aggregate at four replacement rates with 25% intervals. Microstructure, failure mode, and stress-strain curve of the coal gangue concrete mixes were studied. The results showed that peak strain increased, and peak stress decreased with increase in replacement rate. Yu L (Yu et al., 2022) prepared concrete (CGC) and mortar (CGM) with coal gangue to partiallysubstitute natural fine aggregates and studied the macroscopic and microscopic properties of CGC and CGM. It was reported that both CGC and CGM showed optimal properties at 25% coal gangue substitution rate. Huang Chengyang (Huang, 2015) also used coal gangue to replace natural coarse aggregate in concrete and reported that with a replacement rate of 60%, mechanical properties of concrete decreased by 26.8%. It was pointed out that a water-cement ratio lower than 0.4 should be used for preparation of strength grade C40 coal gangue concrete.
The damage mechanism of coal gangue concrete and plain concrete was comparatively analyzed by Benpei Chen (Chen, 1994) and Bing Yan (Yan, 2017), et al. It was found that for ordinary concrete damage occurred with cracks along the coarse aggregate edge/interface extending into mortar, while for coal gangue concrete, failure occurred with cracks directly penetrating through the coal gangue. In an attempt to improve mechanical properties of coal gangue concrete, Li J (Li et al., 2023) used different types of steel fibers in coal gangue concrete and studied their influence on mechanical properties of such concrete. It was concluded that shear steel fibers had the best improvement effect on concrete. Yang Qiuning et al. (Yang et al., 2023) studied the effects of steel fiber, polypropylene fiber, and polyvinyl alcohol fiber on the mechanical properties of coal gangue concrete at various fibre volume contents. It was reported that excessive content of polyvinyl alcohol fiber and polypropylene fiber could inhibit the strength of CGC, while steel fiber could improve the mechanical properties.
Based on the above research background, this study adopted the three-factor three-level orthogonal test method to investigate mechanical properties of concrete and analyze the damage mechanism from the microscopic level, so as to realize the “resourceful” utilization of coal gangue and provide a prediction model for optimization of such steel fibre reinforced coal gangue concrete mixes.
2 MATERIALS AND CONCRETE MIXES USED
2.1 Materials
Dinglu brand ordinary Portland cement (P.O 42.5), ordinary gravel of 5–20 mm, river sand with a fineness modulus of 2.6, and steel fiber with 40 mm in length and 1 mm in diameter were selected and used. The steel fibre having a tensile strength of 380–600 MPa is in Figure 1. Processed coal gangue coarse aggregate and coal gangue sand, as shown in Figures 2, 3, were provided by Chaoyang Hualong Co., Ltd. The composition and characteristics of the coal gangue products used are provided in Table 1.
[image: Figure 1]FIGURE 1 | Steel fiber.
[image: Figure 2]FIGURE 2 | Coal gangue coarse aggregate.
[image: Figure 3]FIGURE 3 | Coal gangue sand.
TABLE 1 | Main characteristics and composition of the coal gangue.
[image: Table 1]2.2 Experimental design
A standard C30 concrete mix designed according to Chinese specification CECS 38:2004 (China Planning Press, 2004) and JGJ 55–2011 (China Architecture and Building Press, 2011a) was used as a starting point to study the effect of using coal gangue coarse aggregate, coal gangue sand and steel fibre on concrete performance. Mix proportions of such a control concrete mix are provided in Table 2, with its compressive strength verified by trials.
TABLE 2 | Concrete mix design (unit: kg/m3).
[image: Table 2]Based on the C30 control concrete mix, a large number of concrete mixes with varying levels of coal gangue coarse aggregate replacing gravel, coal gangue sand replacing river sand, as well as with different volume percentages of steel fibre were included in the experimental study. Cube compressive strength and axial compressive strength tests were carried out to study the mechanical performance of the concrete mixes.
(1) Parallel test: The effect of individual factors, namely, coal gangue coarse aggregate, coal gangue sand and steel fibre, on cube compressive strength of concrete mixes was studied. The results would allow a suitable percentage range of coal gangue coarse aggregate, coal gangue sand and steel fibre to be determined for use in the orthogonal test below.
(2) Orthogonal test: A design of experiment using orthogonal test was adopted here to study concrete mixes with 3 factors, namely, coal gangue coarse aggregate, coal gangue sand and steel fibre, and each at 3 levels. Both cubic compressive strength (size: 100 mm × 100 mm × 100 mm) and axial compressive strength test (size: 150 mm × 150 mm × 300 mm) were conducted for this part of the study. Three specimens were made for each group. The results would lead to performance optimization of the steel fibre reinforced coal gangue concrete.
2.3 Specimen preparation and testing
According to the ratio and test quantity to calculate the number of various materials, weighing spare, test preparation procedures are as follows:
(1) Scrub and dry the required mold; Brush the dried mold with oil and label the number.
(2) Weigh all reserve materials, clean the mixer, and add water to moisten.
(3) Pour the pre-weighed fine aggregate, coal gangue ceramide, coal gangue ceramide sand, cement, steel fiber, and dry mix for 2 min.
(4) Pour the pre-weighed water and continue to stir for 3 min.
(5) The newly mixed concrete is poured into the mold and subsequently vibrated until the concrete is slurry, then the excess mix is scraped out with a spatula and the surface is trimmed.
(6) Leave for 24 h and then demold and maintain for 28 days.
2.4 Test method
This test was conducted according to the Chinese specification GB/T 50081-2019 (China Architecture and Building Press, 2019a). The loading equipment is an electro-hydraulic servo-hydraulic testing machine with a loading speed of 0.5 MPa/s and a maximum load accuracy of 0.01 Mpa.
Both cube compressive strength and axial compressive strength were obtained by dividing the maximum load value obtained from the test by the cross-sectional area of the specimen, multiplying it by a discount factor of 0.95, and analyzing the test results according to the test data processing method.
3 RESULTS OF THE PARALLEL TEST FOR STUDYING INDIVIDUAL FACTORS
3.1 Cube compressive strength test
A number of studies (MeddahZitouniBelaabes, 2010; Yao et al., 2011; Cong et al., 2016; Wang et al., 2016; Gao et al., 2021) have been carried out to investigate the effect of using coal gangue aggregates and steel fiber individually on concrete performance. In this study, parallel test series for studying individual factors of coal gangue coarse aggregate, coal gangue sand and steel fibre on concrete performance were carried out in the first stage. The slump of concrete in the state of fresh mixing is between 50 and 140 mm. According to the provisions of the Chinese specification GB/T 50,164-2011 (China Architecture and Building Press, 2011b), the slump grade of the mixture is divided into S2-S3, which meets the requirements of engineering construction. Coal gangue coarse aggregate (CGL) was studied in the first series, where 10%, 20%, 30%, 40%, 50%, and 60% volumes of natural coarse aggregate were replaced by CGL. Similarly, coal gangue sand (CGS) was studied in the second series, where 10%, 20%, 30%, 40%, 50%, and 60% volumes of river sand were replaced by CGS. In the third series, steel fiber (SF) was studied with addition of 0.4%, 0.8%, 1.2%, 1.6%, and 2.0% of the volume of concrete. Brief code names for the concrete mixes in the form of “substituent-content” are used below in this paper. For example, CGL10 represents the mix having 10% coal gangue coarse aggregate replacing natural coarse aggregate; and SF04 represents the mix having 0.4% of steel fiber addition. The plain concrete control mix is corded as PC.
3.2 Analysis of cube compressive strength test results
Compressive strength using cube specimens was determined for all the concrete mixes in accordance with the Chinese standard JGJ/T 465-2019 (China Architecture and Building Press, 2019b). The strength results of the parallel test series are presented in Table 3 and plotted as bar-chart in Figure 4.
TABLE 3 | Compressive strength results.
[image: Table 3][image: Figure 4]FIGURE 4 | Cube compressive strength test results. (A) Coal gangue coarse aggregate (B) Coal gangue sand. (C) Steel fiber.
As the results shown in Table 3; Figure 4, For the use of coal gangue coarse aggregate, the cube compressive strength increased with CGL replacement level initially, reached a maximum at 30% CGL, below decreasing with further increase in CGL replacement. For the use of coal gangue sand, the maximum cube strength was obtained with 20% CGS. For the addition of steel fiber, the cube compressive strength peaked at 0.8% SF.
As the gangue stiffness is less than natural aggregate, a small amount of substitution on the strength of concrete has a small effect, with the increase in substitution rate, the gangue ceramic particles under load crushing damage, the concrete strength decreased. When the number of steel fibers ≤0.8%, the steel fibers produce lap in the matrix, which inhibits the expansion of cracks, and the macroscopic performance of concrete strength is enhanced; when the amount of admixture continues to increase, more cement paste is needed to wrap the steel fibers, which reduces the compactness of concrete and causes the strength to decrease.
4 RESULTS OF ORTHOGONAL TEST OF STEEL FIBER REINFORCED COAL GANGUE CONCRETE
4.1 Design of experiment using orthogonal test
Use of orthogonal test can scientifically and rationally optimize the multi-factor and multi-level test scheme, reduce the number of tests, thus achieve the best test outcome with the minimum cost.
Based on the results of the parallel test above in Section 3, an orthogonal test with three factors, namely, A: coal gangue coarse aggregate content, B: coal gangue sand content and C: steel fibre content, and each at 3 levels was designed, as shown in Table 4.
TABLE 4 | Overview of orthogonal test.
[image: Table 4]4.1.1 Compressive strength results of the orthogonal test
After the standard curing for 28 days, the concrete specimens were tested for cube and axial compressive strength testing, with test setup and failure patterns shown in Figure 5. The standard deviation (σ) and coefficient of variation (CV) were calculated according to Eqs 1, 2 and listed in Table 5 together with the test results.
[image: image]
[image: image]
[image: Figure 5]FIGURE 5 | Test setup and failure patterns. (A) Cube compressive strength (B) Axial compressive strength.
TABLE 5 | Orthogonal test result.
[image: Table 5]According to the Chinese specification GB/T 50,081–2019 (China Architecture and Building Press, 2019a), it is known that the cube compressive strengths of the specimens are greater than 30 MPa and the axial compressive strengths are greater than 20.1 MP, and the coefficients of variation are less than 0.1, indicating that the test results are reliable.
4.2 Orthogonal test analysis
Using range analysis, variance analysis, and grey correlation analysis, the significance and priority of the influence of each factor on the mechanical properties of concrete can be analyzed. The grey model GM (1,4) was used to predict and analyze the test results, and the optimal combination of each factor and level and the strength prediction model were obtained.
4.2.1 Range analysis
4.2.1.1 Calculation method of range analysis
Range analysis method has the advantages of easy calculation, intuitive image, simple to understand, etc. It is the most commonly used method for the analysis of orthogonal test results. Its calculation formula is:
[image: image]
4.2.1.2 Range analysis results
Table 6 shows the results of the range analysis, with K1, K2, and K3 in the table being the average strengths of the three factors at three levels, respectively; R being the degree of influence of the level change of the factor on the strength, and the larger R indicates the greater the degree of influence of the factor on the compressive strength. To demonstrate more clearly the effects of different levels and factors on the cube compressive strength and axial compressive strength, the effect curve graph was drawn, as shown in Figure 6.
TABLE 6 | Range analysis results of cube compressive strength and axial compressive strength.
[image: Table 6][image: Figure 6]FIGURE 6 | Range analysis effect curve. (A) Cube compressive strength (B) Axial compressive strength.
Results of Table 6; Figure 10 indicate that the importance of factors affecting the cube and axial compressive strength are: in descending order, coal gangue sand content, coal gangue coarse aggregate content, and steel fiber content. For each factor, the maximum value of K indicates the optimum combination. Thus, for the cubic compressive strength, the optimum combination is A2B2C2, that is, the coal gangue ceramics content of 30%, coal gangue ceramics sand content of 20%, and steel fiber content of 0.8%. For the axial compressive strength, the optimal combination is A2B1C2, that is, coal gangue ceramide content of 30%, coal gangue ceramide sand content of 10%, and steel fiber content of 0.8%.
With the increase in the amount of coal gangue coarse aggregate and coal gangue sand, the cubic compressive strength showed a trend of increasing first and then decreasing. The axial compressive strength showed a trend of increasing first and then stabilizing with the increase of coal gangue coarse aggregate, but showed a trend of increasing first and then decreasing with the increase in the amount of coal gangue sand. Such behaviors could be explained by the high water absorption and the relative weak strength of coal gangue particles. The water absorbed by the coal gangue particles could contribute to increased cement hydration due to the internal curing effect (Li et al., 2021). When the replacement rate is small, the internal curing effect of coal gangue is dominant, making the concrete strength rise. When the replacement rate of coal gangue particles reaches more than 40%, the negative impact of the weak coal gangue particles becomes dominant or comparable to the beneficial effect of internal curing, thus the concrete Compressive strength decreases or stablised. In addition, due to the coal gangue itself containing a large number of active SiO2, Al2O3, and it may lead to increase in long term strength due to potential pozzolanic action (Li et al., 2013; YangMiaoxiongLuo, 2013; Zhu et al., 2022).
Incorporating a small amount of steel fibers can improve the compressive strength of concrete, and it is known when the crack extends into the hardened cement paste, more energy needs to be consumed to pull the steel fibers across the crack, thus inhibiting the rapid expansion of the crack and increasing the strength and toughness of the specimen. However, as the amount of steel fibers increases, more slurry is needed to wrap the steel fibers in the mixing process, and due to the agglomeration/clustering effect of steel fibers, leading to increased porosity in such concrete mix, thus decreases the strength. But in general, the R-values of cubic compressive strength and axial compressive strength are the smallest under different levels of steel fiber addition, that is, the degree of influence of steel fiber addition on the performance of such steel fibre reinforced coal gangue concrete mixes is relatively small.
4.2.2 Variance analysis
4.2.2.1 Calculation method of variance analysis
Since the magnitude of the error cannot be estimated by the range analysis, it is necessary to test the degree of variation of the error for each group using the analysis of variance in addition to range analysis.
For [image: image] orthogonal table, its calculation method is as follows:
① Calculate total deviation sum of squares (SST) and total degrees of freedom ([image: image])
[image: image]
[image: image]
② Calculate the sum of squares of deviation ([image: image]) and degrees of freedom ([image: image]) for each column
[image: image]
[image: image]
③ Calculation error sum of squares (SSE) and degrees of freedom ([image: image])
[image: image]
[image: image]
4.2.2.2 Variance analysis results
Variance analysis method was used to analyze the test results, the analysis results are shown in Table 7, the significance level was selected, and the critical value F0.05 = 19 by the F distribution table to find the significance level of 0.05, the significance level of each factor of the test is less than F0.05, indicating that each factor has a significant effect on the strength of concrete. The relative magnitude of the sum of squared deviation values for the different factors indicate that the degree of influence of coal gangue sand content > coal gangue coarse aggregate content > steel fiber content.
TABLE 7 | Variance analysis results of cube compressive strength and axial compressive strength.
[image: Table 7]4.2.3 Grey correlation analysis
4.2.3.1 Calculation method of grey correlation analysis
The grey correlation analysis method can make up for the defects in mathematical statistics analysis and has no requirements on sample size and sample regularity. The basic idea is to determine whether the connection between different sequences is strong based on the similarity of the geometry of the sequence curves (Wu et al., 2022). The calculation process is as follows:
① The initial value transformation is performed on the original sequence
[image: image]
[image: image]
[image: image]
Where, [image: image] is the sequence of related factors, [image: image] is the original sequence of the specimen about Xi, [image: image] is the initial value vector after initializing Xi, D is the sequence operator, d is the elements of the sequence operator.
② Calculate the correlation coefficient matrix Zi
[image: image]
[image: image]
Where, [image: image] is the correlation coefficient matrix, [image: image] is the each column matrix of the correlation coefficient matrix, [image: image] is the sequence elements.
③ Calculate correlation
[image: image]
4.2.3.2 Grey correlation analysis results
The strength index was defined as the behavior sequence X0 of the system, and the gangue ceramic granule substitution rate, gangue ceramic sand substitution rate, and steel fiber doping were defined as the relevant factor sequences (X1, X2, X3), and the raw data sequences obtained are shown in Table 8.
TABLE 8 | Steel fiber gangue concrete raw data series.
[image: Table 8]All series are initialized and the initial value vector Y is obtained. The initial value vector Y is put into Eq. 14 to establish the correlation coefficient matrix Z (as shown in Table 9) of the relevant sequence Yi and the system characteristic behavior sequence Y0. The correlation coefficient matrix Z is put into Eq. 15 for calculation. The correlation degree between the correlation factor sequence γi and the characteristic behavior sequence γ0 of the system was obtained, as shown in Table 9.
TABLE 9 | Correlation coefficient matrix of steel fiber coal gangue concrete and grey correlation.
[image: Table 9]From the analysis of Table 9, it can be seen that the correlation degree from large to small is as follows: coal gangue sand content, coal gangue coarse aggregate content, and steel fiber content. Analysis of the relationship between the significance of the correlation can be derived from the degree of influence of each factor. The extent of influence from strong to weak is coal gangue sand content, coal gangue coarse aggregate content, and steel fiber content, which is consistent with the results of range analysis and variance analysis.
4.2.4 Grey prediction model GM (1,4)
4.2.4.1 Calculation method of grey prediction model GM (1,4)
The general expression of the gray model (Liu and Guanghui, 2012; Prusty and Pradhan, 2020; Qiao et al., 2022) is GM(n, x), which means that the nth-order differential equation is used to model x variables. In this paper, we need to use the GM(1,4) model. The multivariate gray prediction model GM(1,4) is not a simple combination of GM(1,1), but an expansion of the GM(1,1) model under n elementary variables, and the main process of modeling is:
① The GM (1,4) model is established
[image: image]
Where, [image: image] are respectively cube compressive strength/axial compressive strength, coal gangue ceramide content, coal gangue ceramic sand content and steel fiber content, a is the system development coefficient, [image: image] is the driving coefficient
② Calculate the original sequence of GM (1,4) model
[image: image]
Where, l is the number of specimen groups
③ Calculation system development coefficient (B) and driving term coefficient ([image: image])
[image: image]
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4.2.4.2 Grey prediction model GM (1,4) results
System development coefficient a and driving coefficient [image: image] were calculated according to the method presented in the previous section, and the calculated values were put into Eq. 16 to obtain the gray prediction model of cube compressive strength as Eq. 22 and the gray prediction model of axial compressive strength as Eq. 23
[image: image]
[image: image]
The accuracy of the model was determined by predicting and evaluating 9 groups of concrete specimens using Eqs 22, 23, and the results were examined by the residual test method. The results of the compressive strength of the cube and the axial compressive strength of the test values compared with the model predictions are shown in Table 10, and the test values and model predictions were plotted as in Figure 7.
TABLE 10 | Comparison of experimental values and model predicted values.
[image: Table 10][image: Figure 7]FIGURE 7 | Comparison of experimental values and model predicted values. (A) Cube compressive strength (B) Axial compressive strength.
Due to the errors in the specimen fabrication process as well as in the test process, the strength of the concrete specimens has a certain dispersion, and the test values in the middle grouping of Table 10 and Figure 7 have a large relative error with the model prediction. However, in summary, the average relative error of cubic compressive strength is 3.07%, and that of axial compressive strength is 3.06%, both of which are less than 5%, indicating that the prediction effect of the model is good.
5 STUDY ON MICROSTRUCTURE OF STEEL FIBER COAL GANGUE CONCRETE
When coal gangue ceramics, coal gangue ceramics sand, and steel fibers are added to concrete, the composition of a concrete matrix will change differently, thus forming a new interfacial transition zone. The material type, content, morphology, number of cracks and pores, and evolution of the transition zone at the interface of each material have an important influence on the mechanical properties of concrete.
At present, the research on gangue is mostly focused on the macroscopic level, and there are relatively few studies on the microscopic level. Therefore, in this paper, the microscopic morphology and failure forms of materials and the microscopic properties of different interfacial transition zones are further discussed through SEM observation.
5.1 Test overview
The scanning equipment is S-3400N scanning electron microscope. During the compressive strength test of concrete cubes with different mix ratios, samples meeting the scanning requirements of electron microscopy were selected from three different positions on the fracture surface of the specimen, and gold spraying was carried out by a plasma sputtering instrument. Then, the microstructural differences of the samples were analyzed by SEM, and the mechanism of action on the compressive strength of concrete was further analyzed.
5.2 Micromorphology and failure form of coal gangue
Figure 8 shows the microscopic morphology and failure forms of coal gangue particles. As can be seen from Figure 8A, there are a large number of micro-pores, and the overall structure is less dense than that of natural stone (Pan et al., 2006; DiZhangLiu, 2016). Particles of different sizes and shapes are distributed on the fracture surface, and the accumulation of these particles makes the internal structure of coal gangue low compactness. As shown in Figure 8B, hydration products fill relatively large voids inside the coal gangue particles, which can reduce its defects. Figure 8C showed a ruptured coal gangue coarse aggregate with cracks formed in the side and small coal gangue sand particles on the surface. The interface of the ceramic sand is relatively weak, so a large number of ceramic sand particles could be the cause of low coal gangue concrete strength.
[image: Figure 8]FIGURE 8 | Micromorphology and failure form of coal gangue. (A) Micromorphology of coal gangue (B) Internal defect of gangue. (C) Damage form of coal gangue.
5.3 Microstructure and failure form of steel fiber
Figure 9 shows the microscopic morphology of shear steel fiber mixed with concrete. The rough surface of the fibers effectively increases the cross-sectional area of the steel fibers, which increases the bonding effect between the fibers and the concrete matrix, thus improving the strength of the concrete. The distribution of hydration product particles on the surface of the fiber also confirms the above situation. The steel fibers bear the external load together with the concrete matrix through adhesion and bridging, absorbing large amounts of energy while effectively inhibiting the extension and expansion of cracks and improving the strength of the concrete.
[image: Figure 9]FIGURE 9 | Microstructure and failure form of steel fiber.
5.4 Microstructure of different interfaces
The interface transition zone has a large impact on the performance of cementitious materials (Cwirzen and Penttala, 2005). Therefore, in this section, microstructural examinations of the gangue-cement paste interface transition zone, aggregate-cement paste interface transition zone, and steel fiber-cement paste interface transition zone were conducted.
5.4.1 Microstructure of aggregate-cement paste ITZ
As can be seen from Figure 10, there is a lot of C-S-H, CH, AFt, and other substances in the ITZ (interfacial transition zone) of aggregate-cement paste. These crystals form a contact layer at the intersection of the aggregate and the cement paste, i.e., the interfacial transition zone (ITZ). Due to the volcanic ash effect of coal gangue, more AFt crystals and C-S-H gels are produced with the constant consumption of CH crystals in the hydration reaction. When the CH crystals reach a certain amount, they are precipitated in the form of layered accumulation, and AFt and C-S-H are intertwined, thus reducing the specific surface area and molecular binding force, so the boundary of the ITZ area is prone to cracks, and the strength of the concrete is reduced (Xie et al., 1996). In addition, C-S-H gel has large pores, low friction, and bonding force, resulting in a loose overall structure inside the concrete, a large number of holes in the matrix, and some cracks and “voids” formed by external force damage and other reasons, and poor overall compactness. The existence of these microscopic defects harms mechanical properties.
[image: Figure 10]FIGURE 10 | ITZ of aggregate—cement paste.
5.4.2 Microstructure of coal gangue-cement paste ITZ
According to the SEM image of the transition zone between coal gangue and cement paste in Figure 11, it can be seen that there are many hydration products of different sizes attached to the surface of coal gangue (CG), and many cracks, holes, and incomplete substances can still be observed on the surface of the matrix. With the increase in curing time, coal gangue and other small particles participate in hydration more thoroughly, and hydration products also increase. The flocculent gel generated by hydration expands continuously with the deepening of the hydration process, which can fill part of the original small holes and cracks and connect the materials in the matrix, and the macro performance is the increase of the strength of concrete. In addition, the irregular surface of the crushed coal gangue increases the covering area of the cement slurry and improves the compressive strength of concrete to a certain extent.
[image: Figure 11]FIGURE 11 | ITZ of coal gangue—cement slurry.
5.4.3 Microstructure of steel fiber-cement paste-gangue ITZ
From the SEM image of the steel fiber-cement paste-coal gangue interfacial transition zone in Figure 12, the distribution of the material can be seen. Compared with other ITZ, the range of steel fiber-cement paste-coal gangue ITZ is smaller, mainly because the randomly distributed steel fibers overlap each other in the matrix to form a skeleton, prevent the sinking of the aggregate, and enhance the performance of ITZ. In addition, ITZ between aggregate, coal gangue, and steel fiber is visible. Flocculent C-S-H gel is distributed around steel fiber and coal gangue, and flake CH and acicular AFt are distributed around the gel. These substances can bond well with steel fiber. When steel fiber is destroyed, more energy is consumed, and a certain toughening effect is achieved.
[image: Figure 12]FIGURE 12 | ITZ of steel fiber-cement slurry-coal gangue interface.
5.5 Failure form and reinforcement mechanism of steel fiber and coal gangue to concrete
5.5.1 Failure forms of coal gangue concrete
For plain concrete, the elastic modulus of aggregate is higher than that of mortar, and the junction between mortar and aggregate is a weak link. There are primary cracks here. When concrete is subjected to load, the load is transferred along the weak interface between aggregate and mortar, and the primary cracks continue to expand along the periphery of aggregate and extend into the mortar. As shown in Figure 13A. For gangue concrete, its failure form is different from that of plain concrete. As the elastic modulus of gangue aggregate is lower than that of mortar, when the stress increases, cracks will not only expand along the interface between aggregate and mortar but also run through the gangue aggregate, as shown in Figure 13B.
[image: Figure 13]FIGURE 13 | Comparison of concrete failure forms. (A) Failure form of plain concrete (B) Failure form of coal gangue concrete.
5.5.2 Reinforced mechanical structure model of coal gangue
Through SEM study, the reinforcement effect of gangue concrete is mainly composed of the hydration effect of Portland cement and the pozzolanic effect of gangue. Tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), terrarium-aluminum ferrite (C4AF) in common Portland cement and aluminum oxide (Al2O3), and silica (SiO2) in coal gangue, as shown in Figure 14A. Dense AFt crystals and C-S-H and C-A-H gels were formed by hydration reaction respectively, and gismondine was generated by volcanic ash effect, as shown in Figure 14B. AFt crystal and C-S-H gel can be attached to the surface of the gelled material, slowing down the reaction rate of the active ingredients in the matrix and the consumption rate of calcium hydroxide crystals, so that the hydration reaction is more thorough, and more gismondine crystals are generated, showing good compressive properties on the macro level.
[image: Figure 14]FIGURE 14 | Schematic diagram of reinforcement mechanism model for coal gangue. (A) Matrix composition (B) Hydration effect and volcanic ash effect.
5.5.3 Structural model of steel fiber reinforced mechanism
The steel fibers are randomly distributed in the concrete matrix and form a three-dimensional skeleton together with the paste and aggregate, which can inhibit crack expansion at different stages of crack development. When subjected to external loads, microcracks appear inside the matrix, and the steel fibers across the cracks can inhibit shrinkage, resulting in fewer shrinkage cracks in the concrete, as shown in Figure 15A. With the increasing load, the internal micro-cracks will produce concentrated stress on the surface of the gangue after development, causing damage to the gangue and producing through cracks as shown in Figure 15B. When an appropriate amount of steel fibers is added to the matrix, the steel fibers are cross-distributed on the damaged surface of the gangue concrete, which can uniformly transfer the stress as well as anchor the concrete, and more energy needs to be consumed to pull off or pull out the steel fibers, thus reducing the damage to the gangue particles, which is macroscopically expressed as an increase in the compressive strength of the steel gangue concrete.
[image: Figure 15]FIGURE 15 | Schematic diagram of steel fiber reinforced mechanism model. (A) Inhibition of early microfractures (B) Inhibition of late through seam.
6 CONCLUSION
Through the use of the parallel test and orthogonal test, the effect of coal gangue coarse aggregate replacement level, coal gangue sand replacement level and steel fiber addition dosage on mechanical performance of steel fibre reinforced coal gangue concrete were studied, together with a limited the microstructure observation-theoretical analysis, The following conclusions could be drawn:
(1) Through range analysis, variance analysis, and gray correlation analysis of the different factors on the concrete cube compressive strength, axial compressive strength, the degree of significance of the factors could be ranked as: coal gangue sand content > coal gangue coarse aggregate content > steel fiber content.
(2) The optimum composition obtained by the comprehensive analysis of the orthogonal test is 30% coal gangue coal gangue coarse aggregate content, 10%–20% coal gangue sand content, and 0.8% steel fiber content.
(3) Through the fitting analysis of the grey prediction model GM (1,4) for the orthogonal test results, the grey prediction model of the cube compressive strength and the axial compressive strength of steel fiber coal gangue concrete was obtained. According to this model, materials with different mix ratios can be predicted within a certain range (20%–40% coal gangue ceramide, 10%–30% coal gangue ceramide sand, 0.4%–0.8% steel fiber content).
(4) Due to the low elastic modulus of coal gangue itself, the strength of the matrix decreases. After adding steel fiber, the network structure system of coal gangue—fiber—aggregate—cement slurry can delay the expansion rate of cracks. The Gismondine generated by volcanic ash activity of coal gangue and the C-S-H gel generated by hydration is nested with AFt crystals. The pores are filled, the adhesion of the interface is improved, and the internal compactness of the concrete is enhanced, so that the system has a higher strength.
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