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In order to investigate the influence of various parameters on the compressive strength and fluidity of reactive powder concrete (RPC) made from local materials, 22 groups of RPC cubic specimens and 3 groups of RPC prism specimens were designed, and the main parameters included water to binder ratio, the ratio of silica fume to cement, the ratio of slag powder to cement, the ratio of quartz sand to cement, volume fraction of steel fiber, and steam curing time. The stress-strain curves and failure mode of RPC cubic specimens were obtained by the axial compression test. The influence of various parameters on the compressive mechanical properties and the mixture fluidity of RPC cubic specimens was analyzed. The results showed that the ultimate compressive strength (fcu) of RPC gradually decreases with the increase in the water to binder ratio; however, fcu increases with the increase in the volume fraction of steel fiber. fcu increases firstly and then decreases with the increase in the ratio of silica fume to cement, the ratio of slag powder to cement, and the ratio of quartz sand to cement, so there exists a peak point. The fluidity of RPC mixture increases with the increase in the water to binder ratio and the ratio of slag powder to cement; on the contrary, it decreases with the increase in the ratio of silica fume to cement, the ratio of quartz sand to cement, and volume fraction of steel fiber. Based on the analysis of the parameters, the optimal mix proportion of the RPC made from local materials is proposed. The constitutive model of RPC is established according to the stress-strain curves of RPC prism specimens. Finally, the relationship between compressive strength and elastic modulus of RPC made of local materials is regressed statistically.
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INTRODUCTION
Reactive powder concrete (RPC), as a new type of high performance concrete material, has excellent mechanical properties, durability, and volume stability, which has been applied in practical projects (Abid et al., 2017; Salahuddin et al., 2020). As we know, there are great differences between RPC and ordinary concrete in composition and microstructure; therefore, it is necessary to study the mechanical properties of RPC made from local material (Xia et al., 2015). Many research studies on the mix proportion, mechanical properties, and durability of RPC materials have been carried out around the world, and it is certain that the mix proportion is the key factor affecting the performance of the RPC material.
The principles of mix proportion design, mechanical properties, durability, and high-temperature resistance of RPC were summarized by W. Zheng, and it could be known that RPC possessed excellent performance of chloride ion permeability resistance, carbonation resistance, frost thawing resistance, and sulfate resistance (Zheng et al., 2015). Based on the orthogonal experiment, the influence of different parameters on the mechanical properties and mixing flow of RPC was studied, and the mix proportion design of RPC was optimized by He et al. (2016). The mix proportion design and curing technology of RPC were obtained by Ola et al. (2021), and the results showed that the compressive strength could be improved obviously by adding the content of the quartz powder in RPC, and RPC cured by autoclave could achieve higher compressive strength than that cured by steam. Fiber reinforced polymers (steel fiber, glass fiber, carbon fiber, and basalt fiber) were added to RPC by some researchers, and the mechanical behavior of RPC mixed with FRP was obtained, and the results showed that the toughness of RPC was greatly improved with the increase in FRP (Deng et al., 2016; Syed et al., 2021). RPC had been used in steel-concrete composite structures, and the shear bearing capacity formula of RPC beams under bending and shear was proposed by Maha et al. (2018). The flexural behavior of reinforced concrete beams strengthened by RPC would be greatly improved, and the test results showed that, due to the existence of RPC, the high ductility of reinforcement was fully utilized in the process of plastic hinge formation (Zbigniew et al., 2020). The failure experiments of RPC materials under complex stress states were carried out successively. Based on the triaxial compression test of RPC under different peripheral pressure, the failure mode and failure criterion of RPC were obtained by X. Qin, and the results showed that the RPC specimens under different peripheral pressures mainly showed oblique shear failure (Qin, 2011). The biaxial compression test of RPC was carried out by Z. Li, and the failure criterion of RPC under biaxial compression was obtained. Based on the Ottosen constitutive model, the constitutive model of RPC under biaxial compression was proposed (Li, 2013). Subsequently, the biaxial tension-compression test of RPC was conducted by Y. Jiang, and the constitutive model in the tensile direction was established according to Weibull distribution (Jiang, 2014). Although the mix proportion of RPC has been widely studied around the world, there exist great differences in selecting materials in different area, and the performance of RPC obtained by different studies is discrete and lacks unified reference significance. Therefore, the mix proportion of RPC made from local materials should be optimized to accurately grasp its mechanical properties, which is crucial for the application of RPC materials in the local area.
The mix proportion design, material selection, and mixing process of RPC are introduced in this paper, and the influence of various parameters on the mechanical properties and fluidity of RPC is analyzed. Based on the test results, the constitutive model of RPC and the relationship between elastic modulus and compressive strength are established.
EXPERIMENTAL PROGRAM
Specimens Design
In order to study the compressive mechanical properties and the fluidity of reactive powder concrete made from local materials, water to binder ratio (w/b), the ratio of silica fume to cement (s/c), the ratio of slag powder to cement (p/c), the ratio of quartz sand to cement (q/c), volume fraction of steel fiber (f), and steam curing time (t) were taken as main parameters, and 22 groups of RPC cubic specimens and 3 groups of RPC prism specimens were designed. The specific parameters were shown in Table 1. The dimensions of Fi, Gi, and Hi groups were 70.7 × 70.7 × 230 mm (prism specimens), and the other groups were 70.7 × 70.7 × 70.7 mm (cubic specimens). The parameters of three groups of prism specimens were selected from cube specimens. The volume fraction of steel fiber in Table 1 was the volume ratio of steel fiber to mixture, and other components were their mass ratio to cement. The number after F, G, and H indicated the days of steam curing.
TABLE 1 | The main parameters of RPC specimens.
[image: Table 1]The water to binder ratio referred to the mass ratio of water to gel material, and the expression was as follows:
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where [image: image] and [image: image] were the mass of water and gel material, respectively. [image: image], [image: image], and [image: image] were the mass of cement, silica fume, and slag powder, respectively.
MATERIALS
Cement and Silica Fume
The cement was P.O 42.5 ordinary Portland cement produced by Jilin Yatai company. The bulk density of silica fume was 200–250 kg/m3, and the fineness less than 1 μm accounted for more than 80%, and the average particle size was 0.1–0.3 μm, and the specific surface area was 20–80 m2/kg. The SiO2 content in silica fume was 75–96%.
Quartz Sand and Slag Powder
The graded quartz fine sand with two particle sizes of 40–70 mesh and 70–140 mesh (produced by Harbin Jinghua water treatment material company) was selected as quartz sand, and its physical indexes and chemical composition were shown in Table 2. S95 blast furnace slag was selected as slag powder.
TABLE 2 | Physical indexes and chemical composition of quartz sand.
[image: Table 2]Steel Fiber and Superplasticizer
The steel fiber was selected from Anshan Changhong steel fiber factory with a diameter of 0.22 mm and a length of 13 mm. FDN concentrated superplasticizer which can be purchased locally was selected as superplasticizer, and the product was yellowish brown powder.
Mixing Process and Fluidity Measurement
Due to the great difference between RPC and ordinary concrete, the mixing method of traditional concrete could not be used. According to the mixing experience obtained from existing research, the mixing process was adopted as shown in Figure 1.
1) The cementitious materials such as quartz sand, cement, silica fume, and slag powder were weighed according to the mix proportion.
2) The materials were poured into JJ-5 cement blender and were mixed for 2 min to make them even.
3) Water and superplasticizer were added to blender, and the mixture was stirred slowly for 4 min and then stirred quickly for 4 min.
4) For the experimental groups with steel fiber, steel fiber was added after stirring quickly; then the mixture was stirred for 5 min again.
5) Once the mixing was completed, the mixture was put into the fluidity test mold, and the fluidity of RPC mixture was measured according to the principle of jump table method proposed by test method for fluidity of cement mortar.
[image: Figure 1]FIGURE 1 | Mixing process: (A) Weighing of components; (B) mixing of materials; (C) fluidity test mold; (D) fluidity measurement.
Preparation and Curing of Specimens
After the fluidity was measured, we poured the mixture into the triple rubber sand mold and vibrated it with ZHDG-80 concrete shaking table and then levelled it with a spatula. After the specimens were formed, some specimens were cured by steam at 80°C for 3 days or 6 days, and the other specimens were not cured by steam. At last, all the specimens were cured by spraying water at room temperature until being tested after 28 days, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Specimens production process; (A) concrete mold forming; (B) room temperature curing. (C) Rapid curing box of specimens. (D) Specimens.
Specimen Test
In order to obtain the compressive stress-strain curve, elastic modulus, and Poisson’s ratio of RPC specimens, the compressive strength test was conducted on the axial compression testing machine in Heilongjiang Key Laboratory of Disaster Prevention, Mitigation, and Protection Engineering. To measure the transverse and longitudinal strain of the specimens, the strain gauges were pasted on two sides of the specimens along longitudinal and transverse directions, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Strain gauge layout of specimens. (A) Strain gauge layout of cube specimen; (B) strain gauge layout of prism specimen.
The double control automatic loading of load and displacement was adopted in this experiment. The formal loading of the specimens was carried out after preloading. At the initial period of formal loading, the load control at a rate of 0.5 kN/s was adopted as loading mode. When the load reached 50% of the predicted peak load, it turned into displacement control at a rate of 0.02 mm/s until the specimens failed.
Test Phenomena
The RPC specimens without steel fiber had no obvious change at the initial formal loading. With the increase in the load, the phenomenon of the concrete spalling could be seen at the surface of the specimens. Later on, the failure of specimens happened accompanied by loud sound and violent reaction as the peak loads were reached. For the RPC specimens with steel fiber, the stress-strain relationship was linear at the initial loading period, and there was no obvious phenomenon on the surface of specimens. When the load approximately reached 0.5 times of the peak load, the splitting sound began to appear. With the increase in the load, the width and number of cracks increased gradually, and the debris began to peel off from the surface of the specimens accompanied by louder splitting sound. Then, the specimens entered unstable state, and the cracks showed a trend of penetration. The compressive stress-strain curves of the specimens entered the plastic stage. After reaching peak stress, obvious vertical cracks appeared on the surface of the specimens, and the stress-strain curves began to decline. It could be seen that, compared with the RPC specimens without steel fiber, the RPC specimens with steel fiber had a certain buffer for the development of cracks due to the anticracking of steel fiber. As a result, brittle failure did not occur. The failure modes of the two kinds of specimens were shown in Figure 4.
[image: Figure 4]FIGURE 4 | Failure mode of specimen. (A) Failure mode of specimens without steel fiber; (B) failure mode of specimens with steel fiber.
RESULTS AND DISCUSSION
Test Results
The test result of fluidity (h) and ultimate compressive strength (fcu) of 22 groups of cube specimens are shown in Table 3, and the test values of compression mechanical indexes of 3 groups of prism specimens are shown in Table 4. The data value of elastic modulus in Table 4 is obtained according to the slope of the elastic stage of the stress-strain curves.
TABLE 3 | Compression test results of 22 groups of cube specimens.
[image: Table 3]TABLE 4 | Test values of compressive mechanical indexes of 3 groups of prism specimens.
[image: Table 4]Parameter Analysis
Water to Binder Ratio
The comparison of the stress-strain curves of the specimens with different water to binder ratios is shown in Figure 5A, and the influence of different water to binder ratios on the ultimate compressive strength and mixture fluidity of RPC specimens is shown in Figure 5B. It can be seen from Figure 5 and Table 3 that when the water to binder ratio of the specimens decreases from 0.22 to 0.20, 0.18, and 0.16 in turn, the ultimate compressive strength of the specimens increases from 84.83 to 93.42, 95.43, and 99.74 Mpa in order, which increases by 10.13, 12.50, and 17.58%, respectively. When the water to binder ratio of the mixture decreased from 0.22 to 0.20, 0.18, and 0.16 in turn, the fluidity of RPC mixture decreased from 159 to 139, 104, and 98 mm in order, which decreases by 12.58, 34.59, and 38.36%, respectively. It can be seen that, with the increase in the water to binder ratio, the fluidity of RPC mixture increases, while the ultimate compressive strength of the cube specimen decreases.
[image: Figure 5]FIGURE 5 | The influence of different water to binder ratios on RPC mechanical properties. (A) Stress-strain curves of RPC specimens with different water to binder ratios. (B) Ultimate compressive strength and mixture fluidity of RPC with different water to binder ratios.
The Ratio of Silica Fume to Cement
The comparison of stress-strain curves of specimens with different ratios of silica fume to cement is shown in Figure 6A, and the influence of different ratios of silica fume to cement on the ultimate compressive strength and mixture fluidity of RPC specimens is shown in Figure 6B. It can be seen from Figure 6 and Table 3 that when the ratio of silica fume to cement of the specimen increases from 0.2 to 0.3, 0.4, and 0.5 in turn, the ultimate compressive strength of the specimen increases from 73.82 to 93.42, 77.23, and 87.58 Mpa in order, which increases by 26.55, 4.61, and 18.65%, respectively. When the ratio of silica fume to cement of the mixture increases from 0.2 to 0.3, 0.4, and 0.5 in turn, the fluidity of RPC mixture decreases from 144 to 139, 124, and 98 mm in order, which decreases by 3.47, 13.89, and 31.94%, respectively. It can be seen that, with the increase in the ratio of silica fume to cement, the fluidity of the mixture decreases gradually, and the ratio of silica fume to cement corresponding to the peak of ultimate compressive strength of the cube specimens is taken as 0.3.
[image: Figure 6]FIGURE 6 | The influence of different ratios of silica fume to cement on RPC mechanical properties. (A) Stress-strain curves of RPC specimens with different ratios of silica fume to cement; (B) ultimate compressive strength and mixture fluidity of RPC with different ratios of silica fume to cement.
The Ratio of Slag Powder to Cement
The comparison of stress-strain curves of RPC specimens with different ratios of slag powder to cement is shown in Figure 7A, and the influence of different ratios of slag powder to cement on the ultimate compressive strength and mixture fluidity of RPC specimens is shown in Figure 7B. It can be seen from Figure 7 and Table 3 that when the ratio of slag powder to cement of the specimens increases from 0.15 to 0.25, 0.35, and 0.4 in turn, the ultimate compressive strength of the specimens increases from 85.20 to 93.42, 91.39, and 76.16 Mpa in order, which increases by 9.65%, 7.27%, and −10.61%, respectively. When the ratio of slag powder to cement of the mixture increases from 0.15 to 0.25, 0.35, and 0.4 in turn, the fluidity of RPC mixture increases from 120 to 139, 140, and 143 mm in order, which increases by 15.83, 16.67, and 19.17%, respectively. It can be seen that, with the increase in the ratio of slag powder to cement, the fluidity of mixture increases. The ratio of slag powder to cement corresponding to the peak of ultimate compressive strength of the cube specimens is taken as 0.25.
[image: Figure 7]FIGURE 7 | The influence of different ratios of slag powder to cement on RPC mechanical properties. (A) Stress-strain curves of RPC specimens with different ratios of slag powder to cement; (B) ultimate compressive strength and mixture fluidity of RPC with different ratios of slag powder to cement.
The Ratio of Quartz Sand to Cement
The comparison of stress-strain curves of specimens with different ratios of quartz sand to cement is shown in Figure 8A, and the influence of different ratios of quartz sand to cement on the ultimate compressive strength and mixture fluidity of RPC specimens is shown in Figure 8B. It can be seen from Figure 8 and Table 3 that when the ratio of quartz sand to cement of the specimen increases from 1.2 to 1.4, 1.6, and 1.8 in turn, the ultimate compressive strength of the specimen decreases from 80.36 to 93.42, 83.99, and 75.23 Mpa in order, which increases by 16.25, 4.52, and −6.36%, respectively. When the ratio of quartz sand to cement of the mixture increases from 1.2 to 1.4, 1.6, and 1.8 in turn, the fluidity of RPC mixture decreases from 139 to 138, 135, and 117 mm in order, which decreases by 0.72, 2.88, and 15.83%, respectively. It can be seen that, with the increase in the ratio of quartz sand to cement, the fluidity of the mixture increases, and the ratio of quartz sand to cement corresponding to the peak of ultimate compressive strength of the cube specimens is taken as 1.4.
[image: Figure 8]FIGURE 8 | The influence of different ratios of quartz sand to cement on RPC mechanical properties. (A) Stress-strain curves of RPC specimens with different ratios of quartz sand to cement. (B) Ultimate compressive strength and mixture fluidity of RPC with different ratios of quartz sand to cement.
The Volume Fraction of Steel Fiber
The comparison of stress-strain curves of specimens with different volume fractions of steel fiber is shown in Figure 9A, and the influence of different volume fractions of steel fiber on the ultimate compressive strength and mixture fluidity of RPC specimens is shown in Figure 9B. It can be seen from Figure 9 and Table 3 that when the volume fraction of steel fiber of the specimens increases from 0 to 1, 2, and 3% in turn, the ultimate compressive strength of the specimen increases from 93.42 to 130.45, 154.18, and 167.02 Mpa in order, which increases by 28.39, 65.04, and 80.92%, respectively. When the volume fraction of steel fiber of the mixture increases from 0 to 1, 2, and 3% in turn, the fluidity of RPC mixture decreases from 139 to 122, 123, and 124 mm in turn, which decreases by 12.23, 11.51, and 10.79%, respectively. It can be seen that, with the increase in the volume fraction of steel fiber, the fluidity of mixture decreases, while the ultimate compressive strength of the cube specimens increases gradually.
[image: Figure 9]FIGURE 9 | The influence of different volume fractions of steel fiber on RPC mechanical properties. (A) Stress-strain curves of RPC specimens with different volume fractions of steel fiber. (B) Ultimate compressive strength and mixture fluidity of RPC with different volume fractions of steel fiber.
Normal Pressure Steam Curing Time
Under 80°C normal pressure steam environment, specimens A2, A4, and E2 are cured for 3 days, and specimens F6, G6, and H6 are cured for 6 days; however specimens F0, G0, and H0 are not cured under 80°C normal pressure steam environment. The influence of steam curing time on RPC is investigated according to the ultimate compressive strength of specimens, as shown in Figure 10. The comparison results show that the ultimate compressive strength of all specimens without steam curing is relatively low. For the group of G0, A4, and G6 and the group of F0, A2, and F6, the specimens can reach the highest ultimate compressive strength when cured by steam for 3 days; nevertheless the ultimate compressive strength of the specimens cured by steam for 6 days is lower than that of the specimens cured by steam for 3 days. For the group of H0, E2, and H6, the ultimate compressive strength of specimen H6 cured by steam for 6 days is higher slightly than that of specimen E2 cured by steam for 3 days, and both are basically the same; therefore, there is little difference for ultimate compressive strength between the specimens cured by steam for 3 and 6 days. It could be drawn that the best steam curing time for RPC specimens is 3 days.
[image: Figure 10]FIGURE 10 | The influence of different atmospheric steam curing time on ultimate compressive strength of RPC.
Optimal Mix Proportion of RPC
Based on the results of cube specimen tests in Table 3, the optimal mix proportion of RPC is proposed through the comprehensive consideration of the fluidity behavior, compressive strength, and economic index, meanwhile taking the materials that can be purchased locally into consideration. With the addition of steel fiber, the cost of RPC will increase greatly and its failure mode will change, so two groups of optimal mix proportion are obtained in this paper. One group is not mixed with steel fiber, and the other group contains steel fiber, as seen Tables 5, 6.
TABLE 5 | Optimal RPC mix proportion without steel fiber.
[image: Table 5]TABLE 6 | Optimum RPC mix proportion with steel fiber.
[image: Table 6]Constitutive Model of RPC
According to the above research conclusion, when 2% steel fiber was added to RPC, the compressive strength of the material could be greatly improved. Therefore, the results of H group prism specimens are selected for regression of constitutive model. Based on the stress-strain curves of prism specimens, a fitting stress-strain curve is obtained by using lstOpt software regression. The comparison between the fitting curve and the three test curves of group H is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Comparison of fitting stress-strain curve and test curves.
In order to obtain the constitutive model of RPC, firstly, the stress and strain are transformed into dimensionless quantities. Let [image: image], [image: image], where [image: image] is the strain corresponding to the peak stress, and [image: image] is the peak stress. Referring to the constitutive model of ordinary concrete, the constitutive model of RPC in the stress rising segment at the optimal mix proportion is established:
[image: image]
In view of the limitations of laboratory conditions, the compressive stress-strain curves of some RPC specimens in the stress drop segment are very discrete, so it is inadequate to regress the constitutive model of the stress drop segment. Therefore, the corresponding formula given in Wang (2008) is adopted as the constitutive model of RPC stress drop segment in this paper. The constitutive model is shown in Figure 12, and the expression is as follows:
[image: image]
[image: Figure 12]FIGURE 12 | Constitutive model of RPC.
Relationship Between Compressive Strength and Elastic Modulus
According to the relationship between elastic modulus and compressive strength of RPC in Ahmad et al. (2015), the expression is as follows:
[image: image]
The relationship between elastic modulus and compressive strength of RPC prism specimens is established; the expression is as follows:
[image: image]
Based on the experimental data in Table 4, the global optimization algorithm (Leveberg Marquardt) in lstOpt software is used to calculate the coefficient a in Eq. 6. After 23 iterations, the convergence standard is reached, and the coefficient a is 4.34. The relationship between the elastic modulus and compressive strength of RPC made from local materials is obtained as follows:
[image: image]
where E is the modulus of elasticity of RPC (Gpa), and [image: image] is the compressive strength of RPC (Mpa).
The coefficient of regression formula in Ahmad et al. (2015) is 4.36, and the coefficient of regression in this test is 4.34, which indicates that there is a universal relationship between the elastic modulus and compressive strength of RPC. The square sum of the correlation coefficients of the regression formula in Ahmad et al. (2015) is [image: image], while the square sum of the correlation coefficients of the regression formula in this experiment is [image: image], which indicates that the data of this test is more aggregated.
According to Eq. 7, the modulus of elasticity (Ew) of 9 specimens is calculated by using RPC compressive strength, as shown in Table 7. The dispersion comparison of E and Ew of 9 specimens is shown in Figure 13. Through the comparison, it can be seen that the maximum error is 4.19%, which shows that the two are in good agreement and meet the engineering requirements.
TABLE 7 | The comparison between E and Ew.
[image: Table 7][image: Figure 13]FIGURE 13 | The comparison between E and Ew for 9 specimens.
CONCLUSION
In this paper, 22 groups of RPC cubic specimens and 3 groups of RPC prism specimens were carried out, and two groups of optimal mix proportion were obtained. From the results of comparisons and analysis presented in this paper, the following conclusions are obtained.
1) When the load approximately reached 0.5 times of the peak load, the cracks of RPC specimens with steel fiber began to develop. After reaching peak stress, obvious vertical cracks appeared on the surface of the specimens. It can be concluded that the crack resistance of steel fiber has a certain buffer for the development of cracks, and the RPC specimens with steel fiber do not show brittle failure.
2) The ratio of silica fume to cement, the ratio of slag powder to cement, the ratio of quartz sand to cement, the volume fraction of steel fiber, and water to binder ratio have greater influence on the compressive strength of RPC specimens. The compressive strength of RPC specimens reaches the maximum when the ratio of silica fume to cement is 0.3, the ratio of slag powder to cement is 0.25, and the ratio of quartz sand to cement is 1.4, respectively. When the volume fraction of steel fiber is 1∼ 3%, the compressive strength of the specimens increases with the increasing of the volume fraction of steel fiber. With the increase in the water to binder ratio in a certain range, the compressive strength gradually decreases; however the fluidity gradually increases. The recommended value of water to binder ratio is 0.2, which could ensure the mechanic behavior of RPC specimens.
3) Steam curing time has some influence on the compressive strength of RPC. The strength of specimens without steam curing is very low, and RPC can reach the highest strength after steam curing for 3 days; however the compressive strength of the specimens of steam curing for 6 days is lower than the compressive strength of the specimens of steam curing for 3 days.
4) Based on the stress-strain curves of RPC prism specimens, the constitutive model of RPC made from local materials is established. The relationship between compressive strength and elastic modulus for RPC is regressed statistically, which is in good agreement with the existing expression.
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