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Abstract

:

The main purpose of this study was to investigate the mix design and performance of fiber-reinforced pervious concrete using lightweight coarse aggregates instead of ordinary coarse aggregates. There were two main stages in the relevant testing work. First, the properties of the matrix were tested with a rheological test and then different amounts of lightweight coarse aggregate and fine aggregate were added to the matrix to measure the properties of the obtained lightweight pervious concrete (LPC). In order to greatly reduce the experimental workload, the Taguchi experimental design method was adopted. An orthogonal array L9(34) was used, which was composed of four controllable three-level factors. There were four test parameters in this study, which were the lightweight coarse aggregate size, ordinary fine aggregate content, matrix type, and aggregate/binder ratio. The research results confirmed that the use of suitable materials and the optimal mix proportions were the key factors for improving the mechanical properties of the LPC. Due to the use of silica fume, ultrafine silica powder, and polypropylene fibers, the 28-day compressive strength, 28-day flexural strength, and 28-day split tensile strength of the LPC specimens prepared in this study were 4.80–7.78, 1.19–1.86, and 0.78–1.11 MPa, respectively. On the whole, the mechanical properties of the prepared LPC specimens were better than those of the LPC with general composition.
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1. Introduction


Sponge cities have developed as a new generation of urban stormwater management [1]. It is an effective approach to solving urban water issues, particularly for waterlogging, i.e., building a permeable pavement to replace a non-permeable pavement. Therefore, in recent years, the use of pervious concrete (PC) has gradually increased. In fact, PC is a special type of concrete composed of Portland cement, coarse aggregate, little or no fine aggregates, admixture, and water [2,3]. According to the definition of PC by the National Ready Mixed Concrete Association (NRMCA) [3], its porosity is between 15% and 25%, and its water-to-binder ratio is between 0.3 and 0.34.



There are many different terms for PC, such as porous concrete, fine concrete, permeable concrete, gap grade concrete, and reinforced pore concrete [4,5,6]. However, there is a significant difference between porous concrete and pervious concrete because the pore structure of porous concrete is not connected to each other; therefore, its water permeability is not good. In contrast, PC has connected pores and its water permeability is excellent [7,8,9]. When pouring and compacting PC, the aggregates adhere tightly to each other, exhibiting interconnected pores. In the fresh plastic state, the general PC is relatively viscous and its slump is usually less than 20 mm. Since PC exhibits low workability, it is meaningless to evaluate the workability of PC. In other words, the slump of PC has nothing to do with its workability and is not suitable as an acceptance criterion [10,11]. When pouring PC on a construction site, in order to ensure sufficient working time, a retarder or hydration stabilizer is often used [10,11]. In addition, viscous agents can also be blended to avoid the paste draining down and improve the workability [10,11].



In general, the composition of PC lacks fine aggregates, which gives it a high porosity. This allows air or water to move in the concrete and gives it a lower unit weight [12]. Typical PC materials are composed of narrow gradation (homogeneous or gap-graded) coarse aggregates, no fine aggregates (or trace amounts), and insufficient amounts of cement paste so that the internal porosity of the material is high and forms a network with interconnected pores [13,14]. However, in practical applications, the design of PC as a pavement material should take into account both porosity and structural strength [15]. Overall, compared with ordinary concrete, PC has the following characteristics: low bulk density, low thermal conductivity, insignificant capillary phenomena (average pore diameter greater than 1 mm), near-zero slump, no segregation, low shrinkage, low cost, and small side pressure during molding [16].



For the hardened properties of PC, its typical density or unit weight, porosity, permeability, compressive strength, and flexural strength are shown in Table 1 [17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. The range of compressive strength of the PC shown in Table 1 is quite wide, about 2.6–61.2 MPa. In addition, the freeze–thaw resistance of PC in harsh environments has also attracted researchers’ attention. Research by Wang et al [41] showed that the freeze–thaw durability of PC reinforced by polypropylene fibers with various nominal lengths was significantly improved. Some researchers believe that due to the high permeability of PC, its pore structure cannot be saturated with water; therefore, freeze–thaw damage generally does not occur [42,43]. However, there have been many actual cases showing the opposite result. Due to its specific use function and service conditions, even under unsaturated or partially saturated conditions, PC in cold climates is more susceptible to freeze–thaw damage than ordinary concrete [44,45]. On the other hand, it is particularly noteworthy that the use of lightweight aggregates not only significantly reduces the unit weight of PC but also enhances its thermal insulation properties [46]. These excellent properties make PC an environmentally friendly material. Despite this, the use of lightweight aggregates has some disadvantages, such as the reduced mechanical properties of PC [46,47,48]. From the data listed in Table 2, compared with general PC, the mechanical properties of PC made of lightweight aggregates are significantly reduced. Taking the important mechanical properties of lightweight pervious concrete (LPC) as an example, the compressive strength test results are about 1.80–5.99 MPa.



Improving the mechanical properties of PC to promote its application range has been widely researched. Overall, findings consistently confirm that the use of suitable materials and proper mix proportions are critical factors [49,50,51,52]. For example, the reduction of porosity in a cement matrix by incorporating fine materials, such as fly ash, metakaolin, rice husk ash, and biomass ash, in a PC mixture can contribute to the strength development of both chemical and physical effects [19]. In view of the above, this study used silica fume and ultra-fine silica powder in fiber-reinforced LPC to explore its mix design and engineering properties. The Taguchi experimental design was utilized to determine the optimal parameters for designing LPC. This study selected four experimental factors: the coarse aggregate size, the fine aggregate content, the matrix type, and the aggregate-to-binder ratio. In addition, to understand the impact of these important factors on the performance of the tested LPC, range analysis and analysis of variance were also performed.




2. Experimental Details


2.1. Materials Properties


The materials used in this study were cement, silica fume, ultra-fine silica powder, ordinary fine aggregates, lightweight coarse aggregates, superplasticizers, a viscous agent, and polypropylene fibers. The cement used was a local Type I Portland cement with a specific gravity of 3.15 and a fineness of 3400 cm2/g. The silica fume was locally manufactured and had a specific gravity of 2.75. The ultra-fine silica powder was purchased from abroad and its specific gravity was 2.73. In the case of fine aggregates, natural river sand was used; its physical properties are shown in Table 3. As for the coarse aggregate, we used an artificial lightweight aggregate with a water absorption rate per hour of 4.3%. In order to ensure that the concrete workability, superplasticizers, and viscous agent were added to the ratio, each product was a local product and met the standards of the American Society for Testing and Materials. The fibers used to improve the toughness of the concrete were polypropylene fibers with a melting point of 160 °C to 170 °C, water absorption of 0%, and a density of 0.9 g/cm3.




2.2. Test Variables and Experimental Design


In this study, for the fiber-reinforced LPC performance test, four experimental control factors were selected, namely, the particle size of lightweight coarse aggregate, the content of ordinary fine aggregate (the percentage of fine aggregate in the total aggregate), the type of cementitious matrix, and the aggregate-to-binder ratio. Among them, there were three types of cementitious matrices composed of different proportions of cementitious materials (cement (C), silica fume (SF), and ultrafine silica fume (USP)). There were three levels of each factor, as shown in Table 4. In addition, four performance parameters for the fiber-reinforced LPC are also shown in Table 4. If the factors and their levels were large, using a full factorial design that considered various combinations of all factors resulted in a large number of experiments [53]. In contrast, the Taguchi method selected appropriate orthogonal arrays according to the design parameters (i.e., experimental control factors and their level values), supplemented by signal/noise ratio (S/N) analysis and variance analysis, so that the optimal combination of parameters could be determined using limited experimental data [54,55,56,57]. Therefore, in order to avoid the aforementioned shortcomings of a full factorial design, the experimental scheme was designed using the Taguchi method. This study used an orthogonal array L9(34) that had four controllable factors and each factor had three levels, as shown in Table 5.




2.3. Mix Proportions and Casting of Specimens


In pervious concrete, cementitious materials are mainly used to properly coat and bond aggregates. It was found that the property of the cementitious material and its coating thickness are key factors in evaluating the structural and hydrological properties of the PC [58]. In this study, three matrixes with polypropylene fibers in different mix proportions were selected, as shown in Table 6. Once the matrix was mixed, the fresh properties of the mixture were measured and recorded. Then, matrix specimens (50 × 50 × 50 mm cube) for the compressive strength test were cast from each mixture. On the other hand, Table 7 shows the mix proportions of the LPC.



Prior to mixing the fiber-reinforced LPC, the aggregates were first processed into the required saturated surface-dry condition. During the mixing process, the cementitious material and the aggregate were mixed evenly, and then the water, superplasticizers, and the viscous agent were added. After being fully mixed, the LPC specimens of each test were cast and compacted with an external vibrator. The compressive strength and elastic modulus of the concrete were tested using cylindrical specimens with a diameter of 100 mm and a height of 200 mm. The split tensile strength test of concrete used a cylindrical specimen with a diameter of 150 mm and a height of 300 mm. As for the flexural strength test of concrete, prismatic specimens (length 360 mm × width 100 mm × thickness 100 mm) were used. Immediately after casting, the specimens were covered with hessian and polyethylene sheets. After 24 h, the specimens were demolded and placed in a laboratory water bath until they were taken out the day before the mechanical test.




2.4. Test Methods and Data Analysis


The matrix rheology test was performed using a Brookfield HBDV-II+Mode viscometer (Middleboro, MA, USA) with a disk-type spindle (#HB04). The matrix fluidity test was based on ASTM C230 [59] and the matrix compressive strength test complied with ASTM C109 [60]. According to ASTM C1688, ASTM C1701, ASTM C39, ASTM C469, ASTM C496, and ASTM C78 [61,62,63,64,65,66], the void content, penetration rate, compressive strength, modulus of elasticity, split tensile strength, and flexural strength of concrete specimens were respectively measured.



In Taguchi’s experimental design method, the deviation of the experimental value from the expected value was calculated by the so-called loss function. The value of this loss function is usually converted to a signal-to-noise ratio (S/N) [67]. The signal-to-noise ratio (η) is expressed in decibels (dB) and can be defined by the logarithm of the mean square deviation (MSD) around the target value. Performance characteristics can generally be divided into three categories: higher is better, nominal is best, and lower is better. In order to obtain a lightweight PC with high strength, the observed values of various mechanical properties were set to a maximum level. The S/N ratio was calculated according to the following equation [67]:


  η = − 10 ×   log   10    (  MSD  )  = − 10 ×   log   10    (   1 n    ∑   i = 1  n   1   y i 2     )   



(1)




where n is the number of repetitions or observations and yi is an observed data point.





3. Results and Discussion


3.1. Test Results of the Matrixes


In essence, the deformation behavior of a freshly mixed matrix under stress can be explained by its rheological test results. A matrix is a non-Newtonian fluid and the relationship between shear stress and shear strain rate is not constant when subjected to shear stress. It should also be noted that the viscosity of the matrix varies with the test parameters, such as the type of viscometer, the type of spindle, and the shear strain rate, which affect the measured viscosity value. Therefore, unless the test parameters are clearly defined, the viscosity obtained via measurement is customarily referred to as the apparent viscosity to distinguish it from the viscosity of Newtonian fluids.



In this study, the rotational speed of the spindle was set to an appropriate range, that is, between 5 and 100 RPM, and the change in the rotational speed of the spindle was in a gradually decreasing manner (i.e., 100→50→20→10→5 RPM). The results of the rheological test on the matrixes are shown in Table 8. Among them, the mix proportions of the CM2 matrix were pure cement pastes, while the CM1 and CM3 matrixes were a mixture of ternary cementitious materials. Compared with the CM2 matrix of pure cement paste, the CM1 and CM3 matrices were a mixture of ternary cementitious materials whose apparent viscosity was significantly increased by the incorporation of silica fume and ultra-fine silica powder. This could ensure sufficient stability of the mixture and strengthen the bond between the hardened cement paste and the aggregate. Furthermore, as described above, the apparent viscosity of each matrix was closely related to the rotational speed of the spindle. The test results confirmed that the apparent viscosity increased as the spindle speed decreased, as shown in Figure 1. Especially at low speeds, the apparent viscosity of the CM1 matrix was more than 30,000 cP. On the other hand, there was a clear linear relationship between the torque and rotational speed of the spindle, as shown in Figure 2. This result indicated that these matrixes had appropriate rheological behavior that conformed to the Bingham model.



Table 9 shows the experimental results of the matrixes. As shown in Table 9, the flow value of each matrix ranged from 70.0 to 116.7 mm. Among them, the flow value of the CM1 matrix was the smallest (70.0 mm) and the flow value of the CM3 matrix was the highest (116.7 mm). In terms of compressive strength, the matrix’s 7-day compressive strength ranged from 69.1 to 87.3 MPa, where the CM1 matrix had the lowest compressive strength (69.1 MPa) and the CM2 matrix had the highest compressive strength (87.3 MPa). These results showed that the properties of the matrix will adhere to the surface of the coarse aggregate uniformly, thereby helping to improve the mechanical properties of the subsequently prepared LPC [31].




3.2. Test Results of the Fiber-Reinforced LPC


The test results of the physical and mechanical properties of the fiber-reinforced LPCs are shown in Table 10 and Table 11, respectively. An appropriate mixture design can balance the porosity/permeability and mechanical properties to meet the structural and hydrological performance requirements of PC. It can be seen from Table 10 that the unit weight of the produced LPC was between 834 and 973 kg/m3, which was significantly lower than that of ordinary weight PC. As can be seen from Table 10, the void ratio of the LPC was greater than 20%, mainly between 20.9% and 25.9%, which was within the range recommended by ACI 522 [12] to obtain PC with proper permeability. In addition, the permeability coefficient was between 21.8–24.5 mm/s, which met the minimum permeability coefficient (1.4 cm/s) of PC required by ACI 522 [12]. This shows that the prepared matrix had proper viscosity and its dosage was sufficient to stably adhere to the aggregate without clogging the voids of the LPC, as shown in Figure 3.



Furthermore, in order to identify the relationship between the different physical properties of the LPC specimens, a scatter plot of the test results was drawn, as shown in Figure 4. It can be clearly observed from Figure 4 that both the unit weight and permeability coefficient had a nonlinear relationship with the void ratio of the LPC. Among them, the unit weight decreased with the increase in the void ratio, while the permeability coefficient increased with the increase in the void ratio. However, the goodness of fit between the void ratio and permeability coefficient was relatively low, which was mainly due to the significant influence of other pore structure properties on the permeability. This result is consistent with the literature [68]. On the other hand, the typical failure pattern observed from the LPC specimens after the compressive strength, flexural strength, and splitting tensile strength testing are shown in Figure 5. Generally, the failure path of ordinary PC is mainly governed by the cement matrix or interfacial transition zone (ITZ). Compared with ordinary PC, because the strength of the lightweight aggregate was inferior to that of general aggregate, the failure path of the LPC specimens mainly propagated through the cement matrix and aggregate rather than the ITZ. Taking the compressive and splitting tensile strength specimens as an example, as shown in Figure 6, the fracture surfaces showed that a large area of lightweight aggregates was split and obvious cracks appeared, indicating that the specimens were destroyed.



3.2.1. Compressive Strength and Elastic Modulus of the LPC


Table 11 shows that the 14-day compressive strength of each series of LPC was between 4.05 and 5.96 MPa. Among them, the LC2 mix had the lowest compressive strength (4.05 MPa) and the LC3 mix had the highest compressive strength (5.96 MPa). Overall, as the age increased, the compressive strength of each LPC also increased. The 28-day compressive strength of the LPC specimens prepared in this research was between 4.80 and 7.78 MPa, as shown in Table 11. In contrast, it can be seen from Table 2 that the 28-day compressive strength of the LPC prepared with lightweight aggregates by other researchers ranged from 1.80 to 5.99 MPa [46,47]. This result shows that the 28-day compressive strength of the LPC was superior, irrespective of the coarse aggregate size or fine aggregate content used. It can also be observed from Figure 7a that the compressive strength of the LC8 mix was the lowest (4.80 MPa), while the compressive strength of the LC5 mix was the highest (7.78 MPa). On the other hand, as can be seen from Table 11, the elastic modulus of each mixture of LPC at 14 days of age was between 3858 and 15,026 MPa. It can be clearly seen from Figure 7b that the LC6 mix and the LC4 mix had the lowest and highest elastic moduli, respectively. Similarly, as the age increased, the elastic modulus of each LPC also increased. The elastic modulus at 28 days of age was between 5.771 and 16.721 GPa. The average value was about 11.3 GPa, which was about 32% of the elastic modulus of conventional concrete (i.e., 35 GPa). The elastic modulus of the LC6 mix was the lowest (5.771 GPa) and the elastic modulus of the LC4 mix was the highest (16.721 GPa), as shown in Figure 7b. The research results of Alam and Haselbach [69] showed that for cylindrical specimens of PC with a porosity of 15–31%, the elastic modulus ranged from 1 to 16 GPa. However, the research results of Zhong and Wille [70] showed that the elastic modulus of PC with a porosity range of 17–31% was 16.2–22.3 GPa, which was significantly higher than the results of Alam and Haselbach [69].




3.2.2. Flexural Strength and Splitting Tensile Strength of the LPC


Flexural strength and splitting tensile strength are commonly used to estimate the tensile strength of concrete, although their results will not be the same. This is mainly due to the different failure mechanisms of the two. Flexural strength is determined by the bending stress at the failure section. However, splitting tensile strength is determined by the pure tensile stress generated along the diameter of the specimen at the point of failure caused by the compressive load. Therefore, split tensile strength is more sensitive to microcracks in the concrete. Table 11 shows that the flexural strength of LPC at 14 days of age was between 0.84 and 1.55 MPa. As is clear from Figure 8a, the flexural strength of the LC7 mix was the lowest (0.84 MPa) and the flexural strength of the LC2 mix was the highest (1.55 MPa). As the age of the specimen increased from 14 days to 28 days, the flexural strength also increased. The flexural strength at 28 days of age was between 1.19 and 1.86 MPa, as shown in Table 11. In contrast, the 28-day flexural strength of LPC prepared by other researchers ranged from 0.5 to 1.4 MPa, as shown in Table 2 [46,47]. This result clearly shows that the 28-day flexural strength of the LPC prepared in this study was relatively good. The reason should be the polypropylene fiber used in this study. In addition, the flexural strength of the LC5 mix was the lowest (1.19 MPa) and the flexural strength of the LC6 mix was the highest (1.86 MPa), as shown in Figure 8a.



As for the splitting tensile strength, it can be seen from Table 11 that the splitting tensile strength of the concrete at 14 days of age was between 0.70 and 1.11 MPa. It is clearly seen from Figure 8b that the LC4 mix had the lowest splitting tensile strength (0.70 MPa) and the LC6 mix had the highest splitting tensile strength (0.99 MPa). Similarly, as the age of each specimen increased from 14 days to 28 days, the splitting tensile strength also increased. At 28 days of age, the splitting tensile strength was between 0.78 and 1.11 MPa, and its average value was about 64% of the average flexural strength. Similarly, compared with other researchers, the 28-day splitting tensile strength of the LPC prepared with different lightweight aggregates ranged from 0.5 to 1.4 MPa, as shown in Table 2 [46,47]. In view of this, the 28-day splitting tensile strength of the LPC prepared in this study was still relatively good due to the use of polypropylene fiber. The ratio of the 28-day splitting tensile strength to the 28-day compressive strength ranged from 11% to 22%, with an average of 16.5%. They were higher than those of the PC containing natural aggregate, which ranged from 9–14% [44]. Furthermore, the LC2 mix had the lowest splitting tensile strength (0.78 MPa) and the LC9 mix had the highest splitting tensile strength (1.11 MPa), as shown in Figure 8b.





3.3. Range Analysis and Analysis of Variance


The rationale behind the experimental design mainly included two aspects: one was to emphasize the integrity and efficiency of the experimental plan (i.e., how to conduct effective and economical experiments for the purpose of the experiment), and the other was concerned with the analysis of experimental observations, mainly by analyzing the data obtained from the experiment by appropriate methods, and then judging the results. Therefore, for each experimental factor, its impact on the performance of LPC was evaluated using range analysis and analysis of variance. Basically, this was achieved by separating the total variability of the S/N ratios into contributions by each of the process parameters and the error [71]. Table 12 lists the 28-day test results of the LPC and the corresponding S/N. Furthermore, we calculated the average value of the S/N ratio of each factor at the same level and calculated the main effect value (delta) of the factor level. In this way, these data can be made into an auxiliary table, as shown in Table 13. On the other hand, the relative contribution of different control factors in describing the mechanical properties of LPC mixtures was performed using analysis of variance (ANOVA) tests [72]. In addition, the application of the statistical F test can determine which process parameters had a significant impact on performance characteristics. The results of the ANOVA and F test are represented in Table 14. Among them, the contribution of each factor was obtained by dividing the sum of the squares of each factor by the total sum of the squares.



3.3.1. Range Analysis and ANOVA of Compressive Strength


Table 13 lists the mean S/N ratio of the compressive strength factor for each level and Figure 9 shows the S/N response graph of the compressive strength. It can be seen from the delta value in Table 13 and the mean S/N ratio in Figure 9 that the coarse aggregate size was the significant factor in controlling the compressive strength. In this study, the sizes of coarse aggregates ranged from 4.76 to 19 mm, consisting of three single-sized gradations. As the coarse aggregate size increased, the compressive strength increased and then decreased. In other words, when the coarse aggregate size was the second level (9.5–12.5 mm), the value of the compressive strength was the highest.



The comparison of the compressive strength and void ratio for different aggregate gradations is presented in Figure 10. However, due to the interaction of other control factors, there was no clear relationship between the void ratio and coarse aggregate size. As a result, it can be observed from Figure 10 that the relationship between the compressive strength and void ratio was highly dispersed, irrespective of any coarse aggregate size. This correlation led to the conclusion that although the void ratio was an influencing factor, the void ratio alone was relatively insufficient to predict the compressive strength of the LPC. In fact, the influence of aggregate size on the compressive strength of PC shows great differences in the literature. Yu et al. [73] studied the compressive strength of permeable concrete prepared with eight different aggregate sizes, but their porosity was 20%. Their results showed that the compressive strength of PC with an aggregate size between 2.36 and 4.76 mm was the lowest, while the compressive strength of PC with an aggregate size between 10 and 15 mm was the highest. A study by Ćosić et al. [74] showed that under constant porosity, the compressive strength of PC with 60% 8–16 mm and 30% 4–8 mm aggregates was 21% higher than that of PC with 60% 4–8 mm and 30% 8–16 mm aggregates. Deo and Neithalath [75] tested PC specimens made of single-sized aggregates (i.e., 2.38, 4.76, and 9.51 mm). Their results showed that due to the larger number of pores, smaller aggregate sizes lead to lower strength. However, some studies showed the opposite results [76,77], that is, the use of smaller aggregate sizes leads to a decrease in porosity and an increase in compressive strength. It can be seen from the above that the influence of aggregate size on the compressive strength of PC is still inconclusive in the literature, mainly due to its influence on porosity, which is negatively correlated with strength [78]. On the other hand, the ANOVA and F test results of the compressive strength in Table 14 confirmed that the lightweight coarse aggregate size was the most important factor that affected the compressive strength of the LPC. The contribution percentages of these factors were coarse aggregate size (69.63%), matrix type (26.53%), and fine aggregate content (3.84%). From the above results of the S/N ratio and analysis of variance analyses, the optimal combination level of the experimental control factors for achieving maximum compressive strength was A2B3C3D2, i.e., the coarse aggregate size at level 2, fine aggregate content at level 3, matrix type at level 3, and aggregate to binder ratio at level 2.




3.3.2. Range Analysis and ANOVA of Elastic Modulus


In terms of the elastic modulus of the LPCs, the mean S/N ratio for each level of the experimental control factor is listed in Table 13, and its S/N response diagram is shown in Figure 11. From Table 13 and Figure 11, it is easy to see that the aggregate-to-binder ratio was the significant factor in controlling the elastic modulus. In this study, there were three levels of the aggregate-to-binder ratio. The first level was 6.2, the second level was 5.9, and the third level was 5.6. As the aggregate to binder ratio decreased, the elastic modulus decreased and then increased. In other words, the maximum value of the elastic modulus occurred when the aggregate-to-binder ratio was at the lowest level. This was because the smaller aggregate-to-binder ratio meant that the amount of cement paste required to adequately cover the granular skeleton could be obtained. Therefore, it helped to improve the elastic modulus of the LPCs. However, it can be observed from Figure 12 that the relationship between the elastic modulus and void ratio was highly dispersed. This showed that the trend between the elastic modulus and void ratio was quite different from other measurement results. The reason was mainly due to the dispersion, irregularity, and fluctuations that occurred with the collapse of voids and the rearrangement of aggregates during the test. Thus, the elastic modulus had great variability. Furthermore, the results of the ANOVA and F test for the elastic modulus are given in Table 14. From this point of view, the ratio of aggregate to binder was the most significant factor contributing to the elastic modulus of the LPC, with a contribution percentage of 67.84%. By examining the above analysis results, it can be seen that the optimal combination level of experimental control factors to achieve the maximum elastic modulus was A2B3C2D3, i.e., the coarse aggregate size at level 2, fine aggregate content at level 3, matrix type at level 2, and aggregate to binder ratio at level 3.




3.3.3. Range Analysis and ANOVA of Flexural Strength


Table 13 lists the mean S/N ratio at each level of the experimental control factors of the flexural strength and Figure 13 shows the S/N response graph of the flexural strength. As can be seen from Table 13 and Figure 13, the fine aggregate content was the significant factor in controlling the flexural strength, and when the fine aggregate content is 10%, the response value was the largest. It can be seen from Figure 13 that the general trend was that the flexural strength increased almost linearly with the increase in the percentage of fine aggregate.



In addition, it can be seen from Figure 14 that the relationship between the flexural strength and void ratio was roughly inversely proportional, irrespective of any coarse aggregate size. In engineering practice, fine aggregate can be added to the PC mixture, usually within 5–10% of the mass of coarse aggregate, to improve strength and durability [78]. Research by Ibrahim et al. [79] showed that adding 10% river sand to a PC mixture with a water–cement ratio of 0.3–0.4 resulted in a slight decrease in porosity (about 12%) and an increase in compressive strength by 50%. Barnhouse and Srubar [80] added 7% by mass of coarse aggregate sand to recycled aggregate and high-porosity PC (>50%) with a water-cement ratio of 0.27, resulting in a 16% reduction in porosity and a 19% increase in compressive strength. The above results show that sand can reduce the porosity, provide a thicker paste coating, and increase the contact area between the aggregates, further improving the interlocking of the aggregates, thereby increasing the strength of the PC [77]. As the compressive strength increased, the flexural strength also improved. In addition, the ANOVA and F test results in Table 14 show that the fine aggregate content had the maximum contribution to the LPC mixture toward the flexural strength. The contribution percentage of fine aggregate content with respect to the flexural strength of the LPC mixture was 46.00%, which was the maximum among all the factors, followed by the matrix type (38.28%), and then by the aggregate-to-binder ratio (13.35%). According to the above results, the optimal combination level of the experimental control factors for achieving the maximum flexural strength was A1B3C1D2, i.e., the coarse aggregate size at level 1, fine aggregate content at level 3, matrix type at level 1, and aggregate to binder ratio at level 2.




3.3.4. Range Analysis and ANOVA of Splitting Tensile Strength


The mean S/N ratio at each level of the factor for the splitting tensile strength is shown in Table 13, while the S/N response plot for the splitting tensile strength is shown in Figure 15. It can be seen from the analysis results of Table 13 and Figure 15 that the fine aggregate content was the most important factor that affected the splitting tensile strength. The splitting tensile strength first decreased and then increased with an increase in the fine aggregate content. When the fine aggregate content was 10%, the value of splitting tensile strength was the largest. The use of fine aggregates in a PC mixture can be regarded as a part of aggregate gradation. In particular, the presence of fine aggregates can provide a better degree of packing and a good interlocking between aggregates, which increases the structural capacity of the mixture. As a result, the splitting tensile strength of the LPC mixture can be improved. The study by Kevin et al. [81] showed that when sand (7% of the mass of coarse aggregate) and fiber (0–0.1% of the concrete volume) were added to the PC mixture, the tensile strength increased by 24% and the porosity decreased by 4%. In addition, it can be seen from Figure 16 that the relationship between the splitting tensile strength and void ratio was roughly inversely proportional. From this point of view, using only the void ratio as a parameter was not enough to accurately predict the splitting tensile strength of the LPC mixture, although it was an influencing factor.



Moreover, the ANOVA and F test results in Table 14 also confirmed that the fine aggregate content was the most important factor affecting the splitting tensile strength of the LPC. The contribution percentages of these factors were fine aggregate content (87.20%), coarse aggregate size (8.15%), and matrix type (4.12%). According to the results of the S/N ratio and the analysis of variance, the optimal combination level of the experimental control factors for achieving maximum splitting tensile strength was A3B3C1D1, i.e., the coarse aggregate size at level 3, fine aggregate content at level 3, matrix type at level 1, and aggregate to binder ratio at level 1.




3.3.5. Validation Tests


This study performed verification tests because the optimal combination of parameters and their levels did not correspond to any experiments in the orthogonal array. It can be seen from Table 15 that the optimal combination of experimental control factors proposed by the Taguchi method could obtain the maximum test result for each performance parameter. From this point of view, the validation test results showed that the Taguchi method was an effective method to obtain the mix design of fiber-reinforced LPC.






4. Conclusions


In this study, silica fume, ultra-fine silica powder, polypropylene fiber, and lightweight coarse aggregate were used to explore the mix design and engineering properties of PC. The Taguchi method was used to evaluate the optimal design parameters of the fiber-reinforced LPC, and the research results showed that it was an effective method. From the results of the range analysis and variance analysis, it can be seen that due to different failure mechanisms, the influencing factors of various mechanical properties were also different. As far as the compressive strength of the LPC was concerned, the size of the lightweight coarse aggregate was the most important factor. As for the flexural strength and splitting tensile strength of the LPC, the fine aggregate content was the most important factor. It is worth noting that the failure of the LPC specimens was mainly caused by the rupture of the lightweight aggregate. The research results also confirmed that the use of suitable materials and the optimal mix proportions were the key factors for improving the mechanical properties of the LPC. Due to the use of silica fume, ultrafine silica powder, and polypropylene fibers, the 28-day compressive strength, 28-day flexural strength, and 28-day split tensile strength of the LPC specimens prepared in this study were 4.80–7.78, 1.19–1.86, and 0.78–1.11 MPa, respectively. On the whole, the mechanical properties of the prepared LPC specimens were better than those of the LPC with a general composition.
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Figure 1. The relationship between the apparent viscosity and spindle speed. 
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Figure 2. The relationship between the torque and spindle speed. 
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Figure 3. The appearance of the LPC specimen: (a) LC1, (b) LC2, and (c) LC3. 
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Figure 4. Unit weight and permeability coefficient versus void ratio. 
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Figure 5. The typical failure of the LPC specimens: (a) compressive strength test, (b) flexural strength test, and (c) splitting tensile strength test. 
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Figure 6. The fracture surface of the LPC specimens: (a) compressive strength test and (b) splitting tensile strength test. 






Figure 6. The fracture surface of the LPC specimens: (a) compressive strength test and (b) splitting tensile strength test.



[image: Applsci 12 00524 g006]







[image: Applsci 12 00524 g007 550] 





Figure 7. The test results of LPC: (a) compressive strength and (b) elastic modulus. 
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Figure 8. The test results of LPC: (a) flexural strength and (b) splitting tensile strength. 
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Figure 9. The S/N response graph for the compressive strength of the LPC. 
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Figure 10. Relationship between compressive strength and void ratio. 
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Figure 11. The S/N response graph for the elastic modulus of the LPC. 
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Figure 12. Relationship between the elastic modulus and void ratio. 
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Figure 13. The S/N response graph for the flexural strength of the LPC. 
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Figure 14. Relationship between the flexural strength and void ratio. 
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Figure 15. The S/N response graph for the splitting tensile strength of the LPC. 
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Figure 16. Relationship between the splitting tensile strength and void ratio. 
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Table 1. The properties of typical PC.
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	Void Ratio (%)
	Unit Weight (kg/m3)
	Permeability

(mm/s)
	Compressive Strength (MPa)
	Flexural Strength (MPa)
	Reference





	15–37
	1602–2284
	0.25–25
	2.6–61.2
	1.0–7.5
	[17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]
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Table 2. The properties of PC containing lightweight aggregates.
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	Type of Lightweight Aggregate
	Compressive Strength (MPa)
	Flexural Strength

(MPa)
	Splitting Tensile Strength

(MPa)
	Reference





	Diatomite aggregate
	3.20–5.99
	-
	0.57–0.93
	[46]



	Pumice aggregate
	2.47–4.30
	-
	0.47–0.99
	[46]



	Recycled aggregate from autoclaved aerated concrete
	2.62–4.45
	-
	0.58–0.93
	[46]



	Pumice aggregate
	2.74–2.89
	1.00–1.40
	0.84–1.13
	[47]



	Pumice aggregate
	1.80–2.56
	0.50–1.40
	0.56–0.84
	[48]
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Table 3. The physical property of the fine aggregates.
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	Specific Gravity (SSD) *
	Water Absorption (%) (SSD)
	FM





	2.57
	1.45
	2.7







Notes: * SSD, saturated surface-dry condition; FM, fineness modulus.
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Table 4. The parameters and design levels for the LPC.
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Experimental Control Factor

	
Levels of Experimental Control Factor

	
Performance

Parameter




	
1

	
2

	
3






	
Coarse aggregate size, A (mm)

	
4.75–9.5

	
9.5–12.5

	
12.5–19.0

	
Compressive strength (MPa)




	
Fine aggregate content, B (%)

	
0

	
5

	
10

	
Elastic modulus (MPa)




	
Matrix type, C

	
CM1

	
CM2

	
CM3

	
Flexural strength (MPa)




	
Aggregate-to-binder ratio, D

	
High

	
Medium

	
Low

	
Splitting tensile strength (MPa)








Notes: CM1, C:SF:USP = 8.8:0.6:0.6; CM2, C:SF:USP = 10:0:0; CM3, C:SF:USP = 9.2:0.4:0.4.
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Table 5. The L9(34) orthogonal array for the LPC.
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Designation

	
Experimental Control Factor (Level)




	
Coarse Aggregate Size (mm)

	
Fine Aggregate Content (%)

	
Matrix Type

	
Aggregate-to-Binder Ratio (Weight Ratio)






	
LC1

	
4.75–9.5 (1)

	
0 (1)

	
C:SF:USP = 8.8:0.6:0.6 (1)

	
6.2 (1)




	
LC2

	
4.75–9.5 (1)

	
5 (2)

	
C:SF:USP = 10:0:0 (2)

	
5.9 (2)




	
LC3

	
4.75–9.5 (1)

	
10 (3)

	
C:SF:USP = 9.2:0.4:0.4 (3)

	
5.6 (3)




	
LC4

	
9.5–12.5 (2)

	
0 (1)

	
C:SF:USP = 10:0:0 (2)

	
5.6 (3)




	
LC5

	
9.5–12.5 (2)

	
5 (2)

	
C:SF:USP = 9.2:0.4:0.4 (3)

	
6.2 (1)




	
LC6

	
9.5–12.5 (2)

	
10 (3)

	
C:SF:USP = 8.8:0.6:0.6 (1)

	
5.9 (2)




	
LC7

	
12.5–19 (3)

	
0 (1)

	
C:SF:USP = 9.2:0.4:0.4 (3)

	
5.9 (2)




	
LC8

	
12.5–19 (3)

	
5 (2)

	
C:SF:SFP = 8.8:0.6:0.6 (1)

	
5.6 (3)




	
LC9

	
12.5–19 (3)

	
10 (3)

	
C:SF:USP = 10:0:0 (2)

	
6.2 (1)








Note: The numbers in parentheses indicate the level of the factor.
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Table 6. The mix proportions of the matrix.






Table 6. The mix proportions of the matrix.





	Designation
	W/B
	W

(kg/m3)
	C

(kg/m3)
	SF

(kg/m3)
	USP

(kg/m3)
	SP

(kg/m3)
	VA

(kg/m3)
	PP

(kg/m3)





	CM1
	0.28
	425.99
	1459.37
	99.50
	99.50
	31.70
	6.65
	0.90



	CM2
	0.28
	450.24
	1673.75
	0.00
	0.00
	16.74
	1.67
	0.23



	CM3
	0.31
	459.29
	1457.65
	63.38
	63.38
	30.28
	1.59
	0.45







Notes: W/B, water-to-binder ratio; W, water; C, cement; SF, silica fume; USP, ultra-fine silica powder; SP, superplasticizers; VA, viscous agent; PP, polypropylene fiber.
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Table 7. The mix proportions of the fiber-reinforced LPC.






Table 7. The mix proportions of the fiber-reinforced LPC.





	Designation
	W/B
	W

(kg/m3)
	C

(kg/m3)
	SF

(kg/m3)
	USP

(kg/m3)
	SP

(kg/m3)
	VA

(kg/m3)
	PP

(kg/m3)
	LCA

(kg/m3)
	FA

(kg/m3)





	LC1
	0.28
	51.76
	177.32
	11.96
	11.96
	3.85
	0.81
	0.11
	576.33
	0.00



	LC2
	0.28
	59.24
	220.23
	0.00
	0.00
	2.20
	0.22
	0.03
	569.33
	29.96



	LC3
	0.31
	69.38
	220.19
	9.57
	9.57
	4.57
	0.24
	0.07
	556.46
	61.83



	LC4
	0.28
	60.35
	224.36
	0.00
	0.00
	2.24
	0.22
	0.03
	597.48
	0.00



	LC5
	0.31
	61.82
	196.18
	8.53
	8.53
	4.08
	0.21
	0.06
	597.28
	31.44



	LC6
	0.28
	60.25
	206.42
	14.07
	14.07
	4.48
	0.94
	0.13
	592.30
	65.81



	LC7
	0.31
	62.57
	198.59
	8.63
	8.63
	4.13
	0.22
	0.06
	612.18
	0.00



	LC8
	0.28
	61.03
	209.08
	14.26
	14.26
	4.54
	0.95
	0.13
	607.56
	31.98



	LC9
	0.28
	61.42
	228.34
	0.00
	0.00
	2.28
	0.23
	0.03
	612.45
	68.05







Notes: W/B, water-to-binder ratio; W, water; C, cement; SF, silica fume; USP, ultra-fine silica powder; SP, superplasticizers; VA, viscous agent; PP, polypropylene fiber; LCA, lightweight coarse aggregate; FA, fine aggregate.
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Table 8. The results of the apparent viscosity of the matrixes.






Table 8. The results of the apparent viscosity of the matrixes.





	
Designation

	
W/B

	
Proportion of Cementitious Materials

	
Apparent Viscosity (Centipoise, cP)




	
Rotational Speed of Spindle (RPM)




	
100

	
50

	
20

	
10

	
5






	
CM1

	
0.28

	
C:SF:USP = 8.8:0.6:0.6

	
5664

	
8256

	
12,400

	
19,893

	
31,040




	
CM2

	
0.28

	
C:SF:USP = 10:0:0

	
3627

	
4011

	
5973

	
8160

	
12,480




	
CM3

	
0.31

	
C:SF:USP = 9.2:0.4:0.4

	
3580

	
4267

	
6347

	
9707

	
14,933
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Table 9. The flow value and compressive strength of the matrixes.






Table 9. The flow value and compressive strength of the matrixes.





	Designation
	Flow Value (mm)
	Compressive Strength (MPa)





	CM1
	70.0
	69.1



	CM2
	97.3
	87.3



	CM3
	116.7
	76.5
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Table 10. The physical properties of the fiber-reinforced LPC.






Table 10. The physical properties of the fiber-reinforced LPC.





	Designation
	Unit Weight (kg/m3)
	Void Ratio (%)
	Permeability Coefficient (mm/s)





	LC1
	834
	25.9
	24.5



	LC2
	881
	24.8
	23.9



	LC3
	932
	22.5
	22.8



	LC4
	885
	25.5
	23.9



	LC5
	908
	24.6
	23.1



	LC6
	958
	21.9
	22.4



	LC7
	895
	24.7
	23.4



	LC8
	944
	22.5
	22.6



	LC9
	973
	20.9
	21.8










[image: Table] 





Table 11. The mechanical properties of the fiber-reinforced LPC (unit: MPa).






Table 11. The mechanical properties of the fiber-reinforced LPC (unit: MPa).





	
Designation

	
Compressive Strength

	
Elastic Modulus

	
Flexural Strength

	
Splitting Tensile Strength




	
14 days

	
28 days

	
14 days

	
28 days

	
14 days

	
28 days

	
14 days

	
28 days






	
LC1

	
5.07

	
5.48

	
7026

	
7704

	
1.30

	
1.34

	
0.78

	
0.91




	
LC2

	
5.48

	
6.02

	
5163

	
5899

	
1.55

	
1.57

	
0.74

	
0.78




	
LC3

	
5.96

	
6.46

	
12159

	
14327

	
1.49

	
1.77

	
0.92

	
1.00




	
LC4

	
4.87

	
5.96

	
15026

	
16721

	
0.87

	
1.21

	
0.70

	
0.93




	
LC5

	
5.20

	
7.78

	
8509

	
11649

	
0.92

	
1.19

	
0.72

	
0.82




	
LC6

	
5.25

	
7.14

	
3858

	
5771

	
1.50

	
1.86

	
0.99

	
1.04




	
LC7

	
4.05

	
5.32

	
4501

	
6268

	
0.84

	
1.30

	
0.81

	
0.93




	
LC8

	
4.34

	
4.80

	
7243

	
9603

	
1.35

	
1.46

	
0.75

	
0.87




	
LC9

	
4.10

	
4.96

	
13235

	
15661

	
1.23

	
1.42

	
0.93

	
1.11
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Table 12. The experimental results and corresponding S/N ratio of the fiber-reinforced LPC.






Table 12. The experimental results and corresponding S/N ratio of the fiber-reinforced LPC.





	
Designation

	
Experimental Results (MPa)

	
S/N Ratio (dB)




	
fc′

	
Ec

	
fr

	
fs

	
fc′

	
Ec

	
fr

	
fs






	
LC1

	
5.48

	
7704

	
1.34

	
0.91

	
14.78

	
77.73

	
2.54

	
−0.82




	
LC2

	
6.02

	
5899

	
1.57

	
0.78

	
15.59

	
75.42

	
3.92

	
−2.16




	
LC3

	
6.46

	
14,327

	
1.77

	
1.00

	
16.20

	
83.12

	
4.96

	
0.00




	
LC4

	
5.96

	
16,721

	
1.21

	
0.93

	
15.50

	
84.47

	
1.66

	
−0.63




	
LC5

	
7.78

	
11,649

	
1.19

	
0.82

	
17.82

	
81.33

	
1.51

	
−1.72




	
LC6

	
7.14

	
5771

	
1.86

	
1.04

	
17.07

	
75.23

	
5.39

	
0.34




	
LC7

	
5.32

	
6268

	
1.30

	
0.93

	
14.52

	
75.94

	
2.28

	
−0.63




	
LC8

	
4.80

	
9603

	
1.46

	
0.87

	
13.62

	
79.65

	
3.29

	
−1.21




	
LC9

	
4.96

	
15,661

	
1.42

	
1.11

	
13.91

	
83.90

	
3.05

	
0.91








Note: fc′, compressive strength; Ec, elastic modulus; fr, flexural strength; fs, splitting tensile strength.
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Table 13. The auxiliary table of the fiber-reinforced LPC.






Table 13. The auxiliary table of the fiber-reinforced LPC.





	
Performance Parameter

	
Experimental Control Factor

	
Mean S/N Ratio (η, Unit: dB)

	
Delta

(Max. η − Min. η)

	
Rank




	
Level 1

	
Level 2

	
Level 3






	
Compressive strength

	
Coarse aggregate size, A

	
15.52

	
16.80

	
14.02

	
2.782

	
1




	
Fine aggregate content, B

	
14.93

	
15.68

	
15.73

	
0.796

	
3




	
Matrix type, C

	
15.16

	
15.00

	
16.18

	
1.179

	
2




	
Aggregate-to-binder ratio, D

	
15.50

	
15.73

	
15.11

	
0.617

	
4




	
Elastic

modulus

	
Coarse aggregate size A

	
78.76

	
80.34

	
79.83

	
1.581

	
4




	
Fine aggregate content, B

	
79.38

	
78.80

	
80.75

	
1.952

	
3




	
Matrix type, C

	
77.54

	
81.26

	
80.13

	
3.723

	
2




	
Aggregate-to-binder ratio, D

	
80.99

	
75.53

	
82.41

	
6.884

	
1




	
Flexural strength

	
Coarse aggregate size, A

	
3.81

	
2.85

	
2.87

	
0.954

	
3




	
Fine aggregate content, B

	
2.16

	
2.91

	
4.47

	
2.306

	
1




	
Matrix type, C

	
3.74

	
2.87

	
2.92

	
0.867

	
4




	
Aggregate-to-binder ratio, D

	
2.37

	
3.86

	
3.30

	
1.496

	
2




	
Splitting tensile strength

	
Coarse aggregate size, A

	
−0.99

	
−0.67

	
−0.31

	
0.681

	
2




	
Fine aggregate content, B

	
−0.69

	
−1.70

	
0.42

	
2.113

	
1




	
Matrix type, C

	
−0.56

	
−0.63

	
−0.78

	
0.222

	
4




	
Aggregate-to-binder ratio, D

	
−0.55

	
−0.82

	
−0.61

	
0.270

	
3
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Table 14. The analysis of variance and F test of the fiber-reinforced LPC.






Table 14. The analysis of variance and F test of the fiber-reinforced LPC.





	
Performance Parameter

	
Experimental Control Factor

	
SSZ

	
DOF

	
MSZ

	
FZ

	
PZ






	
Compressive strength

	
Coarse aggregate size, A

	
11.64

	
3

	
3.88

	
19.94

	
69.63




	
Fine aggregate content, B

	
1.19

	
3

	
0.40

	
2.04

	
3.84




	
Matrix type, C

	
2.46

	
3

	
0.82

	
4.21

	
26.53




	
Aggregate-to-binder ratio, D

	
0.58

	
3

	
0.19

	
1.00

	
0.00




	
All other/error

	
0.58

	
3

	
0.19

	

	




	
Total

	
15.87

	
12

	
5.29

	

	
100.00




	
Elastic modulus

	
Coarse aggregate size, A

	
3.91

	
3

	
1.30

	
1.00

	
0.00




	
Fine aggregate content, B

	
6.02

	
3

	
2.01

	
1.54

	
1.90




	
Matrix type, C

	
21.87

	
3

	
7.29

	
5.60

	
30.26




	
Aggregate-to-binder ratio, D

	
79.22

	
3

	
26.41

	
20.28

	
67.84




	
All other/error

	
3.91

	
3

	
1.30

	

	




	
Total

	
111.01

	
12

	
37.00

	

	
100.00




	
Flexural strength

	
Coarse aggregate size, A

	
1.79

	
3

	
0.60

	
1.25

	
2.38




	
Fine aggregate content, B

	
8.31

	
3

	
2.77

	
5.81

	
46.00




	
Matrix type, C

	
1.43

	
3

	
0.48

	
1.00

	
38.28




	
Aggregate-to-binder ratio, D

	
3.43

	
3

	
1.14

	
2.39

	
13.35




	
All other/error

	
1.43

	
3

	
0.48

	

	




	
Total

	
14.95

	
12

	
4.98

	

	
100.00




	
Splitting tensile strength

	
Coarse aggregate size, A

	
0.70

	
3

	
0.23

	
8.91

	
8.15




	
Fine aggregate content, B

	
6.70

	
3

	
2.23

	
85.69

	
87.20




	
Matrix type, C

	
0.08

	
3

	
0.03

	
1.00

	
4.12




	
Aggregate-to-binder ratio, D

	
0.12

	
3

	
0.04

	
1.52

	
0.53




	
All other/error

	
0.08

	
3

	
0.03

	

	




	
Total

	
7.60

	
12

	
2.53

	

	
100.00








Notes: SSZ, sum of the squares; DOF, degree of freedom; MSZ, variance; FZ, F value; PZ, percentage of contribution.
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Table 15. The results of the validation tests.






Table 15. The results of the validation tests.





	Performance Parameter
	Initial Combination
	Test Results

(MPa)
	Optimal Combination
	Test Results

(MPa)





	Compressive strength
	A2B2C3D1
	7.78
	A2B3C3D2
	7.82



	Elastic modulus
	A2B1C2D3
	16721
	A2B3C2D3
	17315



	Flexural strength
	A2B3C1D2
	1.86
	A1B3C1D2
	1.91



	Splitting tensile strength
	A3B3C2D1
	1.11
	A3B3C1D1
	1.22
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