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Abstract

:

It is of great significance to study the effect of solid contents (SC), binder-to-tailings (b/t) ratio, types and dosage of fly ash (FA) on the viscosity (V) and uniaxial compressive strength (UCS) of backfill. It can improve filling efficiency and reduce filling costs to understand the relationship between SC, b/t ratio, FA dosage and viscosity, and UCS of backfill. Consequently, this paper carried out uniaxial compression tests and rheological tests on five different types of backfill specimens. Experimental results indicate that, with the increase of SC, the viscosity and UCS of all backfill samples increases as a power function. With the decrease of b/t ratio, the viscosity and UCS of all backfill samples decreases as an exponential function. The coupling effect of SC and b/t ratio has a great influence on the viscosity and UCS of backfill samples. The relationship between SC, b/t ratio and viscosity, and UCS is a quadratic polynomial function. The order of the viscosity of the backfill slurry is: pure tailings < backfill slurry mixed with Ordinary Portland Cement (OPC) < backfill slurry mixed with FA1 < backfill slurry mixed with FA2. The higher the FA dosage, the greater the viscosity. The order of the UCS of backfill is: backfill with OPC > backfill with FA1 > backfill with FA2. The higher the FA dosage, the smaller the UCS. The UCS of all backfill samples increased with the increase of curing time (CT). The relations between the viscosity and UCS of backfill present the positively linear functions. It is feasible to use viscosity to predict the UCS of backfill, and the error between the UCS predicted value and the test value is mostly controlled within 10%. Ultimately, the findings of the experimental work will provide a scientific reference for the mine to design the strength of the backfill.
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1. Introduction


At present, underground mining is the main way for humans to obtain metal mineral resources [1,2]. Usually, the ore is separated from the rock by blasting or mechanical cutting to form goaf [3]; after that, useful metal elements are extracted through crushing, grinding, flotation and other processes, and a large number of tailings wastes are formed, the special tailings ponds are needed to store the tailings [4]. If not treated in a timely manner, these tailings will cause serious land pollution, water pollution, and even lead to serious dam break accidents [5,6]. At the same time, if the goaf formed by underground mining is not backfilled, in time this may lead to the collapse of surrounding rocks, induce surface deformation, and seriously threaten the safety of underground workers and equipment [7,8]. In order to solve the above problems, a filling method arose at a historic moment [9,10]; the tailings are filled to the underground goaf after certain treatment in this method [11,12], and by the filling method, can eliminate the surface subsidence, improve mine safety, increase productivity, create a safe working environment, and provide a reasonable use of tailings, achieving the goal of recycling [13,14,15].



At present, cemented tailings backfill has become the main method for goaf filling [16,17,18]. First, the tailing slurry is dehydrated to achieve a concentration of 60%~75% [19], and then, according to the design ratio, it is mixed and stirred with a binder to form a cementing filling slurry. The formed cemented filling slurry is usually transported to the underground goaf by gravity or pump [20,21,22], when it enters the goaf, the filling slurry will gradually hydrate, solidify and produce strength to support the surrounding rock [23,24,25]. Therefore, the fluidity and strength after curing of filling slurry are the two key contents of the technology; viscosity is an important parameter to characterize the fluidity and workability of the slurry [26,27,28] and uniaxial compressive strength is one of the key parameters for filling slurry ratio design [29,30]. Many scholars have carried out a lot of research on slurry viscosity, strength characteristics and influencing factors. Studies mainly focus on the factors of tailings characteristics (type, grade, concentration, Ph, etc.) [31,32,33,34], curing conditions (curing humidity, temperature, time, stratification, etc.) [35,36,37,38], gelled material (type, particle size, composition, etc.) [39,40,41,42] and admixture (flocculating agent, water reducing agent, fiber, etc.) [43,44,45] on the influence law of the fluidity, the viscosity and the backfill uniaxial compressive strength. Studies have shown that the particle sizes of tailings and binder have significant influences on the fluidity and compressive strength, within a certain range of particle sizes, and cemented tailings backfill (CTB) with fine particle sizes shows higher yield stress but lower viscosity [46]. Generally, in practical engineering, in order to ensure the filling effect of goaf, a standard sample shall be prepared before filling, and a mechanical test shall be carried out after curing for 3, 7, and 28d, which requires a long time, complicated technology and many interference factors [47,48,49,50]. The viscosity test is more simple, timely and can get the results quickly. Previous studies have shown that the compressive strength and viscosity are closely related to the properties of tailings and binder [31,32,33,34,35,36,37,40,41,42,43,44,45] if the compressive strength can be predicted by viscosity, it is of great significance for practical engineering. However, the relationship between viscosity and compressive strength is still less studied.



The type and amount of binder not only affect the properties of backfill, but also have an important impact on the economy. At present, ordinary Portland cement is the most commonly used binder, although ordinary Portland cement has many advantages, its cost is high, accounting for 60–75% of the whole filling cost [51]. Therefore, the search for substitutes for Portland cement has become a research hotspot in recent years, among which fly ash is one of the most commonly used substitutes for ordinary Portland cement [52,53,54]. Many researchers around the world have studied the partial replacement of OPC by fly ash; however, due to the different physical and chemical properties of tailings in different mines, these properties directly affect the mechanical properties and strength development of filling materials. In particular, fly ash particle size plays a major role in the fluidity and strength development of filler slurry [55,56,57].



In this paper, the tailings of an iron mine in China are selected as the experimental objects, OPC and two types of FA replace part of OPC are used as the binder, the influence pattern of different factors on the viscosity and compressive strength is studied by using the control variable method, and the quantitative function formula is established. On this basis, the relationship between viscosity and compressive strength is studied, and then the strength prediction formula of backfill based on viscosity is proposed. The research results of this paper are of great significance for cementing backfill design, cost control, and strength prediction.




2. Materials and Methods


2.1. Experimental Materials and Characteristics


The tailings of this experiment come from an iron mine in China. SA-CP3 equipment was used to measure the particle size of tailings, and the particle size distribution curve of tailings is shown in Figure 1. The tailings of d10 = 25.07 μm, d50 = 122.08 μm, and d90 = 288.60 μm. The results of the particle size distribution of tailings show that the grading degree is good.



In China, the price of cement is 350–400 ¥/t, and the cost of cement accounts for 70–80% of the whole filling cost. Considering the high cost of cement, the mine adopts the fly ash with a lower price to replace part of the cement to reduce the filling cost. In order to be consistent with the actual filling of the mine, three kinds of cementitious agents were used in this test, which is OPC, fly ash 1 (FA1), and fly ash 2 (FA2). The physical and chemical properties of OPC are shown in the literature [26]. The main physical properties of tailings, FA1, and FA2 were measured according to the geotechnical test specification [54], and the results are shown in Table 1. The density and bulk density of FA1 is smaller than that of FA2, but the porosity of FA1 is larger than that of FA2.



The main chemical components of tailings, FA1, and FA2 are obtained by XRD diffraction phase analysis. The results are shown in Table 2. The main components of tailings are Ca and Mg, accounting for 24.99% and 10.30%, respectively. The main components of FA1 are Si, Fe, and Al, accounting for 16.19%, 15.7%, and 13.2%, respectively. The main components of FA2 are Ca and Si, accounting for 35.20% and 16.35%, respectively.



The mine uses tap water as the mixing water. The main components of tap water in different places are not much different. It is more convenient to use laboratory tap water to carry out the test and there will be no big error in the test result.




2.2. Experiment Scheme Design


Five types of backfill were designed in this experiment. CTB: Cemented tailings backfill, and all of the binder is OPC. CFTB1-1: Cemented fly ash tailings backfill, and the binder is OPC and FA1, in which OPC: FA1 = 0.8:0.2. CFTB1-2: Cemented fly ash tailings backfill, and the binder is OPC and FA1, in which OPC: FA1 = 0.5:0.5. CFTB2-1: Cemented fly ash tailings backfill, and the binder is OPC and FA2, in which OPC: FA2 = 0.8:0.2. CFTB2-2: Cemented fly ash tailings backfill, and the binder is OPC and FA2, in which OPC: FA2 = 0.5:0.5. All types of backfill samples have solid content (SC) of 66%, 68%, 70%, and 72% and b/t ratios of 1:4, 1:6, 1:8, 1:10, and 1:12. The test scheme is shown in Table 3.




2.3. Viscosity Testing


Viscosity is one of the important rheological parameters of backfill. To investigate the viscosity of backfill samples at different SC and b/t ratios, a Brookfield R/S + SST (soft solid tester) rotational rheometer with a vane geometry was used with optional Rheo3000 software (AMETEK Brookfield, Middleborough, MA, USA), as shown in Figure 2. The tailings, cement, fly ash, and water were weighed according to the requirements of the test ratio. First, the tailings and binder were poured into the glass and mixed well, then water was added to mix. The mixing time should not be less than 5 min. Finally, the well-stirred slurry was placed under the viscometer, and the computer program was started to carry out the viscosity test. After the test, the viscosity result is automatically displayed on the screen.




2.4. Uniaxial Compressive Testing


The uniaxial compressive strength of backfill is one of the most important mechanical parameters. In this study, the DONGCE microcomputer-controlled servo test system (Figure 3) was used to carry out the uniaxial compressive test on backfill with SC of 66%, 68%, 70%, and 72%, curing time (CT) of 7d, 14d, and 28d, and b/t ratio of 1:4, 1:6, 1:8, 1:10, and 1:12.





3. Results and Discussion


3.1. Viscosity Results of Different Types of Backfill Samples


Viscosity is one of the important rheological parameters of the backfill. Backfill viscosity is closely related to the b/t ratio, SC, and binder type. An in-depth understanding of the viscosity characteristics of the backfill is essential for the rational arrangement of the filling pipeline, the reasonable design of the pumping pressure, and the prediction of the settlement behavior of the backfill slurry. Table 4 shows the viscosity results of different types of backfill samples.



3.1.1. Viscosity Analysis of Different Type Backfill Samples


In order to accurately obtain the relationship between the backfill’s viscosity, SC, and b/t ratio, the control variable method is adopted, and only one variable is changed while other parameters are kept unchanged. Figure 4 shows the columnar relationship between the different types of backfills’ viscosity, SC, and b/t ratio.



Figure 4a shows the columnar relationship between the viscosity of pure tailings sample and SC, and the columnar relationship between the viscosity of CTB sample, SC, and b/t ratio. Observing the green cube column, the viscosity of pure tailings sample increases with the increase of SC as a power function. When SC is 66%, the viscosity is 512 mPa·s; when SC is increased to 68%, the viscosity increases to 629 mPa·s, the growth rate is 22.9%; when SC increases to 70% and 72%, respectively, the viscosity increased to 715 and 805 mPa·s, respectively, the growth rate was 39.6% and 57.2%. Observing the yellow cube column, the viscosity of the CTB sample increases as the SC increases with a power function, and decreases as the b/t ratio decreases with an exponential function. Taking a b/t ratio of 1:4 as an example, when the SC is 66%, the CTB viscosity is 810 mPa·s; when the SC is increased to 68%, 70%, and 72%, respectively, the CTB viscosity is increased to 1123, 1432, and 1675 mPa·s, respectively, with growth rates of 38.6%, 76.8%, and 106.8%, respectively. Taking SC of 68% as an example, when the b/t ratio is 1:4, the CTB viscosity is 1123 mPa·s; when the b/t ratio is reduced to 1:6, the CTB viscosity is reduced to 967 mPa·s, the reduction rate is 13.9%; when the b/t ratio is reduced to 1:8, 1:10, and 1:12, respectively, the CTB viscosity is reduced to 848, 765, and 701 mPa·s, respectively, the reduction rate is 24.5%, 31.9%, and 37.7%, respectively.



Figure 4b shows the columnar relationship between the viscosity of CFTB1-1and CFTB1-2, SC, and b/t ratio. Observing the green cube column, it can be seen that the viscosity of the CFTB1-1 increases as the SC increases with a power function, and as the b/t ratio decreases with an exponential function. Keeping the b/t ratio of 1:4 constant, when SC is 66%, CFTB1-1 viscosity is 836 mPa·s; with an increase in SC to 68%, 70%, and 72%, respectively, CFTB1-1 viscosity increases to 1117, 1383, and 1698 mPa·s, respectively, with growth rates of 30.4%, 65.4%, and 103.1%, respectively. Keeping the SC of 68% constant, when the b/t ratio is 1: 4, the CFTB1-1 viscosity is 1117 mPa·s; when the b/t ratio is reduced to 1: 6, 1: 8, 1:10, and 1: 12, respectively, the viscosity of CFTB1-1 is reduced to 994, 875, 803 and 729 mPa·s, respectively, and the reduction rate is 11.0%, 21.7%, 28.1%, and 34.7%, respectively. The yellow cube column shows that the viscosity of the CFTB1-2 increases with the increase of SC as a power function, and with the decrease of the b/t ratio, it decreases as an exponential function. When SC increases from 66% to 72% at a b/t ratio of 1:4, the CFTB1-2 viscosity growth rate is 86.6%; the CFTB1-2 viscosity growth rate is 78.8% at a b/t ratio of 1:6. When SC increases from 66% to 72% at a b/t ratio of 1:8, 1:10, and 1:12, respectively, the CFTB1-2 viscosity growth rate is 73.2%, 62.1%, and 58.4%, respectively. When the b/t ratio is reduced from 1: 4 to 1:12 at SC of 66%, the CFTB1-2 viscosity reduction is 19.5%; When the b/t ratio is reduced from 1: 4 to 1:12 at SC of 68%, 70%, and 72%, respectively, the viscosity reduction rate of CFTB1-2 is 26.7%, 33.7%, and 31.7%, respectively.



Figure 4c shows the columnar relationship between the viscosity of CFTB2-1 and CFTB2-2, SC, and the b/t ratio. The green cubes show the relationship between the viscosity of the CFTB2-1, SC, and b/t ratio. The viscosity of CFTB2-1 increases as the SC increases with a power function, and decreases as the b/t ratio decreases with an exponential function. When SC increased from 66% to 72% at b/t ratio of 1:4, CFTB2-1 viscosity growth rate is 97.4%. When SC increased from 66% to 72% at b/t ratio of 1:6, 1:8, 1:10, and 1:12, respectively, CFTB2-1 viscosity growth rate is 87.7%, 87.2%, 70.2% and 66.6%, respectively. When b/t ratio decreased from 1:4 to 1:12 at SC of 66%, 68%, 70%, and 72%, respectively, CFTB2-1 viscosity growth rate is 22.7%, 32.1%, 39.3%, and 34.7%, respectively. The yellow cubes show the relationship between the viscosity of the CFTB2-2, SC, and b/t ratio. The viscosity of CFTB2-2 increases as the SC increases with a power function, and decreases as the b/t ratio decreases with an exponential function. When SC increased from 66% to 72% at b/t ratio of 1:4, 1:6, 1:8, 1:10, and 1:12, respectively, CFTB2-2 viscosity growth rate is 48.3%, 70.2%, 67.4%, 56.0%, and 56.2%, respectively. When the b/t ratio decreased from 1:4 to 1:12 at SC of 66%, 68%, 70%, and 72%, respectively, CFTB2-2 viscosity growth rate is 22.2%, 31.0%, 38.1%, and 37.2%, respectively.



According to the above results, the viscosity of the backfill sample increases with the increase of SC, and decreases with the decrease of the b/t ratio. As the SC increases, the solid particle content in the backfill slurry increases, and the friction action between particle and particle, and particle and the tube wall increases, resulting in an increase in slurry viscosity. As the b/t ratio is reduced, the binder content in the backfill slurry is reduced, the C-S-H gel produced after the hydration reaction decreases, and the binding force and friction action between the particle and particle is reduced, resulting in a decrease in viscosity.



In order to analyze the effect of the coupling effect of SC and b/t ratio on the viscosity of the backfill, the SC and b/t ratio are used as the abscissa and viscosity as the ordinate to obtain a three-dimensional scatter diagram between the SC, b/t ratio, and viscosity, and the results are shown in Figure 5. It can be seen intuitively from Figure 5 that the viscosity of backfill has an important correlation with both the SC and b/t ratio. The viscosity increases as SC increases and decreases as the b/t ratio decreases. A quadratic polynomial is used to fit and analyze the viscosity results. It is found that the viscosity of the backfill had a good quadratic polynomial function relationship with SC and b/t ratio. The fitted multiple correlation coefficients R2 are all greater than 0.98, and the average fitted multiple correlation coefficient R2 is 0.9915, and the fitting results are shown in Table 5.




3.1.2. Comparative Analysis of Viscosity of Different Types of Backfill Samples


In order to analyze the effect of the content and type of binder on the viscosity of the backfill slurry, the viscosity results of different types of backfill slurry with a b/t ratio of 1:8 are selected for comparative analysis. The results are shown in Figure 6.



Figure 6a shows the comparison results of the viscosity of tailings, CTB, CFTB1-1, and CFTB1-2. It can be seen from the vertical direction, the viscosity of the backfill sample is: Tailing < CTB < CFTB1-1 < CFTB1-2. The viscosity of the all-backfill slurry containing binder is higher than that of the pure tailings slurry. When SC is 68%, compared with the pure tailings slurry, CTB viscosity increases by about 34.8%, CFTB1-1 viscosity increases by about 39.1%, and CFTB1-2 viscosity increases by about 59.8%. Comparing CTB and CFTB1, it can be seen that the viscosity of the backfill slurry increases with the addition of FA1, and the more FA1 is added, the greater the increase in viscosity. Also taking SC of 68% as an example, when the FA1 dosage is 20%, the viscosity increases by about 3.2%, and when the FA1 dosage is 50%, the viscosity increases by about 14.9%.



Figure 6b shows the comparison results of the viscosity of tailings, CTB, CFTB2-1 and CFTB2-2. It can be seen from Figure 6b that the viscosity of the backfill slurry is: Tailing < CTB < CFTB2-1 < CFTB2-2. This result shows that after the binder is added to the tailings slurry, the viscosity of the slurry increases significantly. Taking 68% as an example, compared with pure tailings slurry, CTB viscosity increased by approximately 34.8%, CFTB2-1 viscosity increased by approximately 44.8%, and CFTB2-2 viscosity increased by approximately 73.3%. Comparing CTB and CFTB2, it can be seen that the viscosity of the backfill slurry increases with the addition of FA2, and the more FA2 is added, the greater the viscosity increase. Also taking SC as 68% as an example, when the FA2 dosage is 20%, the viscosity increases by about 7.4%, and when the FA2 dosage is 50%, the viscosity increases by about 28.5%.



Figure 6c,d shows the comparison results of the viscosity of the backfill slurry with the same FA content and different FA types. When the FA dosage is the same, the viscosity of the backfill slurry mixed with FA2 is greater than that of FA1. When the FA dosage is 20% at SC of 66%, the viscosity of CFTB2-1 is increased by 6.7% compared to the viscosity of CFTB1-1; when the FA dosage is 20% at SC of 68%, 70%, and 72%, respectively, the viscosity increases by 4.1%, 5.0%, and 2.2%, respectively. When the FA dosage is 50% at SC of 66%, the viscosity of CFTB2-2 is increased by 6.1% compared to the viscosity of CFTB1-2; when the FA dosage is 50% at SC of 68%, 70%, and 72%, respectively, the viscosity increases by 8.5%, 9.1%, and 2.6%, respectively.



A comprehensive analysis of the above results shows that the backfill slurry with a binder has a higher viscosity than the slurry without the binder. The backfill slurry with the FA has a higher viscosity than the backfill slurry without the FA. For the same FA dosage, the backfill slurry with the FA2 has a higher viscosity than the backfill slurry with the FA1. For the same FA type, the higher the FA dosage, the higher the viscosity of the backfill slurry.





3.2. UCS Results of Different Types of Backfills Samples


3.2.1. UCS Analysis of Different Type Backfill Samples


In order to deeply analyze the influence of SC, b/t ratio, and curing age on the uniaxial compressive strength (UCS) of backfill, the control variable method is adopted to change a single factor while keeping other factors unchanged. Figure 7 shows the UCS results of different types of backfill.



Figure 7a shows the UCS result of CTB with different SC, different b/t ratio, and different curing age. Keeping the curing age and the b/t ratio constant, the UCS of CTB increases as the SC increases with a power function. Taking the curing age of 14d and the b/t ratio of 1:4 as an example, when the SC is 66%, the UCS of CTB is 0.622 MPa; when the SC increased to 68%, the UCS of CTB is 0.851 MPa, the growth rate is 36.8%; when the SC increased to 70% and 72%, respectively, the UCS of CTB is 1.254 and 1.663 MPa, respectively, and the growth rates are 101.6% and 167.4%, respectively. Keeping the curing age and the SC constant, the UCS of CTB decreases as the b/t ratio decreases with an exponential function. Taking the curing age of 14d and the SC of 68% as an example, when the b/t ratio is 1:4, the UCS of CTB is 1.999 MPa; when the b/t ratio reduced to 1:6, 1:8, 1:10, and 1:12, respectively, the UCS of CTB reduced to 1.235, 0.851, 0.612, and 0.401 MPa, respectively, the reduction rates are 38.2%, 57.4%, 69.4%, and 79.9%, respectively. Keeping the SC and the b/t ratio constant, the UCS of CTB increases as the curing age increases. Taking the SC of 68% and the b/t ratio of 1:8 as an example, when the curing age is 7d, the UCS of CTB is 0.348 MPa; when the curing age increased to 14 and 28d, respectively, the UCS of CTB increased to 0.851 and 1.315 MPa, respectively, and the growth rates are 144.5% and 277.9%, respectively.



Figure 7b shows the columnar relationship between the UCS of CFTB1-1 and SC, b/t ratio, and curing age. Keeping the curing age and the b/t ratio constant, the UCS of CFTB1-1 increases as the SC increases with a power function. Taking the curing age of 14d and the b/t ratio of 1:8 as an example, when SC increased from 66% to 72%, the UCS of CFTB1-1 reduced from 0.541 to 1.421 MPa, the reduction rate is 162.7%. Keeping the curing age and the SC constant, the UCS of CFTB1-1 decreases as the b/t ratio decreases with an exponential function. Taking the curing age of 14d and the SC of 68% as an example, when the b/t ratio reduced from 1:4 to 1:12, the UCS of CFTB1-1 reduced from 1.813 MPa to 0.392 MPa, the reduction rate is 78.4%. Keep the SC and the b/t ratio constant, the UCS of CFTB1-1 increases as the curing age increases. Taking the SC of 68% and the b/t ratio of 1:8 as an example, when the curing age increased from 7d to 28d, the UCS of CFTB1-1 increased from 0.131 to 1.022 MPa, and the growth rate reached 680.2%.



Figure 7c shows the columnar relationship between the UCS of CFTB1-2 and SC, b/t ratio, and the curing age. Keeping the curing age and b/t ratio constant, the UCS of CFTB1-2 increases as the SC increases with a power function. Taking the curing age of 14d and b/t ratio of 1:8 as an example, when SC increased from 66% to 72%, the UCS of CFTB1-2 increased from 0.433 to 1.222 MPa, the growth rate is 182.2%. Keep the curing age and the SC constant, the UCS of CFTB1-2 reduced as the b/t ratio reduced with an exponential function. Taking the curing age of 14d and SC of 68% as an example, when the b/t ratio decreased from 1:4 to 1:12, the UCS of CFTB1-2 decreased from 1.647 to 0.333 MPa, the reduction rate is 79.8%. Keep the SC and the b/t ratio constant, the UCS of CFTB1-2 increases as the curing age increases. Taking SC of 68% and b/t ratio of 1:8 as an example, when the curing age increased from 7d to 28d, the UCS of CFTB1-2 increased from 0.074 to 0.894 MPa, increases by about 11 times.



Figure 7d,f shows the UCS results of CFTB2-1 and CFTB2-2, respectively. Keeping the curing age and the b/t ratio constant, the UCS of CFTB2-1 and CFTB2-2 increases as the SC increases with a power function. Keep the curing age and the SC constant, the UCS of CFTB2-1 decreases as the b/t ratio decreases with a logarithmic function, the UCS of CFTB2-2 decreases as the b/t ratio decreases with an exponential function. Keep the SC and the b/t ratio constant, the UCS of CFTB2-1 and CFTB2-2 both increases as the curing age increases.



The comprehensive analysis of the above results shows that the UCS of the backfill increases with the increase of SC, decreases with the decrease of the b/t ratio, and increases with the increase of the curing age. As the SC increases, the solid particle content in the backfill slurry increases, porosity inside the backfill decreases after the hydration reaction, and the overall strength of the backfill increases; as the b/t ratio is reduced, the binder particle content in the backfill slurry is reduced, the C-S-H gel produced after the hydration reaction decreases, the overall strength of backfill decreases; as the curing age increases, the hydration reaction between particle and particle inside backfill is sufficient, more C-S-H gel was produced, and the overall strength of the backfill increases.



In order to understand the influence of the coupling factors of the SC and b/t ratio on the UCS of backfill, keep the curing age unchanged, and change the SC and b/t ratio to obtain the three-dimensional scattered diagram between the SC, b/t ratio, and UCS, as shown in Figure 8. It can be seen more intuitively from Figure 8 that the UCS of backfill increases with increasing SC and decreases with decreasing b/t ratio. A three-dimensional surface fitting is carried out for the three-dimensional scatter diagram, and the fitting results are shown in Table 6. It can be seen from Table 6 that there is a good quadratic polynomial function relationship between the SC, b/t ratio, and UCS of the backfill. The fitting multiple correlation coefficient R2 is greater than 0.97, and the average multiple correlation coefficient R2 is as high as 0.9871.




3.2.2. Comparative Analysis of UCS of Different Types of Backfill Samples


In order to further understand the influence of FA type and dosage on the UCS of backfill, the difference between the UCS of backfill without FA and the UCS of backfill with FA is obtained. The results are shown in Figure 9.



Figure 9a shows the decrement between the UCS of backfill without FA and the UCS of backfill with an FA1 dosage of 20%. As a whole, keeping the curing age and the b/t ratio constant, the UCS decrement increases as the SC increases. Taking the curing age of 14d and the b/t ratio of 1:8 as an example, when the SC is 66%, the UCS decrement is 0.081 MPa; when the SC increased to 68%, the UCS decrement increased to 0.038 MPa; when the SC increased to 70% and 72%, respectively, the UCS decrement increased to 0.232 and 0.242 MPa, respectively. Keeping the curing age and the SC constant, the UCS decrement decreases as the b/t ratio decreases. Taking the curing age of 14d and the SC of 68% as an example, when the b/t ratio is 1:4, the UCS decrement is 0.186 MPa; when the b/t ratio reduced to 1:6, 1:8, 1:10, and 1:12, respectively, the UCS decrement reduced to 0.125, 0.038, 0.098, and 0.009 MPa, respectively. Keeping the SC and the b/t ratio constant, as the curing age increases, the UCS decrement first decreases and then increases, and the general distribution pattern is the shape of a ‘V’. Taking the SC of 68% and the b/t ratio of 1:8 as an example, when the curing age is 7d, the UCS decrement is 0.217 MPa; when the curing age increased to 14d, the UCS decrement reduced to 0.038 MPa; when the curing age increased to 28d, the UCS decrement increased to 0.293 MPa.



Figure 9b shows the UCS decrement between the UCS of backfill without FA and the UCS of backfill with the FA1 dosage of 50%. As a whole, keep the curing age and the b/t ratio constant, the UCS decrement increases as the SC increases. Taking the curing age of 28d and the b/t ratio of 1:4 as an example, when the SC is 66%, the UCS decrement is 0.581 MPa; when the SC increased to 68%, 70%, and 72%, respectively, the UCS decrement increased to 0.806, 1.238, and 1.781 MPa, respectively. Keeping the curing age and the SC constant, the UCS decrement decreases as the b/t ratio decreases. Taking the curing age of 28d and the SC of 70% as an example, when the b/t ratio is 1:4, the UCS decrement is 1.781 MPa; when the b/t ratio reduced to 1:6, 1:8, 1:10, and 1:12, respectively, the UCS decrement reduced to 1.465, 0.890, 0.658, and 0.526 MPa, respectively. Keep the SC and the b/t ratio constant, as the curing age increases, the UCS decrement first decreases and then increases, the distribution pattern is the shape of a ‘V’. Taking the SC of 68% and the b/t ratio of 1:4 as an example, when the curing age is 7d, the UCS decrement is 0.561 MPa; when the curing age increased to 14d, the UCS decrement reduced to 0.352 MPa; when the curing age increased to 28d, the UCS decrement increased to 0.806 MPa.



Figure 9c shows the UCS decrement between the UCS of backfill without FA and the UCS of backfill with FA2 dosage of 20%. As a whole, keep the curing age and the b/t ratio constant, the UCS decrement increases as the SC increases. Taking the curing age of 28d and the b/t ratio of 1:4 as an example, when the SC is 66%, the UCS decrement is 0.380 MPa; when the SC increased to 68%, 70%, and 72%, respectively, the UCS decrement increased to 0.607, 1.102, and 1.561 MPa, respectively. Keep the curing age and the SC constant, the UCS decrement decreases as the b/t ratio decreases. Taking the curing age of 7d and the SC of 70% as an example, when the b/t ratio is 1:4, 1:6, 1:8, 1:10, and 1:12, respectively, the corresponding UCS decrement is 0.938, 0.715, 0.627, 0.456, and 0.343 MPa, respectively. Keeping the SC and the b/t ratio constant, as the curing age increases, the UCS decrement first decreases and then increases, the distribution pattern is the shape of a ‘V’. Taking the SC of 72% and the b/t ratio of 1:4 as an example, when the curing age is 7, 14, and 28, respectively, corresponding UCS decrement is 0.938, 0.757, and 1.561, respectively.



Figure 9d shows the UCS decrement between the UCS of backfill without FA and the UCS of backfill with FA2 dosage of 50%. Keep the curing age and the b/t ratio constant, the UCS decrement increases as the SC increases. Keeping the curing age and the SC constant, the UCS decrement decreases as the b/t ratio decreases. Keeping the curing age and the b/t ratio constant, when the SC is 66%, 68%, and 70%, the UCS decrement increases as the curing age increases; when the SC is 72%, as the curing age increases, the UCS decrement first decreases and then increases.



A comprehensive analysis of Figure 9a–d shows that compared to the UCS of CTB, the UCS decrement of backfill with FA increases as the SC increases, decreases as the b/t ratio decreases, first increases and then decreases as the curing age increases. An analysis of the reasons shows that as the SC increases, the porosity inside the backfill decreases, the UCS of CTB and the UCS of backfill with FA both increase, then due to the addition of FA, the UCS increment of the backfill with FA decreases, and causes the UCS decrement to increase. As the b/t ratio decreases, the content of binder inside the backfill decreases, the C-S-H gel produced by the hydration reaction decreases, the UCS of CTB and the UCS of backfill with FA both decreases, the smaller the b/t ratio, the smaller the difference of the C-S-H gel produced by hydration reaction inside the backfill, so the UCS decrement decreases. In the initial curing phase (CT = 7d), the binder inside the backfill rapidly hydrates with water and tailings particles, which results in the strength increasing rapidly, the strength of the backfill varies greatly with different types; in the curing interim (CT = 14d), the hydration reaction process inside the backfill is almost complete, the strength of backfill reaches a high level with different types, and the strength difference decreases; in the curing later period (28d), the hydration reaction inside the backfill is basically over, the strength of the backfill no longer changes significantly with the curing age, and the strength of different types of backfill is close to its peak strength, leading to a strength difference increase again.



Figure 10 shows the strength difference results between the backfill sample with FA of different SC, different b/t ratio, and different curing ages. Figure 10a shows the strength difference results between the backfill with an FA1 dosage of 20% and the backfill with an FA1 dosage of 50%. It can be seen from Figure 10a that all of the results are positive, and it shows that the UCS of backfill decreases as the FA1 dosage increases. Keeping the curing age and the b/t ratio constant, the UCS decrement increases as the SC increases, taking the b/t ratio of 1:4 as an example, when the SC increased from 66% to 72% at the curing age of 7d, the UCS decrement increased from 0.133 to 0.322 MPa; when the SC increased from 66% to 72% at the curing age of 14d, the UCS decrement increased from 0.043 to 0.245 MPa; when the curing age was 28d, the corresponding UCS decrement increased from 0.355 to 0.900 MPa. Keeping the curing age and the SC constant, the UCS decrement decreases as the b/t ratio decreases, taking the SC of 68% as an example, when the b/t ratio decreased from 1:4 to 1:12 at the curing age of 7d, the UCS decrement decreased from 0.168 to 0.041 MPa; when the curing age was 14 and 28d, respectively, the corresponding UCS decrement decreased from 0.166 to 0.059 MPa and decreased from 0.294 to 0.149 MPa, respectively. Keeping the SC and the b/t ratio constant, as the curing age increases, the UCS decrement increases slowly first and then quickly. Taking the SC of 68% and the b/t ratio of 1:12 as an example, when the curing age is 7d, the UCS decrement is 0.041 MPa; when the curing age is 14d, the UCS decrement is increased to 0.059 MPa; when the curing age is 28d, the UCS decrement is increased to 0.149 MPa. Figure 10b shows the strength difference results between the backfill with an FA2 dosage of 20% and the backfill with an FA2 dosage of 50%. It can be seen from Figure 10b that all of the results are positive, and it shows the UCS of backfill decreases as the dosage of FA2 increases. When the SC is 66%, 68%, and 70%, as the curing age increases, the UCS decrement shows a trend of increase first and then a decrease; when the SC is 72%, as the curing age increases, the UCS decrement increases slowly first and then quickly. Under the same curing age and SC condition, the UCS decrement decreases as the b/t ratio decreases. Under the same curing age and b/t ratio condition, the UCS decrement increases as the SC increases. Figure 10c,d shows the strength difference results between the backfill with FA1 and the backfill with FA2 when the dosage of FA is 20% and 50%, respectively. All of the results in the figure are positive, and it shows under the same FA dosage condition that the strength of backfill with FA1 is bigger than backfill with FA2. The results shown in Figure 10c,d show no obvious pattern, but on the whole, under the same curing age and b/t ratio condition, the UCS decrement increases as the SC increases; under the same curing age and SC condition, the UCS decrement decreases as the b/t ratio decreases; under the same SC and b/t ratio condition, as the curing age increases, the UCS decrement first increases and then decreases.





3.3. Relation Between UCS of Backfill and Its Viscosity


According to the previous research, we can see that the viscosity and the UCS of backfill show the same pattern of change, they both increases as the SC, the b/t ratio, and the curing age increase. The change mechanism of backfill viscosity and UCS is also very similar, as the SC increases, the solid particle content increases, internal pores decrease, the friction action between particle and particle increases, strength and viscosity increases; as the b/t ratio increases, the binder particle content inside the backfill increases, the amount of gels produced by hydration reaction also increases, strength and viscosity increases; as the curing age increases, the hydration reaction inside the backfill is sufficient, the amount of gels produced by the hydration reaction also increases, and strength and viscosity increases. Therefore, whether there is a certain internal relationship between the backfill viscosity and its strength, the viscosity results can be used to reasonably represent the strength results. Figure 11 shows the relationship diagram between the viscosity and the strength of the backfill of different types under the three curing age conditions. Figure 11a shows the relationship between the viscosity and strength of the CTB sample under the three curing ages, use linear fitting for the relationship between them, the fitting multiple correlation coefficient R2 is 0.9662, 0.9316, and 0.9720, respectively, and the fitting multiple correlation coefficients R2 are all greater than 0.9, so the CTB viscosity had a good linear functional relationship with its strength. Figure 11b–e is the relationship diagram between the viscosity and strength of CFTB1-1, CFTB1-2, CFTB2-1, and CFTB2-2, respectively. A linear function is also used for fitting analysis, under the three curing age conditions, the fitting degree of the viscosity and UCS of CFTB1-1 is 0.9593, 0.9071, and 0.9298, respectively; the fitting degree of the viscosity and UCS of CFTB1-2 is 0.9675, 0.9300, and 0.9486, respectively; the fitting degree of the viscosity and UCS of CFTB2-1 is 0.9710, 0.9198, and 0.9252, respectively; the fitting degree of the viscosity and UCS of CFTB2-2 is 0.9503, 0.9345, and 0.9418, respectively. The fitted multiple correlation coefficients R2 are all greater than 0.9; therefore, a comprehensive analysis shows that the linear function can better characterize the internal relationship between the viscosity and UCS of backfill.




3.4. Prediction of Backfill Strength


The results of the previous chapters show that there is a linear functional relationship between the viscosity and UCS of different types of backfill. The viscosity parameter measurement of backfill is more simple, convenient, and efficient, so the viscosity parameter of backfill can be used to predict its strength parameter. According to the functional relationship between the viscosity and strength of different curing ages of the backfill sample in Figure 11, the difference between the test value and the predicted value can be obtained under different curing ages, and the results are shown in Figure 12. It can be seen from Figure 12 that the majority of the different ranges between the test value and the predicted value is controlled within 20%, only a few data points are scattered beyond the 20% range, so it is considered that the strength test value of the backfill sample differs little with the predicted value, and the predicted result is relatively reliable.



In addition to fitting analysis, statistical differences between the test values and the predicted values should also be evaluated to determine that the functional relationship between the viscosity and strength of backfill can be used reliably for backfill strength prediction. Given UCS test data of any backfill sample is σfi, the corresponding prediction UCS for its viscosity is σpi, and the total sample is Na. Introducing Mean Square Error (MSE), Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and Mean Absolute Percentage Error (MAPE), we evaluated the error of the UCS test value and prediction value. The evaluation indexes of various evaluation models are shown in Table 7.
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It can be seen from Table 7 that MSE indexes are all less than 0.1, RMSE indexes are all less than 0.2, MAE indexes are all less than 0.2, MAPE indexes are all less than 15%, and most MAPE indexes are all less than 10%. Based on the above results, it can be concluded that the adoption of the backfill viscosity parameter to predict its strength parameter is reasonable and reliable.



In order to show the difference between the UCS predicted value and the UCS test value more intuitively, Figure 13 shows the comparison between the UCS predicted value and the test value under 60 test conditions for five types of backfill. It can be seen from Figure 13 that the predicted value of UCS of backfill is consistent with the distribution pattern of the test value, and the two results are very consistent. Therefore, it can be judged that the above prediction model is reliable.





4. Conclusions


In this study, two types of fly ash as a fractional OPC replacement were investigated for tailings backfill. Following are the main conclusions drawn from this study:




	(1)

	
As SC increases, the viscosity of the backfill slurry increases as a power function. As the b/t ratio decreases, the viscosity of the backfill slurry decreases as an exponential function. The coupling effect of SC and b/t ratio has a great influence on the viscosity of the backfill slurry. The relationship between SC, b/t ratio and viscosity are a quadratic polynomial function of z = a + bx + cy + dx2 + ey2 + fxy.




	(2)

	
The viscosity of the backfill slurry mixed with binder is higher than that of a pure tailings slurry. The viscosity of the backfill slurry mixed with FA is higher than that of the backfill slurry without FA. The viscosity of the backfill slurry mixed with FA2 is higher than that of the backfill slurry mixed with FA1. The more FA is added, the higher the viscosity.




	(3)

	
With the increase of SC, the UCS of backfill increases as a power function. With the decrease of the b/t ratio, the UCS of all backfill samples decreases as an exponential function. The UCS of all backfill samples increased with an increase of curing time. The coupling effect of the SC and b/t ratio has a great influence on the UCS of backfill samples. The relationship between SC, b/t ratio and viscosity are a quadratic polynomial function of z = a + bx + cy + dx2 + ey2 + fxy.




	(4)

	
The UCS of the backfill samples mixed with FA is smaller than that without FA. The higher the FA dosage is, the smaller the UCS of the backfill sample is. At the same FA dosage, the UCS of the backfill sample mixed with FA2 is smaller than that of mixed with FA1.




	(5)

	
The UCS of backfill increases with the increase of viscosity, and both of them show a good linear function relationship. The fitting multiple correlation coefficient R2 is higher than 0.9. According to the functional relationship between viscosity and UCS, the viscosity is used to predict the strength of the backfill. The error range of the prediction result is within 15%, and the majority of the error range is within 10%, indicating that it is feasible to use the viscosity parameter to predict the strength parameter of the backfill.
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Figure 1. Incremental and cumulative particle size distribution (PSD) curves of tailings. 
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Figure 2. Viscosity testing apparatus of backfill slurry mixes. 
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Figure 3. Uniaxial compression test system. 
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Figure 4. Viscosity results of different backfill samples: (a) cemented tailings backfill (CTB) and tailings; (b) CFTB1; (c) CFTB2. 
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Figure 5. Coupling effects of solid contents (SC) and b/t ratio on the viscosity of different type backfill: (a) CTB; (b) CFTB1-1; (c) CFTB1-2; (d) CFTB2-1; (e) CFTB2-2. 
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Figure 6. Comparison of the viscosity of different types of backfill slurry with a b/t ratio of 1:8. (a) CFTB1 and CTB; (b) CFTB2 and CTB; (c) CFTB2-1 and CFTB1-1; (d) CFTB2-2 and CFTB1-2. 
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Figure 7. Relation between uniaxial compressive strength (UCS) and effect factors: (a) CTB; (b) CFTB1-1; (c) CFTB1-2; (d) CFTB2-1; (e) CFTB2-2. 






Figure 7. Relation between uniaxial compressive strength (UCS) and effect factors: (a) CTB; (b) CFTB1-1; (c) CFTB1-2; (d) CFTB2-1; (e) CFTB2-2.



[image: Minerals 11 00078 g007a][image: Minerals 11 00078 g007b]







[image: Minerals 11 00078 g008a 550][image: Minerals 11 00078 g008b 550] 





Figure 8. Coupling effects of SC and b/t ratio on UCS of different types of backfill. 
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Figure 9. Comparison of UCS between CTB and CFTB: (a) UCSCTB-UCSCFTB1-1; (b) UCSCTB-UCSCFTB1-2; (c) UCSCTB-UCSCFTB2-1; (d) UCSCTB-UCSCFTB2-2. 
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Figure 10. Comparison of UCS of different types of CFTB: (a) UCSCFTB1-1-UCSCFTB1-2; (b) UCSCFTB2-1-UCSCFTB2-2; (c) UCSCFTB2-1-UCSCFTB1-1; (d) UCSCFTB2-2-UCSCFTB2-1. 
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Figure 11. Relation between UCS and viscosity: (a) CTB; (b) CFTB1-1; (c) CFTB1-2; (d) CFTB2-1; (e) CFTB2-1. 
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Figure 12. Deviations between experimental UCS and predicted UCS of different type backfill samples. 
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Figure 13. Comparison between experimental UCS and predicted UCS of different type backfill Scheme 1. (a) CTB; (b) CFTB1-1; (c) CFTB1-2; (d) CFTB2-1; (e) CFTB2-2. 
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Table 1. Physical properties of materials.
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	Materials
	Density (g/cm3)
	Bulk Density (g/cm3)
	Porosity (%)





	Tailings
	2.67
	1.65
	38.20



	FA1
	2.59
	0.88
	66.02



	FA2
	3.09
	1.47
	52.43
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Table 2. Chemical composition of materials.






Table 2. Chemical composition of materials.





	Composition
	Tailings
	FA1
	FA2





	K
	0.02%
	0.10%
	0.97%



	Na
	0.09%
	0.11%
	0.33%



	Si
	1.55%
	16.19%
	16.35%



	Al
	/
	13.20%
	2.40%



	Ca
	24.99%
	1.40%
	35.20%



	Fe
	0.19%
	15.70%
	0.20%



	Mg
	10.30%
	0.50%
	1.10%



	Pb
	0.05%
	<0.05%
	0.06%



	Mn
	0.04%
	<0.05%
	0.05%



	S
	<0.05%
	/
	/
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Table 3. Test scheme of different types of backfill.
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Sample Type

	
Binder

	
OPC: FA

	
Aggregate






	
CTB

	
OPC

	
/

	
Tailings




	
CFTB1-1

	
OPC + FA1

	
0.8:0.2




	
CFTB1-2

	
0.5:0.5




	
CFTB2-1

	
OPC + FA2

	
0.8:0.2




	
CFTB2-2

	
0.5:0.5
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Table 4. Viscosity results of different samples.
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Binder-Tailings Ratio (b/t)

	
Solid Content

(SC)/%

	
Sample Type




	
CTB

	
CFTB1-1

	
CFTB1-2

	
CFTB2-1

	
CFTB2-2

	
Tailings






	
1:4

	
66

	
810

	
836

	
978

	
878

	
1033

	
512




	
1:6

	
772

	
794

	
925

	
811

	
966




	
1:8

	
693

	
712

	
862

	
760

	
915




	
1:10

	
625

	
655

	
824

	
724

	
865




	
1:12

	
563

	
596

	
787

	
679

	
803




	
1:4

	
68

	
1123

	
1117

	
1213

	
1158

	
1311

	
629




	
1:6

	
967

	
994

	
1094

	
989

	
1138




	
1:8

	
848

	
875

	
1005

	
911

	
1090




	
1:10

	
765

	
803

	
956

	
875

	
998




	
1:12

	
701

	
729

	
889

	
786

	
904




	
1:4

	
70

	
1432

	
1383

	
1503

	
1425

	
1652

	
715




	
1:6

	
1230

	
1201

	
1343

	
1244

	
1388




	
1:8

	
1021

	
1090

	
1180

	
1145

	
1287




	
1:10

	
881

	
965

	
1095

	
1032

	
1163




	
1:12

	
793

	
894

	
997

	
865

	
1022




	
1:4

	
72

	
1675

	
1698

	
1825

	
1733

	
1998

	
805




	
1:6

	
1432

	
1467

	
1654

	
1522

	
1644




	
1:8

	
1232

	
1392

	
1493

	
1423

	
1532




	
1:10

	
1032

	
1188

	
1336

	
1232

	
1349




	
1:12

	
892

	
1083

	
1247

	
1131

	
1254
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Table 5. Fitting relationship between SC, b/t ratio and viscosity of backfill samples.
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	Sample Type
	Fitting Relationship
	R2





	CTB
	V = 13147.7 + 670.9x + 245.0y + 3.1x2− 0.4y2 − 11.4xy
	0.9948



	CFTB1-1
	V = 12145.5 + 416.0x − 472.7y + 2.1x2 + 4.6y2 − 7.3xy
	0.9942



	CFTB1-2
	V = 28702.1 + 503.8x − 957.7y + 2.5x2 + 8.2y2 − 8.6xy
	0.9966



	CFTB2-1
	V = 16992.1 + 523.0x − 623.1y + 1.8x2 + 5.8y2 − 8.8xy
	0.9916



	CFTB2-2
	V = 12884.9 + 607.4x − 509.9y + 3.5x2 + 5.1y2 − 10.5xy
	0.9852







Note: x = b/t ratio; y = SC.
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Table 6. Fitting relationship between SC, b/t ratio and UCS of backfill samples.
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Sample Type

	
CT (d)

	
Fitting Relationship

	
R2






	
CTB

	
7

	
UCS = 30.54 + 0.38x − 1.01y + 0.005x2 + 0.008y2 − 0.008xy

	
0.9917




	
14

	
UCS = 25.41 + 1.30x − 1.03y + 0.02x2 + 0.01y2 − 0.03xy

	
0.9846




	
28

	
UCS = 91.88 + 2.24x − 3.19y + 0.03x2 + 0.03y2 − 0.04xy

	
0.9933




	
CFTB1-1

	
7

	
UCS = 9.91 + 0.13x − 0.33y + 0.002x2 + 0.003y2−0.003xy

	
0.9908




	
14

	
UCS = 8.47 + 1.47x − 0.54y + 0.02x2 + 0.01y2 − 0.03xy

	
0.9867




	
28

	
UCS = 110.75 + 1.75x − 3.62y + 0.02x2 + 0.03y2 − 0.03xy

	
0.9884




	
CFTB1-2

	
7

	
UCS =−0.212 + 0.017x − 0.005y + 0.0002x2 + 0.0002y2 − 0.0004xy

	
0.9896




	
14

	
UCS = 12.69 + 1.29x − 0.62y + 0.02x2 + 0.01y2 − 0.03xy

	
0.9934




	
28

	
UCS = 83.81 + 1.11x − 2.72y + 0.02x2 + 0.02y2 − 0.04xy

	
0.9860




	
CFTB2-1

	
7

	
UCS = −2.74 + 0.15x + 0.04y + 0.0007x2 + 0.0001y2 − 0.0025xy

	
0.9810




	
14

	
UCS = 7.32 + 1.06x − 0.44y + 0.014x2 + 0.005y2 − 0.021xy

	
0.9904




	
28

	
UCS = 81.94 + 1.36x − 2.69y + 0.02x2 + 0.02y2 − 0.03xy

	
0.9903




	
CFTB2-2

	
7

	
UCS =0.425 + 0.034x − 0.024y + 0.0002x2 + 0.0003y2 − 0.0007xy

	
0.9730




	
14

	
UCS =40.24 + 1.02x − 1.38y + 0.01x2 + 0.01y2 − 0.02xy

	
0.9897




	
28

	
UCS =58.36 + 1.47x − 2.00y + 0.01x2 + 0.02y2 − 0.03xy

	
0.9769








Note: x = b/t ratio; y = SC.
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Table 7. Evaluation Indexes of UCS prediction models for different types of backfill samples.
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Scheme.

	
CT (d)

	
MSE

	
RMSE

	
MAE

	
MAPE/%






	
CTB

	
7

	
0.002

	
0.044

	
0.033

	
7.8




	
14

	
0.032

	
0.178

	
0.150

	
11.9




	
28

	
0.030

	
0.172

	
0.136

	
8.1




	
CFTB1-1

	
7

	
0.001

	
0.020

	
0.016

	
8.7




	
14

	
0.017

	
0.131

	
0.107

	
11.7




	
28

	
0.028

	
0.166

	
0.130

	
9.3




	
CFTB1-2

	
7

	
0.001

	
0.005

	
0.005

	
5.5




	
14

	
0.009

	
0.097

	
0.082

	
10.9




	
28

	
0.028

	
0.168

	
0.146

	
11.7




	
CFTB2-1

	
7

	
0.001

	
0.013

	
0.010

	
7.4




	
14

	
0.012

	
0.111

	
0.099

	
11.7




	
28

	
0.031

	
0.177

	
0.148

	
11.5




	
CFTB2-2

	
7

	
0.001

	
0.008

	
0.006

	
10.3




	
14

	
0.008

	
0.089

	
0.071

	
10.8




	
28

	
0.011

	
0.107

	
0.092

	
9.5
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