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Abstract

:

Similar-material, composed of different raw materials with different properties, is similar to the physical and mechanical properties of geotechnical media, in which raw material proportioning is an important means to control the performance of similar-material in physical simulation. On this basis, a new fluid–solid coupling similar-material was developed through proportioning tests, in which similar-material is mixed with river sand, calcium carbonate, talc powder, white cement, vaseline, antiwear hydraulic oil. The optimum proportioning test development process was established. First, the proportioning test scheme was designed based on the orthogonal test. Subsequently, test specimens were produced to obtain parameters such as density, compressive strength, tensile strength, and permeability coefficient. Then, by increasing the ingredients of the proportioning, the evolution law of parameters was obtained by range and variance analysis. Finally, four multiple linear regression equations between the parameters and similar-material ingredients were obtained, and the optimum proportioning of ingredients was further determined for different requirements. The results indicate that the selected raw materials and their proportioning method are feasible, and the results were also verified in a coal mine floor water inrush by physical simulation test. The experimental development process of a fluid–solid coupling similar-material can provide a reference for similar-material under different demand conditions.
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1. Introduction


Theoretical derivation, numerical simulation and similar simulation tests are three main research methods in complex geotechnical engineering [1,2]. Similar simulation test, a reproduction of the real physical entities, can reflect the basic physical and mechanical properties of rock and soil medium based on the similarity principle [3,4,5,6]. Similar simulation test is characterized by a short cycle, low cost, and results of visual image [7,8]. To carry out similar simulation tests, the similar-material must have properties similar to those of the physical and mechanical properties of the geotechnical medium. Similar-material is composed of different raw materials with different properties, the proportioning of which is an important means to control the performance of similar-material in physical simulation for different requirements. Therefore, selection of raw materials and their proportioning is of great significance for similar simulation experiments in geotechnical engineering.



At present, selection of raw materials and their proportioning has been widely studied, but the focus of the research has been concentrated on single-phase similar-material with general solid phase [9,10,11,12,13,14,15,16,17,18], which does not mention hydration characteristics of similar-material. In addition, the effect of temperature and humidity on similar-material and its control measures have been investigated, providing evidence for the reliability of simulation results [19,20]. For the investigation on fluid–solid coupling similar-material, some progress has been achieved [21,22,23,24,25,26,27]. For example, Wang et al. [28] adopted sand and gypsum as the aggregate, vaseline and silicone oil as the cementing agent, and selected the reasonable non-hydrophilic material proportioning, configuring the fluid–solid coupling similar-material for water-protection mining. Wang et al. [29] developed new types of similar-material of fault and surrounding rock, i.e., similar-material of fault consists of sand, talc powder, gypsum, bentonite and paraffin liquid, and similar-material of surrounding rock is composed of sand, barite powder, talc powder, white cement and latex, which were applied to simulate the water inrush occurring in the Yonglian tunnel of Jiangxi Province, China. Although the abovementioned fluid–solid coupling similar-materials were applied to the geotechnical engineering, there are still some problems. (1) Similar-material containing gypsum have water absorption, water softening and disintegration problems, and it is difficult to meet the requirements of similar-material deformation and permeability; (2) Similar-material with paraffin can solve the problem of similar-material disintegration in water, but it is characterized with complexity of the configuration process, strict requirements for temperature conditions, and long preparation period. (3) Most of the effects of material ingredients proportioning on similar-material properties have been qualitatively analyzed, but there is a lack of quantitative research and a definite set of methods for determining the proportioning of similar-material for different needs in similar simulation test.



On this basis, according to the characteristics of fluid–solid coupling similar-material, the raw materials of similar-material were first selected, i.e., river sand, calcium carbonate, talc powder, white cement, vaseline, and antiwear hydraulic oil. Second, specimen parameters, such as density, compressive strength, tensile strength, and permeability coefficient were tested. Third, the analysis of similar-material properties was quantitatively carried out by range analysis, variance analysis, and regression method. Eventually, the research results were applied to the physical simulation test of the water inrush from mining coal floor.




2. Materials and Method


2.1. Materials


The fluid–solid coupling similarity theory and the raw materials of similar-material are the foundation of the optimum proportioning of ingredients.



2.1.1. Fluid–Solid Coupling Similarity Theory


The fluid–solid coupling similarity theory is mainly used to determine the similarity between the solid and fluid in the same system. The fluid–solid coupling mathematical model of continuum is used to derive the similar equation between the model and the prototype parameters [30].



Seepage equation:


Kx∂2p∂2x+Ky∂2p∂2y+Kz∂2p∂2z=S∂p∂t+∂e∂t+W 



(1)




where Kx, Ky, Kz are the permeability coefficients in x, y, and z directions (cm/s), Kx = Ky = Kz; p is the water pressure (MPa); S is the storage coefficient; e is the volume strain; W is the source sink term.



Equilibrium equation:


σij,i+Xj=ρ∂2ui∂t2 



(2)




where σij,i is the stress tensor; Xj is the volume force (N/m3); ρ is the density (g/cm3); ui is the displacement (cm).



Effective stress equation:


σij=σij¯+αδp 



(3)




where σij is the total stress tensor; σij¯ is the effective stress tensor; α is the effective stress coefficient of Biolt; δ is the Kronker mark; ρ is the density (g/cm3).



Based on Equations (1)–(3), the similar equations between the model and the prototype parameters are as follows [31].


CGCuCl2=CλCeCl=CGCeCl=Cγ=CρCuCt2 



(4)




where CG, Cu, Cl, Cλ, Cγ, Ce, Cρ, and Ct are the similarity ratios of the shear modulus, displacement, model size, Lame constant, bulk density, volumetric strain, density, and time, respectively.


Ck=ClCγ 



(5)




where Cl, C λ, and Ck are the similarity ratios of the model size, Lame constant, and permeability coefficient, respectively.




2.1.2. Similar-Material Components


The fluid–solid coupling similar-material not only meets the requirements of solid deformation and permeability, but also conforms to the characteristics that the material is non-hydrophilic and has no obvious water softening. On this basis, river sand (Xishanlou Company, Qingdao, China), calcium carbonate (Xishanlou Company, Qingdao, China) and talc powder (Xishanlou Company, Qingdao, China)were selected as the aggregate, white cement (Xishanlou Company, Qingdao, China) and vaseline (Xishanlou Company, Qingdao, China)were selected as the cementing agent, and antiwear hydraulic oil (Xishanlou Company, Qingdao, China) was selected as the regulator based on the fluid–solid coupling theory. The raw materials of similar-material are shown in Figure 1.



(1) Aggregate: river sand, calcium carbonate, and talc powder



The grain diameter of river sand is less than 1 mm; calcium carbonate has an average particle size in the range 1–3 µm; and talc powder is 625 orders. Calcium carbonate and talc powder were cemented into larger aggregates with river sand, increasing the strength and cohesion of the material.



(2) Cementing agent: white cement and vaseline



The white cement with P.O32.5 quality has low price, and is a type of good water cementing material, which can control the whole process by improving the compressive strength, elasticity, and cohesion. Vaseline, light brown block ointment, is insoluble in water and has excellent plasticity and cementation capacity.



(3) Regulator: antiwear hydraulic oil



Antiwear hydraulic oil can reduce material dryness and increase the non-hydrophilic characteristics.





2.2. Methodology


The methodology consists mainly of three parts: the orthogonal test schemes of similar-material proportion, the fabrication of specimens, and the index parameters test of specimens.



2.2.1. Orthogonal Test Schemes of Similar-Material Proportion


The orthogonal experimental design method, the main method of partial factor design, was introduced to study the similar-material proportion. In the experiment, the result is called the index, and the parameters which may affect the test indexes are called factors. The specific conditions for each factor to be compared in the experiment are called levels [32,33].



The orthogonal test design method proposed in this study can be separated into three steps:



Step 1: Determine the factors. Four factors were set up, namely: A, the percentage of river sand in aggregate; B, the mass ratio of calcium carbonate and talc powder; C, the mass ratio of cement and vaseline; D, the percentage of hydraulic oil in the total mass of similar-material.



Step 2: Set levels for each factor. Five levels were set for each factor, as listed in Table 1.



Step 3: Design the orthogonal test design scheme by SPSS software (IBM SPSS Statistics 25.0-2017, IBM China Company Limited, Beijing, China, 2017) [34,35]. The orthogonal test design scheme was four factors and five levels, which can be expressed as L25 (54). The level values of each factor were set as input in the orthogonal experimental design module of SPSS software, leading to the schemes, as listed in Table 2.




2.2.2. Fabricating Specimens


The fabrication process of similar-material specimen is as follows (Figure 2).



	(1)

	
Aggregate, cementing agent and regulator were weighed proportionately.




	(2)

	
The aggregate and cement were mixed evenly, followed by adding water 0.5 times of cement.




	(3)

	
Vaseline was heated to a liquid state and poured into the above mixture.




	(4)

	
Antiwear hydraulic oil was added and stirred.




	(5)

	
The well-mixed materials were loaded into a mold and compacted. The mold for testing specimen tensile strength is a PVC tube with a height of 25 mm and an inner diameter of 45 mm (Figure 2h).




	(6)

	
Demolded and labeled, specimens were maintained for three days at room temperature.








2.2.3. Testing Index Parameters of Specimens


The fluid–solid coupling similar-material needs to meet the requirements of solid deformation, permeability, and hydration characteristics. Therefore, the index parameters of specimen such as hydrophilicity test, tensile strength, compressive strength, and permeability coefficient were tested.



(1) Hydrophilicity test



The water absorption rate can be used to indicate the hydrophilicity of similar-material [36,37]. The greater the water absorption rates of the specimens, the stronger the hydrophilicity. The water absorption rate can be represented by Equation (6).


a=mwatermdry×100% 



(6)




where a is the water absorption rate (%); mwater is the specimen weight after immersion (g); mdry is the specimen weight before immersion (g).



The weight, height, and diameter of the specimen before immersion were measured, and then density (ρ) was calculated, as listed in Table 3. In addition, the degree of disintegration of specimens in water was observed after the specimens were immersed for 1 day, 2 days, and 3 days respectively (Figure 3) [38,39]. With increased immersion time, the water absorption rate increased gradually, and no disintegration phenomenon was observed. The change trend of water absorption rate is shown in Figure 4, indicating that the water absorption rate increased significantly from 1 day to 2 days of immersion time, while water absorption increased slightly from 2 days to 3 days of immersion time, during which the specimen was saturated and the water absorption rate reached a plateau.



(2) Testing compressive strength σc and brittle behavior (BB)



The compressive strength was tested using a SHIMADZU electronic universal testing machine (AG-X250, SHIMADZU China Company Limited, Beijing, China). In order to simulate permeability evolution caused by the fluid–solid coupling material rupture and its effect on the mechanical properties, the BB of similar-material was considered, reflecting the ratio of the pre-peak elastic modulus (PrePEM) and post peak elastic modulus (PostPEM) in the uniaxial compressive strength test. When PrePEM/PostPEM < 3, the material belongs to brittle failure material [40]. The test results of compressive strength and brittle behavior of the specimens are shown in Table 3, indicating that the compressive strength variation was in the range 0.228–1.311 MPa, indicating that the test specimens met the requirements of brittle materials.



(3) Testing tensile strength σt



The tensile strength of the specimen was measured by the Brazil splitting method [41]. Similar-material tensile strength was obtained by Equation (7), as listed in Table 3.


σt=2PvπDLh 



(7)




where D is the diameter of the specimen (mm); Pv is the failure load value of the specimen (N); and Lh is the thickness of the specimen (mm).



In Table 3, the tensile strength variation was in the range 0.021–0.111 MPa. The ratio of uniaxial tensile strength and uniaxial compressive strength (RTC) of rock is nearly 0.1, which is one of the important differences between the rock material and other materials. In Table 3, RTC is in the range 1/11.8–1/9.1, which is close to the rock average RTC of 0.1 [42]. Therefore, the mechanical properties of similar-material and rock are similar.



(4) Testing permeability coefficient K



The permeability coefficient K is one of the indexes, reflecting the permeability of similar-material. In the similar simulation test, because the permeability of the material and the water flow are small, the water level is difficult to control; therefore, the variable head test is used in the laboratory [23], which is the main test principle, as expressed by Equation (8).


K=bLAtlnΔh1Δh2 



(8)




where K is the permeability coefficient (cm/s); b is the glass tube sectional area (cm2); A is the specimen sectional area (cm2); L is the specimen height (cm); Δh1, Δh2 are initial water head difference and water head difference after t time (cm), respectively. In Table 3, the variation range of the permeability coefficient of similar material specimen is 8.79 × 10−8–2.95 × 10−4 cm/s.






3. Results and Discussion


Based on the measured values for specimen parameters, the qualitative and quantitative relationships between the specimen index parameters and similar-material proportioning ingredients were obtained. In order to obtain the optimum proportioning of ingredients, using a coal mine floor water inrush by similar simulation test as a case, four multiple linear regression equations were further calculated, providing the optimum proportioning of the ingredients.



3.1. Results


The relationship between the specimen index parameters, i.e., density, compressive strength, tensile strength, and permeability coefficient, and four factors in the orthogonal test schemes, was analyzed quantitatively and qualitatively by the range and variance analyses. The variance analysis is based on the Minitab software (Minitab 17, TechMax Information Technical Co., Ltd., Shanghai, China, 2014) [43].



3.1.1. Density Analysis


The specimen density was analyzed as follows: first, a qualitative analysis was studied by the range analysis; furthermore, a quantitative analysis was carried out to obtain the quantitative relationship between the specimen density and four factors by the variance analysis.



(1) Range analysis of density



Range analysis consists of two stages: calculation and judgment. Kjm is the sum of the experimental indexes corresponding to the j factor, m level is in the range analysis. Kjm-a is the average value of Kjm and Rj is the range of the j column factor, reflecting the variation range of the test index. The larger the Rj, the greater the effect of the factors on the test indicators, which can determine the primary and secondary factors.



① Calculation



Combining Table 2 and Table 3, the corresponding test index and the average value of the first level A1 of factor A are as follows: KA1 = 1.766 + 1.761 + 1.884 + 1.879 + 1.832 = 9.122, KA1-a = KA1/5 = 1.824. Similarly, KA2 = 9.346, KA2-a = KA2/5 = 1.869; KA3 = 9.013, KA3-a = KA3/5 = 1.803; KA4 = 9.058, KA4-a = KA4/5 = 1.812; KA5 =8.703, KA5-a = KA5/5 = 1.741.



Then, based on the range R definition, it was concluded that RA = KA2-a − KA5-a= 0.128, RB = 0.047, RC = 0.082, RD = 0.036, as shown in Table 4.



② Judgement



In Table 4, it was seen that RA > RC > RB > RD. Therefore, the order of the factors that affects the specimen density is A > C > B > D.



Figure 5 shows the intuitive analysis chart of effective factors on specimen density. Specimen density increases with increasing percentage of river sand in aggregate, because the density of the coarse aggregate (river sand) is smaller than that of fine aggregate (calcium carbonate and talc powder). In addition, density increases with increasing the mass ratio of cement and vaseline.



(2) Variance analysis of density



The abovementioned density values of different levels in four factors were used as the input in the Minitab software. Then, the variance analysis of density was carried out in the variance analysis module of the Minitab software, as shown in Table 5. Seq SS, Adj SS, and Adj MS are the sum of the squares of deviations, adjusted squares sum of deviations, and adjusted squares sum of mean-square error, respectively. F value is an index in variance analysis. p value is used to determine the significance of a factor. Generally, p < 0.05 is significant, and p < 0.01 is very significant. The larger the F value, the smaller the p value, indicating a more reliable result.



In Table 5, p values are ≥5%, illustrating that the affecting factors have no significant effect on the specimen density. The factors order affecting the specimen density is A > C > B > D based on p values, and this result is consistent with the range analysis of density.



In the Minitab regression analysis, the indexes of the regression model include the standard deviation of the regression model error (Se), the percentage of the regression model error in the total error (R-Sq) and the adjusted R-Sq. R-Sq is used to show that the model is in line with the data, and the larger the value, the better the regression model and the data. The larger the R-Sq value, the better the fit between the regression model and the data.



Based on the regression analysis module in the Minitab software, the multiple linear regression equation between the density and four factors were obtained [44], as shown by Equation (9).


ρ = 1.80964 − 0.06904A − 0.00456B + 0.02976C + 0.00924D



(9)




where Se = 0.0632119, R-Sq = 80.46%, the adjusted R-Sq = 75.39%, verifying the reliability of the similar-material density regression model.




3.1.2. Compressive Strength Analysis


The compressive strength analysis method was similar to that of the specimen density.



(1) Range analysis of compressive strength



Similarly, RC > RA > RD > RB. Therefore, the order of the factors affecting the specimen density is C > A > D > B. Figure 6 shows the intuitive analysis chart of effective factors of specimen compressive strength. Specimen compressive strength increases when increasing the percentage of river sand in the aggregate and the mass ratio of cement and vaseline.



(2) Variance analysis of compressive strength



Equation (10) was obtained based on the Minitab regression analysis.


σc = −2.04562 + 3.2768A − 0.13096B + 0.469376C − 5.75D



(10)




where Se = 0.173737, R-Sq =94.31%, the adjusted R-Sq =82.94%, indicating the reliability of the similar-material compressive strength regression model.




3.1.3. Tensile Strength Analysis


The tensile strength analysis method was similar to that of the specimen density.



(1) Range analysis of tensile strength



Similarly, RC > RA > RD > RB. Therefore, the order of the factors affecting the specimen density is C > A > D > B. Figure 7 shows the intuitive analysis chart of factors affecting the specimen tensile strength. Specimen tensile strength increases with increasing the percentage of river sand in aggregate and the mass ratio of cement and vaseline.



(2) Variance analysis of tensile strength



Equation (11) was obtained based on the Minitab regression analysis.


σt = −0.19218 + 0.2916A − 0.00784B + 0.0439676C − 0.424D



(11)




where Se = 0.0146990, R-Sq = 95.06%, the adjusted R-Sq = 85.17%, confirming the reliability of the similar-material tensile strength regression model.




3.1.4. Permeability Coefficient Analysis


The permeability coefficient analysis method was similar to that of the specimen density.



(1) Range analysis of permeability coefficient



The order of on permeability coefficients is as follows: RD > RC > RB > RA. Therefore, the order of the factors affecting the specimen density is D > C > B > A. Figure 8 shows the intuitive analysis chart of influence factors affecting the specimen permeability coefficient. With increasing the percentage of antiwear hydraulic oil in the total mass of similar materials, the mass ratio of cement and vaseline, and the mass ratio of calcium carbonate and talc powder, the permeability coefficient first increases and then decreases.



(2) Variance analysis of permeability coefficient



Equation (12) was obtained based on the Minitab regression analysis.


K = 0.00031441 − 0.0002555A − 0.00002766B − 0.00003062C + 0.00027941D



(12)




where Se = 0.0000412355, R-Sq = 86.20%, the adjusted R-Sq = 78.60%, indicating the reliability of similar-material permeability coefficient regression model.





3.2. Discussion


The optimum proportion of the fluid–solid coupling similar-material is the key to study geotechnical engineering problems in similar simulation test, obtained by Equations (9)–(12).



Water inrush from the coal floor is a typical fluid–solid coupling problem in geotechnical engineering. In order to explore the mechanism of water inrush from mining coal floor, the floor water inrush of the 15 coal seams in a colliery was taken as an application example. Based on the fluid–solid coupling similarity theory and original parameters of sandstone stratum and mudstone stratum in aquifuge, the test model parameters of aquifuge were calculated, as shown in Table 6. On this basis, the optimum ratio of similar-material in the aquifuge strata was also obtained by Equations (9)–(12), as listed in Table 7.



According to the optimum ratio of mudstone and sandstone in aquifuge, six specimens were prepared to verify the requirements of the hydrophilicity, compressive strength, tensile strength, brittleness and permeability coefficient. Figure 9 shows the stress and strain curves of mudstone and sandstone in aquifuge, indicating that the specimen strength immersed for three days was greater than 85% of the specimen without immersion; these results show that this similar-material can meet the practical requirements of aquifuge. Furthermore, similar-material model test was laid using the optimal ratio of in aquifuge, and the results are consistent with the mining practice, verifying that the new fluid–solid coupling similar-material is feasible and effective in solving the geotechnical engineering problem.





4. Conclusions


An experimental development process of a new fluid–solid coupling similar-material based on the orthogonal test was established. First, river sand, calcium carbonate and talc powder, white cement and vaseline, and antiwear hydraulic oil were used as the aggregate, cementing agent, and regulator, respectively, making up the raw materials of similar-material. Second, the proportioning test scheme was designed based on the orthogonal test. Test specimens were produced to obtain parameters, such as density, compressive strength, tensile strength, and permeability coefficient. Third, the qualitative and quantitative relationships between the specimen parameters and similar-material proportioning ingredients were obtained through range and variance analysis. That is to say, the density, compressive strength, and tensile strength increase when increasing the mass ratio of cement and vaseline. With increasing the percentage of hydraulic oil in aggregate, the mass ratio of cement and vaseline, and the mass ratio of calcium carbonate and talc powder, the permeability coefficient first increases and then decreases. Fourth, four multiple linear regression equations between the specimen parameters and similar-material ingredients were obtained, and the optimum proportioning of ingredients was further determined for different requirements. Finally, taking a coal mine floor water inrush by similar simulation test as a case, based on the four multiple linear regression equations, the optimum proportioning of the sand, calcium carbonate, talc powder, white cement, vaseline, and antiwear hydraulic oil of the mudstone and sandstone in the aquifuge was determined as 12.46:1.00:0.79:0.69:0.89:0.79, 5.19:1.00:0.70:0.51:0.29:0.29, respectively, which were successfully applied. The newly developed fluid–solid coupling similar-material can provide a reference for similar-material under different demand conditions.
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Figure 1. The raw materials of similar-material: (a) River sand; (b) Calcium carbonate; (c) Talc powder; (d) White cement; (e) Vaseline; (f) Antiwear hydraulic oil. 
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Figure 2. The fabrication process of similar-material specimen: (a) Weighing; (b) Stirring; (c) Heating vaseline; (d) Adding hydraulic oil; (e) Compacting; (f) Demolding; (g) Partial specimen; (h) PVC tube. 
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Figure 3. Testing water absorption rate. 
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Figure 4. The trend of water absorption rate. 
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Figure 5. Intuitive analysis chart of density influencing factor: (a) Factor A; (b) Factor B; (c) Factor C; (d) Factor D. 
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Figure 6. Intuitive analysis chart of compressive strength influencing factor: (a) Factor A; (b) Factor B; (c) Factor C; (d) Factor D. 
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Figure 7. Intuitive analysis chart of tensile strength influencing factor: (a) Factor A; (b) Factor B; (c) Factor C; (d) Factor D. 
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Figure 8. Intuitive analysis chart of permeability coefficient influencing factor: (a) Factor A; (b) Factor B; (c) Factor C; (d) Factor D. 
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Figure 9. The stress and strain curves of similar-material: (a) Mudstone; (b) Sandstone. 
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Table 1. Orthogonal test design level.
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Level

	
Factors




	
A (%)

	
B

	
C

	
D (%)






	
1

	
75

	
3:4

	
3:7

	
2




	
2

	
80

	
4:4

	
4:6

	
3




	
3

	
85

	
5:4

	
5:5

	
4




	
4

	
90

	
6:4

	
6:4

	
5




	
5

	
95

	
7:4

	
7:3

	
6
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Table 2. The orthogonal test schemes of similar-material.
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	Schemes
	A (%)
	B
	C
	D (%)





	S1
	1 (75)
	1 (3:4)
	1 (3:7)
	1 (2)



	S2
	1
	2 (4:4)
	2 (4:6)
	2 (3)



	S3
	1
	3 (5:4)
	3 (5:5)
	3 (4)



	S4
	1
	4 (6:4)
	4 (6:4)
	4 (5)



	S5
	1
	5 (7:4)
	5 (7:3)
	5 (6)



	S6
	2 (80)
	1
	2
	3



	S7
	2
	2
	3
	4



	S8
	2
	3
	4
	5



	S9
	2
	4
	5
	1



	S10
	2
	5
	1
	2



	S11
	3 (85)
	1
	3
	5



	S12
	3
	2
	4
	1



	S13
	3
	3
	5
	2



	S14
	3
	4
	1
	3



	S15
	3
	5
	2
	4



	S16
	4 (90)
	1
	4
	2



	S17
	4
	2
	5
	3



	S18
	4
	3
	1
	4



	S19
	4
	4
	2
	5



	S20
	4
	5
	3
	1



	S21
	5 (95)
	1
	5
	4



	S22
	5
	2
	1
	5



	S23
	5
	3
	2
	1



	S24
	5
	4
	3
	2



	S25
	5
	5
	4
	3







Note: The total mass of the similar-material in each scheme is 2000 g.
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