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Abstract

:

To develop a model material suitable for analysing the stability of sandstone slopes during strong earthquakes, an orthogonal test was designed by selecting seven physico-mechemical parameters, a combination of dynamic and static parameters, as research indexes. Then, the influence of the proportion of each component in the model material on each test index was determined by sensitivity analysis, and the quantitative relationship between physico-mechanical parameters and component proportions was established by multiple linear regression analysis to develop a model material similar to sandstone. Finally, a sandstone slope along the Duxiang Expressway was taken as an example, and the proportions of the components suitable for a model of the rock mass in this area were determined. The test results showed that (1) the physico-mechanical parameters selected for the dynamic and static tests were used to effectively develop model materials for dynamic geotechnical model tests; (2) samples of model materials composed of barite powder, quartz sand, ferric powder, gypsum and cement met the requirements for dynamic testing of geotechnical models of sandstone slopes; and (3) through sensitivity analysis of various factors and multiple linear regression analysis, the required model materials were efficiently configured, and the failure mode, failure process and physico-mechanical parameters of the model materials accurately simulated the original rock materials.
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1. Introduction


China is located at the intersection of the Pacific Rim and the Eurasian seismic belt. Earthquakes cause many secondary disasters, such as rock slope collapses and landslides. It is particularly important to analyse the dynamic response and evolution of rock slopes under earthquake loading [1,2,3,4]. In recent years, many methods have been proposed to study the deformation and failure characteristics of rock slopes during earthquakes, among which the most important method is the dynamic testing of geotechnical models. By using a geotechnical model to simplify the actual engineering of a geological slope, the response to earthquakes is monitored over time, and the nonlinear characteristics of slope deformation and failure are analysed [5,6,7,8]. It is very difficult to collect rock specimens for these geotechnical model tests, so the key to their success is to select appropriate model materials similar to those in the field so that the model test effectively reflects the actual geological phenomena [9,10,11].



At present, many achievements have been made in the research of model materials, and good results have been achieved in model experiments. Gypsum mixtures were developed by ISMES and LNEC in Portugal. Han Boli et al. [12] developed the MIB material, which is composed of barite powder, rubber film ferric concentrate powder and rosin alcohol solution. Li Zhongkui [13] and Ma Fangping et al. [14] developed the NIOS material, which is composed of fine magnetite powder, river sand, and binder based on gypsum or cement. In addition, Wang Hanpeng [15], Li Yong [16], Zhang Qiangyong [17] and Ning Yibing [18] used iron powder, barite powder, quartz sand, rosin alcohol solution and other materials (IBSCM) to simulate most rock mass materials, from soft rock to hard rock. Studies on model materials in model tests are relatively complete. Many scholars have conducted studies on rock masses similar to limestone [19], marl [20,21] and conglomerate [22] through static physico-mechanical parameters. However, current studies do not take into account dynamic effects in the geotechnical model tests. Static physico-mechanical parameters are used to determine the proportions of the components in model materials, which then affects the accuracy of the model geotechnical tests for dynamic failure. Meanwhile, in the process of dynamic physical model tests and research, it is time consuming to configure model materials, resulting in slow progress and low efficiency of testing and research.



The efficient and orderly configuration of model sandstone materials will improve the efficiency of research. In this paper, by combining the results of previous studies, the similarity criterion and many mechanical tests of model materials, the sensitivity of dynamic and static parameters to the proportions of components in model materials was analysed and multiple linear regression analysis was used to establish a quantitative relation between physico-mechanical parameters and the proportions of components in model materials. Finally, a sandstone slope along the Duxiang Expressway was taken as an example, and the model material’s configuration was similar to that of the slope.




2. Selection of Similar Materials


2.1. Principle of Model Similarity


Model testing involves scaling down a geological prototype according to the principle of similarity and then magnifying the physico-mechanical parameters of the model by observing the various physical phenomena of the model and using the same similarity principle to analyse the geological problems to be studied [23]. In the model test, it is difficult to realize complete similarity between prototype and model due to the limitations of test conditions, material preparation and other factors. In this study, dimensional analysis was used to deduce the similarity criterion; that is, the basic dimension was selected, and other physical quantities were derived from the basic dimension.



In the process of dynamic testing of a geotechnical model, static physical quantities such as length (L), mass (m), density (ρ), elastic modulus (Es), Poisson’s ratio (μs), shear modulus (Gs), cohesion (c), internal friction angle (φ), force (F), displacement (s), stress (σ), strain (ε), time (t), frequency (f), speed (v), gravitational acceleration (g) and acceleration (a) are considered. Dynamic physical parameters such as longitudinal wave velocity (vl), horizontal wave velocity (vs), dynamic elastic modulus (Ed), dynamic Poisson’s ratio (μd) and dynamic shear modulus (Gd) should also be considered. In this paper, Ca = Cρ = 1 CL = n was selected as the fundamental dimension, the similarity relation was deduced by using the basic dimensional system [M][L][T] and the Buckingham π theorem, and the similarity criterion was determined [24,25], wherein [M] is the dimension of mass, [L] is the dimension of length and [T] is the dimension of time. The International System of Units (SI units) of the three are kg, m and s, respectively. In this dimensional system, [M][L][T] is independent of each other, and the dimensions of any other physical quantity can be derived from the power combination of these three dimensions.



(1) Static parameter similarity ratio:


   C a  =  C ρ  =  C g  =  C ε  =  C ϕ  =  C   μ s    = 1  



(1)






   C s  =  C L  = n  



(2)






   C σ  =  C c  =  C   E s    =  C   G s    =  C ρ   C a   C L  = n  



(3)






   C ν  =  C L  1 / 2    C a  1 / 2   =  n   



(4)






   C t  =  C L  1 / 2    C a  − 1 / 2   =  n   



(5)






   C f  =  C L  − 1 / 2    C a  1 / 2   = 1 /  n   



(6)






   C F  =  C L    3   C a   C ρ  =  n 3   



(7)






   C m  =  C L    3   C ρ  =  n 3   



(8)







(2) Dynamic parameter similarity ratio:


   C   μ d    = 1  



(9)






   C   E d    =  C   G d    =  C ρ   C a   C L  = n  



(10)






   C   ν l    =  C   ν s    =  C L  1 / 2    C a  1 / 2   =  n   



(11)




where Cx is the similarity coefficient (that is, the proportions of prototype and model, and the subscript x is a related physical quantity), and n is the similarity multiple.




2.2. Determination of Physico-Mechanical Parameters


Considering the physical and mechanical properties in the dynamic testing of geotechnical models [26,27,28], the physico-mechanical parameters of similar materials must provide the five basic physico-mechanical parameters of rock mass material: density, compressive strength, tensile strength, internal friction angle and cohesion. Additionally, when considering the basic physico-mechanical parameters, the influence of dynamic action on rock is considered, and the longitudinal wave velocity, horizontal wave velocity, dynamic elastic modulus, dynamic Poisson’s ratio and dynamic shear modulus are introduced. Poisson’s ratio has no obvious effect on dynamical analysis, and the dynamic elastic modulus and dynamic shear modulus can be calculated by using the longitudinal wave velocity and horizontal wave velocity through the dynamic constant formula. Therefore, density, compressive strength, tensile strength, internal friction angle, cohesion, dynamic elastic modulus and dynamic shear modulus were selected as the research indexes [29,30,31].




2.3. Selection of Model Materials Similar to Sandstone


When selecting model materials, it is necessary to ensure that the model materials have properties similar to those of the original rock, and the samples have stable mechanical properties and are not susceptible to external influences. Mechanical parameters are sensitive to changes in the material ratio and should be nontoxic, harmless and inexpensive [15]. Therefore, the materials selected by Yao Guoqiang [32], namely, quartz sand, barite powder, ferric powder, gypsum and cement, were adopted as components of the model materials. Among them, quartz sand, barite powder and ferric powder are aggregates. Quartz sand provided a framework, barite powder and ferric powder were used to regulate the weight, and gypsum and cement provided cementation. In addition, glycerine was added as a moisturizing agent, while early strength agents and antifoam agents were added as needed. In the model material, the components were quartz sand (30~40 mesh coarse aggregate), barite powder (200 mesh fine aggregate), ferric powder (150 mesh fine aggregate), PO 32.5 cement and gypsum (1200 mesh fine aggregate).





3. Experimental Design


To more accurately reflect the physical and mechanical properties of sandstone and facilitate the orthogonal experimental design of model materials, this study determined the range of physico-mechanical parameters of sandstone by referring to relevant literature. As detailed dynamic parameters of sandstone are not available at present, the range of relevant dynamic parameters is not listed here. The physico-mechanical parameters are listed in Table 1.



3.1. Design of the Orthogonal Test


Orthogonal testing is widely used in geological engineering because it is efficient, rapid and economical. The orthogonal experimental design can be used to conduct multifactor and multilevel designs and select representative horizontal combinations for testing. The selected combinations have the characteristics of uniform dispersion and neat comparability. In this test, four influencing factors were selected: cementing material/solid material (A), gypsum/cementing material (B), quartz sand/aggregate (C) and ferric concentrate powder/(barite powder + ferric powder) (D). The approximate ranges of the ratios of the components were determined through a preliminary experiment, and an L25(54) orthogonal test with four factors and five levels was designed. The material ratio scheme is shown in Table 2.




3.2. Sample Preparation Process and Process


To prepare the samples, first, the quartz sand, barite powder, ferric powder, gypsum and cement were weighed and blended evenly in a blender; tap water was added and stirred until the mixture was uniform, where the water–solid ratio was 3:20; then we dissolved 4% glycerine per 100 mL water. The water–solid ratio and the glycerine ratio were selected based on a large number of preliminary experiments and previous experience. Then, the mixture was transferred to a cylindrical mould with inner diameter ϕ 50 × 100 mm or ϕ 50 × 50 mm, and the mould underwent uniform vibrations on a vibration table. Second, after curing for 4 h, the samples were demoulded and allowed to cure under ambient conditions. Finally, after curing for 1 week, each sample was ground finely on both sides, numbered and reserved.



A total of 25 groups of tests were designed for this experiment, each of which required wave velocity detection, uniaxial compression, direct shear and splitting tests. The sample size used for wave velocity detection was the same as that used for the uniaxial test or direct shear test, and no new sample preparation was needed. To reduce the error, the average value was taken as the final result, including 3 specimens in the splitting test group, 3 specimens in the uniaxial test group, 6 specimens in the direct shear test group, and a total of 225 long cylindrical specimens (ϕ 50 × 100 mm) and 75 short cylindrical specimens (ϕ 50 × 50 mm), as shown in Figure 1.




3.3. Physical and Mechanical Tests


To determine the density, compressive strength, tensile strength, internal friction angle, cohesion, dynamic elastic modulus and dynamic shear modulus of the model materials, the samples were weighed, and wave velocity detection, uniaxial compression, direct shear and splitting tests were carried out. Wave velocity was detected by an ultrasonic detector; the dynamic shear modulus and dynamic elastic modulus were calculated by a built-in Model-5251 CSONIC Viewer-SX system, which adopts 12 bits/50nsec high-velocity A/D converter; and a direct shear test was carried out by a WDJ-300 microcomputer servo control rock shear testing machine whose relative error is ±0.5%. Uniaxial compression and splitting tests were carried out by an INSTRON 1346 universal material test system whose load test accuracy is ±0.5%.





4. Experimental Results and Sensitivity Analysis


4.1. Analysis of Test Results


Table 3 shows the results of the size, mass, uniaxial compression, direct shear, splitting and ultrasonic detection measurements for 25 groups of samples. Based on the overall analysis of 25 groups of samples, the density ranged from 2.14 to 2.79 g/cm3, the tensile strength ranged from 0.0083 to 0.1098 MPa; the compressive strength ranged from 0.19 to 3.10 MPa, and the cohesive strength ranged from 0.15 to 1.70 MPa. The internal friction angle ranged from 18.77° to 62.49°, the dynamic shear modulus ranged from 0.02425 to 0.4215 MPa, and the dynamic elastic modulus ranged from 0.122 to 1.335 MPa. Compared with Table 1, the ranges of the physico-mechanical parameters were large and basically met the relevant requirements for physico-mechanical parameters of model materials similar to sandstone.




4.2. Sensitivity Analysis


In an orthogonal test analysis, the degree of influence of various factors on the physical parameters can be determined by range analysis. The range analysis method has the advantages of simple calculation, visual imaging, simplicity and ease of understanding and is the method most commonly used to analyse orthogonal test results.



4.2.1. Sensitivity Analysis of Static Physico-Mechanical Parameters


Based on the orthogonal test results, a range analysis was conducted on the five static parameters, and a range analysis diagram was drawn, as shown in Figure 2. In the figure, the broken-line graph represents the average value of the test index, and the bar graph represents the range. The results for sensitivity to the four influencing groups, cementing material/solid material (A), gypsum/cementing material (B), quartz sand/aggregate (C) and ferric concentrate powder/(barite powder + ferric powder) (D), were C > A > B > D for density, A > B > C > D for pressure strength, A > B > D > C for tensile strength, B > A > C > D for cohesive force and A > B > C > D for internal friction angle.



The sensitivity of the static physico-mechanical parameters to the proportions of the components in the model materials was further analysed. Density was the most sensitive to the proportion of quartz sand, and its sensitivity decreased with the increase in the proportion of quartz sand and was positively correlated with the proportions of barite powder and ferric powder. The compressive strength was the most sensitive to the proportion of cementing materials in the solid materials, and its sensitivity increased with the increase in proportion of cementing materials; it was mainly affected by the proportion of gypsum. The tensile strength was the most sensitive to the proportion of cementing materials in the solid materials, and its sensitivity increased with the increase in cementing materials but was less affected by the proportion of other materials. The cohesion was the most sensitive to the proportion of gypsum in the cementing material, and its sensitivity increased with the increase in the proportion of the cementing material. Gypsum had major role in cohesion and promoted an increase in cohesion. The internal friction angle was the most sensitive to the proportion of cementing material in the solid material, and its sensitivity decreased with the increase in the proportion of cementing material and increased with the increase in the proportion of quartz sand in the aggregate.




4.2.2. Sensitivity Analysis of Dynamic Physico-Mechanical Parameters


Based on the orthogonal test results, a range analysis was carried out on the two dynamic parameters, and the range analysis diagram was shown in Figure 3. In the figure, the broken-line graph represents the average value of the test index, and the bar graph represents the range. The results show that the sensitivity to the four cases discussed above was A > B > C > D for the dynamic shear modulus and A > B > C > D for the dynamic elastic modulus.



The sensitivity of the dynamic physico-mechanical parameters to the proportions of the ingredients in the model materials was further analysed. The sensitivities of the dynamic shear modulus and dynamic elastic modulus were similar for the proportion of each component and most sensitive to the proportion of cementing materials in the solid materials, which increased with increasing use of cementing materials. There was a slight difference between the sensitivity of the two parameters with the change in the ratio of ferric powder/(barite powder + ferric concentrate powder).






5. Correlation Analysis between the Static and Dynamic Parameters and Proportions of Components in the Model Materials


When analysing the correspondence between multiple factors and dependent variables, multiple linear regression analysis can be used to predict or estimate the effects of dependent variables through the optimal combination of multiple independent variables. Multiple linear regression analysis establishes an appropriate mathematical analysis model in accordance with the highly correlated form, which is similar to the statistical method for the connection between response variables.



5.1. Establishment of a Multiple Linear Regression Model


In multiple linear regression analysis, the dependent variable y is affected by multiple external variables xi. If there is a linear relationship between y and xi, then a multiple regression model can be established based on the dependent variable y and all influencing factors xi. According to the basic theory of multiple linear regression model [34], the mathematical expression of the model is as follows:


  y =  b 0  +  b 1   x 1  +  b 2   x 2  + ⋯ +  b m   x m  + μ  



(12)




where b0, b1,…, bm are the regression coefficients and are the percentages of materials.



By substituting discrete data into (12), the following equations can be obtained:


   {     y 1  =  b 0  +  b 1   x  11   +  b 2   x  21   + ⋯ +  b m   x   m 1         y 2  =  b 0  +  b 1   x  12   +  b 2   x  22   + ⋯ +  b m   x   m 2          ⋮         ⋮        ⋮      y n  =  b 0  +  b 1   x   1 n    +  b 2   x   2 n    + ⋯ +  b m   x  mn        



(13)




where n is the number of physico-mechanical parameters and m is the number of classifications of similar materials.



The above equations can be written in the following matrix form:


   [       y 1         y 2      ⋮        y n     ]  =  b 0  +  b 1   [       x  11          x  12       ⋮        x   1 n       ]  +  b 2   [       x  21          x  22       ⋮        x   2 n       ]  + ⋯ +  b m   [       x   m 1           x   m 2        ⋮        x  mn      ]   



(14)







That is, the matrix equation can be written as follows:


  Y = B X  



(15)




where


   Y =  [       y 1         y 2      ⋮        y n     ]    , B =  [       b 0       b 1      ⋮        b m     ]    , X =  [     1     x  11      ⋯     x   m 1         1     x  12      ⋯     x   m 2         1   ⋮      ⋮     1     x   1 n       ⋯     x  mn        ]  .   











By solving the matrix equation, the regression coefficients of the multiple regression model and the multiple linear regression equation can be obtained.




5.2. Multivariate Linear Fitting of Physico-Mechanical Parameters


According to the results of the orthogonal test and multivariate linear regression model, four relationships can be established between the database for the seven parameters (density, tensile strength, compressive strength, cohesive force, internal friction angle, dynamic shear modulus and dynamic elastic modulus) and the four variables (cementing material/solid materials (A), gypsum cementing material (B), quartz sand (C) and ferric concentrate powder/(barite powder + ferric concentrate powder) (D). Multivariate linear fitting by SPSS software was used to determine the model of each parameter. The formula in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 expresses the corresponding relationship between seven physico-mechanical parameters and four groups of similar material ratios, and the value before the four groups of similar material ratios indicates the influence degree of this factor on the parameters. The red dashed line represents the test value in the orthogonal test, and the blue dashed line represents the value calculated by fitting the above formula. Since there were many variables in the multiple linear regression model, the modified determination coefficient (   R a 2   ) was used to reflect the fitting degree of the model.



	(1)

	
Multivariate linear fitting of static parameters







As shown in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8, the values of density, tensile strength, compressive strength, cohesion and internal friction angle obtained by the fitting formula were relatively consistent with those obtained through the test, and the determination coefficients were all greater than 0.6, among which the maximum determination coefficient of compressive strength was 0.802. The fitting formula well reflected the corresponding relationship between static parameters and proportions of ingredients in the model materials.



	(2)

	
Multivariate linear fitting of dynamic parameters







As shown in Figure 9 and Figure 10, the values of the dynamic shear modulus and dynamic elastic modulus obtained by the fitting formula were consistent with those obtained by experiments, and their determination coefficients were greater than 0.75. Overall, the determination coefficients of the dynamic parameters were larger than those of the static parameters, and the fitting formula well reflected the corresponding relationship between the dynamic parameters and proportions of components in the model materials.




5.3. Significance Test of Multiple Linear Regression Equation


	(1)

	
Hypothesis testing







In the process of multiple linear regression analysis, the basic assumptions of multiple linear regression analysis should be satisfied. The most important is the independence of samples and the absence of collinearity between samples. The two hypotheses are verified by Durbin–Watson’s principle and the variance inflation coefficient. The closer the Durbin–Watson value is to 2.0, the stronger the independence; the closer the variance inflation factor value is to 1.0, the weaker the collinearity. The process is not shown here, just the results, as shown in the following Table 4.



Table 4 shows that the Durbin–Watson values of the seven parameters are all close to 2.0, basically meeting the requirements of mutual independence. Meanwhile, the VIF of the seven parameters is 1.0, and there is no autocorrelation among them. In summary, this analysis basically meets the basic assumption of the multiple linear regression equation.



	(2)

	
Significance testing







The model obtained through multiple linear regression analysis must pass a certain significance test for verification to determine whether the relationship between the two has good significance. If there is no good significance between the two, then there is no correlation between the dependent variable y and xi. In the analysis, the whole model was mainly considered to configure the required similar materials, so the significance test of the model was mainly considered here, and the significance of each parameter was no longer considered. In this paper, the significance of the regression equation was tested as follows.



The significance test of the regression equation generally refers to the F statistic as the constraint condition of the model, and the expression of the F statistic is


  F =   S  S l  / m   S  S r  / ( n − m − 1 )    



(16)







In the above formula, SSl is the sum of squares of regression, SSr is the sum of squares of residuals, m is the number of degrees of freedom, and the F statistic should obey the distribution of F(m, n − m − 1), namely, obey the significance level α, which can be determined by the following expression:


  P  {   | F |  ≥  F  1 − α , m , n - m - 1    |   H 0   |  = α  }   



(17)







The above formula is the expression of the significance test. If it satisfies    | F |  ≥  F  1 − α , m , n - m - 1    , then it indicates that the relationship between y and xi has good significance, that is, the model has good significance.



The statistical quantity F of each physical quantity and the significance of each variable were calculated by the significance test theory of the regression equation mentioned above, and the calculation results are shown in Table 5.



Table 5 shows that the significance of all parameters is much less than 0.001, and there is a good correlation between the independent variable and multiple dependent variables, so there is a clear correlation between the dependent variable y and xi. The obtained physical model can reflect the relationship between various physical parameters and multiple independent variables to a large extent.





6. Practical Application of the Proportions of Components in a Model Material Similar to an Actual Material


6.1. Engineering Geology Overview


The selected rock slope was located in the section from Shouwang (Yunnan–Guizhou boundary) to Hongshan (Yunnan–Sichuan boundary) on the highway from Duyun to Shangri-La of G7611, with complex geological conditions and a slope of 40°. The bedrock was sandstone, and the occurrence of the rock was 303°∠15°. The rock level was almost the same as the slope facing surface, which was a bedding slope. Two groups of joint fractures developed in the rock: joint 1 at 50°∠70° and joint 2 at 160°∠78°. According to the Chinese Ground Motion Parameter Zoning Map GB18306-2015, the peak acceleration of ground motion in this area was 0.15 g, corresponding to the basic earthquake intensity of VIII, and the ground motion reflected the period of the Put sign of 0.45 s. The physico-mechanical parameters for sandstone samples collected from this site are shown in Table 6.




6.2. Configuration of Similar Materials


The dynamic testing of a geotechnical model with a similarity ratio of 1:49 was used to analyse the stability of the slope under dynamic loading to provide a basis for slope protection. That is, model materials similar to sandstone materials in this area were designed in accordance with 1:49. The physical parameter values of the model materials can be obtained by the similarity principle, as shown in Table 7.



According to the values of the physico-mechanical parameters of the model materials, combined with the relevant fitting formula and sensitivity analysis results of each factor, MATLAB programming was used to calculate the optimal ratio of components in the model material using the following formula:


  S =   ∑  n = 1  7      (    y -  y 0     y 0     )   2     



(18)




where y0 represents the value of the required physico-mechanical parameter, y represents the value of the fitting formula with different proportions of components, and S represents the error between the fitting value and the actual value with different proportions of components. When S is the smallest, the optimal regression coefficient value can be obtained. Percentage integer digits are reserved for convenient configuration. Through MATLAB calculations, the results for the proportions were as follows: cementing material/solid material 5%, gypsum/cementing material 76%, quartz sand/aggregate 28% and ferric powder/(barite powder + ferric powder) 64%. The proportion of each material in the solid material is shown in the table below. The physico-mechanical parameters of the rock samples were obtained by splitting, uniaxial and shear tests.




6.3. Comparison and Verification of Raw Rock and Similar Materials


	(1)

	
Physical parameter verification







Model rock samples were configured using the ratio in Table 8. Splitting, uniaxial and shear tests were conducted to obtain relevant physico-mechanical parameters. Figure 11 shows the required values based on the similarity ratio, the values calculated through the model formula and the values measured in the laboratory test. The model materials generally met the needs of the shaking table model test.



	(2)

	
Failure mode verification







As shown in Figure 12, the failure modes of sandstone samples and samples of model materials observed in the uniaxial compression test were consistent, mainly shear failure with partial conical surfaces. The failure mode of the model material was basically consistent with that of real sandstone material in the uniaxial compression test.



	(3)

	
Verification of failure process







As shown in Figure 13, during the process of uniaxial compression of model materials similar to sandstone, the model material underwent an elastic stage and an elastic–plastic stage and finally reached the brittle failure stage. In the direct shear process of model materials similar to sandstone, with the increase in axial force, the peak shear strength and the residual strength increased and were much less than the peak shear force.





7. Conclusions


Based on orthogonal design and similarity theory, we developed a model material similar to actual rock from the field for the shaking table model test. The original rock; the similarity relations among the selection of quartz sand, ferric powder, barite, gypsum and cement configuration of the model material; and the sensitivity of the physico-mechanical parameters to the influence factors were analysed, and multiple linear regression analysis was performed to calculate the physico-mechanical parameters and the model with similar material proportions. The main conclusions are as follows:




	(1)

	
Four factors, including cementing material/solid material, gypsum/cementing material, quartz sand/aggregate and ferric powder/(barite powder + ferric powder), were designed, and orthogonal tests were conducted with five levels for each factor. Seven parameters, including density, tensile strength, compressive strength, dynamic shear modulus, dynamic elastic modulus, cohesion and internal friction angle, were obtained by ultrasonic, uniaxial compression, direct shear and splitting tests. Among them, the dynamic shear modulus and dynamic elastic modulus most effectively reflected the changes in the dynamic parameters of rock.




	(2)

	
Samples of model materials composed of gypsum, cement, quartz sand, ferric powder and barite powder met the similar material requirements for sandstone in a large range of model tests.




	(3)

	
The analysis of the sensitivity of various factors showed that the density was mainly influenced by barite powder, ferric powder affected the tensile strength and compressive strength, the internal friction angle was mainly affected by the cementation material proportion, the cohesive force of the main was affected by gypsum and the quartz-sand ratio, and the dynamic shear modulus and dynamic modulus of elasticity were mainly affected by the cementation material proportion.




	(4)

	
The quantitative relationship between the physico-mechanical parameters and proportions of components in the model material was obtained through sensitivity analysis and multiple linear regression analysis of influencing factors. The proportions of components in model materials obtained through this calculation efficiently configured the required model materials. The failure mode, failure process and physical parameters of the model materials simulated the behaviour of the sandstone samples taken from the field.
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Figure 1. Samples of model materials. 






Figure 1. Samples of model materials.



[image: Applsci 12 05344 g001]







[image: Applsci 12 05344 g002 550] 





Figure 2. Range analysis of static physico-mechanical parameters. (a) Density; (b) compressive strength; (c) strength of extension; (d) cohesive strength; (e) internal friction angle. 
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Figure 3. Range analysis of the dynamic physico-mechanical parameters. (a) Dynamic shear modulus; (b) dynamic elasticity modulus. 
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Figure 4. Comparison of fitted and experimental results for density. 






Figure 4. Comparison of fitted and experimental results for density.



[image: Applsci 12 05344 g004]







[image: Applsci 12 05344 g005 550] 





Figure 5. Comparison of fitted and experimental results for tensile strength. 
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Figure 6. Comparison of fitted and experimental results for compressive strength. 
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Figure 7. Comparison of fitted and experimental results for cohesion. 
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Figure 8. Comparison of fitted and experimental results for internal friction angle. 
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Figure 9. Comparison of fitting and experimental results for dynamic shear modulus. 
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Figure 10. Comparison of fitting and experimental results for dynamic elastic modulus. 
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Figure 11. Comparison of physical parameters. 
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Figure 12. Comparison of failure modes under uniaxial compression. (a) Sandstone sample; (b) model material. 
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Figure 13. Comparison of failure evolution process. (a) Uniaxial compression curve; (b) direct shear curve. 
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Table 1. Range of physico-mechanical parameters of sandstone [33].
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	Rock
	ρ/g·cm−3
	σc/MPa
	σt/MPa
	E/GPa
	c/MPa
	φ/°





	Sandstone
	2.17~2.70
	2.5~200
	4~25
	0.63~12.5
	4~50
	25~50
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Table 2. Design of the orthogonal test for the composition of model materials.
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Group Number

	
Analytical Factor




	
A/%

	
B/%

	
C/%

	
D/%






	
1

	
2

	
60

	
25

	
15




	
2

	
2

	
70

	
35

	
20




	
3

	
2

	
80

	
45

	
25




	
4

	
2

	
90

	
55

	
30




	
5

	
2

	
100

	
65

	
35




	
6

	
4

	
60

	
35

	
25




	
7

	
4

	
70

	
45

	
30




	
8

	
4

	
80

	
55

	
35




	
9

	
4

	
90

	
65

	
15




	
10

	
4

	
100

	
25

	
20




	
11

	
6

	
60

	
45

	
35




	
12

	
6

	
70

	
55

	
15




	
13

	
6

	
80

	
65

	
20




	
14

	
6

	
90

	
25

	
25




	
15

	
6

	
100

	
35

	
30




	
16

	
8

	
60

	
55

	
20




	
17

	
8

	
70

	
65

	
25




	
18

	
8

	
80

	
25

	
30




	
19

	
8

	
90

	
35

	
35




	
20

	
8

	
100

	
45

	
15




	
21

	
10

	
60

	
65

	
30




	
22

	
10

	
70

	
25

	
35




	
23

	
10

	
80

	
35

	
15




	
24

	
10

	
90

	
45

	
20




	
25

	
10

	
100

	
55

	
25
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Table 3. Orthogonal test results for model materials similar to sandstone.
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	Group
	ρ/g·cm−3
	σt/MPa
	σc/MPa
	c/MPa
	φ/°
	Gd/GPa
	Ed/GPa





	1
	2.54
	0.0132
	0.19
	0.15
	36.63
	0.0243
	0.1220



	2
	2.50
	0.0114
	0.20
	0.19
	38.06
	0.0858
	0.2565



	3
	2.45
	0.017
	0.32
	0.56
	45.00
	0.0723
	0.2165



	4
	2.40
	0.0083
	0.55
	0.68
	62.49
	0.0792
	0.2365



	5
	2.32
	0.0166
	1.18
	1.10
	58.51
	0.1295
	0.4810



	6
	2.53
	0.0220
	0.44
	0.28
	34.76
	0.1120
	0.3345



	7
	2.45
	0.0206
	0.39
	0.34
	39.41
	0.1033
	0.3080



	8
	2.43
	0.0118
	0.68
	0.55
	41.08
	0.1466
	0.4185



	9
	2.14
	0.0394
	0.81
	0.97
	46.36
	0.1955
	0.5140



	10
	2.56
	0.0140
	1.23
	0.73
	32.27
	0.1889
	0.4655



	11
	2.56
	0.0358
	0.76
	0.54
	35.39
	0.1930
	0.5750



	12
	2.46
	0.0394
	0.69
	0.55
	40.32
	0.2520
	0.7500



	13
	2.41
	0.0360
	0.94
	0.82
	43.10
	0.2175
	0.6460



	14
	2.59
	0.0330
	1.29
	0.92
	33.19
	0.2380
	0.4120



	15
	2.67
	0.0711
	2.22
	1.23
	31.17
	0.2900
	0.7500



	16
	2.44
	0.0564
	1.07
	0.56
	37.12
	0.3365
	0.7840



	17
	2.30
	0.0522
	1.06
	0.65
	37.37
	0.2825
	0.8385



	18
	2.66
	0.0559
	1.80
	0.98
	21.44
	0.2465
	0.7340



	19
	2.55
	0.0666
	1.83
	0.72
	27.26
	0.2150
	0.6410



	20
	2.49
	0.0888
	2.69
	1.06
	25.72
	0.3180
	0.9430



	21
	2.35
	0.0762
	1.30
	0.81
	40.43
	0.2735
	0.8110



	22
	2.79
	0.0889
	2.48
	0.58
	18.77
	0.3165
	0.9410



	23
	2.61
	0.0940
	2.26
	1.08
	28.39
	0.3190
	0.9455



	24
	2.52
	0.0869
	2.17
	1.24
	25.41
	0.3775
	1.1200



	25
	2.44
	0.1098
	3.10
	1.70
	33.56
	0.4215
	1.3350
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Table 4. Basic hypothesis verification.
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	Indicators
	ρ/g·cm−3
	σt/MPa
	σc/MPa
	c/MPa
	φ/°
	Gd/GPa
	Ed/GPa





	Durbin–Watson(D-W)
	1.810
	1.925
	2.158
	1.890
	1.931
	1.860
	1.951



	Variance inflation factor (VIF)
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
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Table 5. Significance analysis table of the regression equation.






Table 5. Significance analysis table of the regression equation.





	Indicators
	ρ/g·cm−3
	σt/MPa
	σc/MPa
	c/MPa
	φ/°
	Gd/GPa
	Ed/GPa





	F
	27.28
	41.35
	53.02
	28.60
	30.10
	53.57
	51.76



	Sig
	7.52 × 10−8
	2.12 × 10−9
	2.29 × 10−10
	5.06 × 10−8
	3.30 × 10−8
	2.08 × 10−10
	2.85 × 10−10
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Table 6. Physico-mechanical parameters of samples of siltstone in the bar service area.
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	ρ/g·cm−3
	σt/MPa
	σc/MPa
	c/MPa
	φ/°
	Gd/GPa
	Ed/GPa





	Actual mean
	2.60
	2.65
	54.58
	15.72
	25.45
	4.05
	23.50
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Table 7. Physico-mechanical parameters of model materials similar to the samples collected from the site.
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	Physico-Mechanical Parameters
	ρ/g·cm−3
	σt/MPa
	σc/MPa
	c/MPa
	φ/°
	Gd/GPa
	Ed/GPa





	Similar material value
	2.60
	0.05
	1.11
	0.32
	25.45
	0.08
	0.48
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Table 8. Proportions of components in the model material similar to the actual samples from the site.
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	Material
	Gypsum
	Cement
	Quartz Sand
	Barite
	Pure Iron Powder





	Percentage
	3.80%
	1.20%
	26.60%
	43.14%
	24.26%
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