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During tunnel excavation in a soft soil stratum, a transparent model test can present the whole failure process, and a similar transparent material with stable physical and mechanical properties is essential for obtaining valid experimental results. Therefore, a new type of similar transparent material was developed in which fused quartz sand served as the coarse aggregate, nanoscale hydrophobic fumed silica powder acted as the binder, and a mixture of n-dodecane and 15# white oil was used as the pore fluid. The key parameters of the developed similar transparent material, including unit weight, internal friction angle, cohesion, and compression modulus, were evaluated. Furthermore, the consistency between the similar transparent material and natural soft soil was verified in three aspects, namely, physical properties, compressive strength characteristics, and shear properties. Finally, appropriate adjustment measures were proposed based on the results of the analysis of variance (ANOVA) and the analysis of range (ANOR) to meet the similarity requirements of parameters under different engineering conditions.
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1 INTRODUCTION
Global urbanization and the growth of megacities are accompanied by the increasing use of underground space and new subway projects (Shi and Li, 2015). However, when subway tunnels pass through soft soil areas, surface subsidence and tunnel face collapse are prone to occur, leading to accidents with casualties, property losses, and environmental damage (Jia et al., 2023). Soft and muddy soils of marine, lacustrine, and transitional marine origin are frequently encountered in subway projects across China, located in the Yangtze River and Pearl River Deltas and coastal plains (Chao and Hong, 2023). China’s largest megacity, Shanghai, is a typical soft soil area (Shi, 2010; Vu et al., 2015), where muddy soils with a thickness of approximately 6–20 m are widely distributed throughout the construction area of the Shanghai subway. Therefore, accurate prediction and prevention of the failure processes during tunnel excavation in soft soil strata are critical for the safe operation of subway systems.
The proper selection and preparation of similar materials are crucial for these purposes (Chai et al., 2019). Chen and Wada (1986) proposed using transparent glass beads or quartz powder as aggregates of similar transparent materials, which inspired more researchers to use silicon oxide materials. For example, Iskander et al. (2002) studied the transparency and mechanical properties of a mixture of silica powder and oil, and the results indicated that the transparent clay was similar to natural clay. Hird and Stanier (2010) compared transparent clays made from amorphous silica powder and fumed silica and found that the transparency and speckle effect of fumed silica-based transparent clay were superior, enabling better observation of internal migration characteristics in soil. Ads et al. (2021) simulated natural clay using Laponite RD. Zhou (2021) developed transparent clay using silica powder as the soil skeleton, combined with a mixed solvent of 15# white oil and n-dodecane (with matching refractive indices), and investigated its physical and mechanical properties. Leng et al. (2021) formulated a similar transparent material for soft rock using fused quartz as the skeleton, hydrophobic fumed silica powder as the binder, and a mixture of 15# white oil and n-dodecane as the pore fluid. Ma et al. (2021) used quartz sand, nanoscale silica, and n-dodecane mixed with 15# white oil to configure a similar transparent material. In addition, NaOH + U10 powder, AVC copolymer, and sodium polyacrylate cross-linked polymer were also introduced to simulate soft clay (Kong, 2020; Liang et al., 2019; Wu et al., 2020). A sucrose solution and a brine mixture were used instead of mineral oil to prepare transparent soil (Zhang et al., 2020).
In summary, studies on transparent soil are still in the early stages, and the lack of strength and control over the mechanical parameters (unit weight, internal friction angle, cohesion, and compression modulus) of transparent soil needs to be addressed. Therefore, considering the requirements of material transparency and similarity, a new type of similar transparent material was developed, and the consistency between this material and natural soft soil was verified in terms of physical nature, compressive strength characteristics, and shear properties. Finally, adjustment measures were proposed to meet the similarity requirements of parameters under different engineering conditions.
2 MATERIAL AND METHODS
In this paper, fused quartz sand was used as the coarse aggregate, nanoscale hydrophobic fused silica powder was used as the binder, and a mixture of n-dodecane and 15# white oil was used as the pore fluid. The three types of raw materials had the same refractive index of 1.4585, which met the transparency principle requirements, as shown in Table 1.
TABLE 1 | Parameters and manufacturers of raw materials.
[image: Table 1]To determine the inherent properties and shear characteristics of natural soft soil, unit weight γ, internal friction angle φ, cohesion c, and compression modulus Es were used as evaluation indices. The particle size of quartz sand and the fumed silica-to-fused quartz mass ratio (further referred to as the cement–stone ratio) were determined to be the two main influencing factors. The preparation scheme of materials is summarized in Table 2.
TABLE 2 | Test schemes of material proportions.
[image: Table 2]Sample fabrication comprised the following five steps (see Figure 1).
(1) Pore fluid preparation (n-dodecane mixed with 15# white oil): to meet the transparency requirements, we obtained the pore fluid by mixing n-dodecane with 15# white oil thoroughly to a volume ratio of 12:400, and we controlled the temperature below 20°C.
(2) Binder-made faction: we determined the quality of moist quartz sand and silica powder based on the pore fluid quality and the cement–stone ratio value. When the amount of quartz sand was constant, the cement–stone ratio increased by 5%, and the minimum quality of mixed oil added was 5% of the added sand mass quality.
(3) Mixture stirring: first, we divided the silica powder into 8 to 10 groups and added them to the pore fluid in the proper sequence. After adding each group, the mixture was stirred for more than 5 min using a glass rod. After thorough stirring, the mixture became milky white and uniform in texture. Subsequently, we added fused quartz particles.
(4) Model filling: we poured the mixture into a glass box, and the size of the glass box was 150 mm × 150 mm × 150 mm.
(5) Vacuum pumping: we prepared 2–3 times the amount of pore fluid in step 1 and added the same amount of fluid to the glass box. First, we vacuumed the test piece for 1 h at a vacuum pumping pressure of −0.1 MPa. Then, we added the remaining fluid and vacuumed the test piece for 2 h. Finally, we compressed the test piece until it could not be pressed further to obtain the standard similar transparent material (Figure 2).
[image: Figure 1]FIGURE 1 | Configuration process of transparent cemented soil.
[image: Figure 2]FIGURE 2 | Transparent cemented soil.
The original data on the similar transparent material’s main physical and mechanical parameters (unit weight γ, internal friction angle φ, cohesion c, and compression modulus Es) were measured through density and oil content tests, the standard consolidated test, and rapid consolidation shear tests (Ministry of Housing and Urban–Rural Development of the People’s Republic of China, 2019). The results are depicted in Figure 3 and tabulated in Table 3.
[image: Figure 3]FIGURE 3 | Parameter test of transparent cemented soil. (a) 1–0.5 mm 10% e–p curve. (b) 1–0.5 mm 15% e–p curve. (c) 1–0.5 mm 20% e–p curve. (d) 2–1 mm 10% e–p curve. (e) 2–1 mm 15% e–p curve. (f) 2–1 mm 20% e–p curve. (g) 5–3 mm 10% e–p curve. (h) 5–3 mm 15% e–p curve. (i) 5–3 mm 20% e–p curve.
TABLE 3 | Orthogonal test and the experimental data.
[image: Table 3]3 ANALYSIS OF ORTHOGONAL TEST RESULTS
3.1 Feasibility of similar transparent material
To verify the feasibility of using a similar transparent material to simulate natural soft soil, we assessed the consistency between the similar transparent material and natural soft soil in terms of physical properties, compressive strength characteristics, and shear properties.
3.1.1 Physical nature
To compare the quantitative relationship between the parameters of natural soft soil and those of similar transparent material, the parameters of marine, lake, and delta soils in southern China were summarized, as shown in Table 4 (Editorial Committee of Engineering Geology Handbook, 2007; Meng, 2020). The parameters’ range (γ, c, φ, and Es) for the similar transparent material covered all or most of the parameters’ range of natural soft soil. The consolidation coefficient (Cv) was obtained using the square-root time method (Ministry of Housing and Urban–Rural Development of the People’s Republic of China, 2019), and its range was between 7.87 × 10−4 and 1.77 × 10−2 cm2/s. The Cv range for the similar transparent material was consistent with that of natural soft soil (between 10−4 and 10−2 cm2/s) (Wu, 2013; Zhang et al., 2013). The results indicate that the parameters (ω0, e0, and av) of the similar transparent material met the requirements of the similarity criterion.
TABLE 4 | Parameters of natural soft soil and transparent cemented soil.
[image: Table 4]3.1.2 Compressor strength characteristics
The e–p curves (Figure 4) and e–lgp curves (Figure 5) were plotted using the standard consolidated test data. Since they demonstrate the same trends, the plots in Figures 5b, 6b were selected as typical examples. Figure 6 presents the e–p and e–lgp curves of samples from the soft soil at Shenzhen Airport, Shenzhen Bay silt soft soil, and transparent cement soil (Wei, 2013). The e–p curve had a downward convex shape, and the curvature decreased with a decrease in the porosity ratio (Figure 6a). The e–lgp curve displayed an S-shape with an obvious inflection point (Figure 6b). The deformation characteristics of transparent cemented soil were similar to those of natural soft soil.
[image: Figure 4]FIGURE 4 | e–p curves of transparent cemented soil. (a) 1–0.5 mm 10% e–p curve. (b) 1–0.5 mm 15% e–p curve. (c) 1–0.5 mm 20% e–p curve. (d) 2–1 mm 10% e–p curve. (e) 2–1 mm 15% e–p curve. (f) 2–1 mm 20% e–p curve. (g) 5–3 mm 10% e–p curve. (h) 5–3 mm 15% e–p curve. (i) 5–3 mm 20% e–p curve.
[image: Figure 5]FIGURE 5 | e–lgp curves of transparent cemented soil. (a) 1–0.5 mm 10% e–lgp curve. (b) 1–0.5 mm 15% e–lgp curve. (c) 1–0.5 mm 20% e–lgp curve. (d) 2–1 mm 10% e–lgp curve. (e) 2–1 mm 15% e–lgp curve. (f) 2–1 mm 20% e–lgp curve. (g) 5–3 mm 10% e–lgp curve. (h) 5–3 mm 15% e–lgp curve. (i) 5–3 mm 20% e–lgp curve.
[image: Figure 6]FIGURE 6 | Standard consolidation test typical curve of transparent cemented soil. (a) 1–0.5 mm 10% shear stress–shear displacement curves. (b) 1–0.5 mm 10% shear stress–shear displacement curves. (c) 1–0.5 mm 15% shear stress–shear displacement curves. (d) 1–0.5 mm 15% shear stress–shear displacement curves. (e) 1–0.5 mm 20% shear stress–shear displacement curves. (f) 1–0.5 mm 20% shear stress–shear displacement curves. (g) 2–1 mm 10% shear stress–shear displacement curves. (h) 2–1 mm 10% shear stress–shear displacement curves. (i) 2–1 mm 15% shear stress–shear displacement curves. (j) 2–1 mm 15% shear stress–shear displacement curves. (k) 2–1 mm 20% shear stress–shear displacement curves. (l) 2–1 mm 20% shear stress–shear displacement curves. (m) 5–3 mm 10% shear stress–shear displacement curves. (n) 5–3 mm 10% shear stress–shear displacement curves. (o) 5–3 mm 15% shear stress–shear displacement curves. (p) 5–3 mm 15% shear stress–shear displacement curves. (q) 5–3 mm 20% shear stress–shear displacement curves. (r) 5–3 mm 20% shear stress–shear displacement curves.
3.1.3 Shear properties
According to the experimental data of the rapid consolidation shear tests, the shear stress–shear displacement curves were plotted, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Shear stress–shear displacement curves of transparent cemented soil.
Since all shear stress–shear displacement curves in Figure 7 exhibited the same trend, the plot in Figure 7c was selected as a typical example to describe the curve characteristics. The curve contains three stages, namely, linear stage, yield stage, and after-tack stage. The relationship is linear in the initial loading period, with elastic deformation being the main component. As the value approaches the peak, the curvature gradually decreases. In the after-tack stage, shear deformation continues to increase, while the shear stress tends to be constant. Furthermore, Figure 8 integrates the normalized stress–displacement curves of soft soil at Shenzhen Airport, Shenzhen Bay silt soft soil, and transparent cemented soil (Zhou, 2021; Zhang et al., 2018; Zuo et al., 2016). The shear characteristics of the similar transparent material closely simulate those of natural soft soil.
[image: Figure 8]FIGURE 8 | Normalized stress–displacement curves (soft soil in Shenzhen Airport, Shenzhen Bay silt soft soil, and transparent cement soil). (a) Visual analysis of the unit weight γ. (b) Visual analysis of the internal friction angle φ. (c) Visual analysis of the cohesion c. (d) Visual analysis of the compression modulus Es.
3.2 Sensitivity analysis and adjustment measure development
Reasonable adjustment measures are a precondition for ensuring that the parameters of similar transparent materials align with those of natural soft soil. Therefore, a sensitivity analysis of the influencing factors on the main physical and mechanical parameters was conducted, and corresponding adjustment measures were developed.
3.2.1 Unit weight γ
3.2.1.1 Analysis of variance
Based on experimental data, the analysis of variance (ANOVA) results were obtained. They are tabulated in Table 5, where the F values of particle size and the cement–stone ratio are 50.296 and 49.646, respectively. At a significance level of α = 0.05 and using the degrees of freedom from the experimental data, the critical F-values were calculated as follows: F0.05 (2,13) was equal to 3.81 and F0.01 (2,13) was equal to 6.70. The F-value of particle size and cement–stone ratio exceeded the critical value, indicating that they all play an important role in the unit weight γ. Notably, particle size had the highest level of significance.
TABLE 5 | Variance analysis on the unit weight γ, internal friction angle φ, cohesion c, and compression modulus Es.
[image: Table 5]3.2.1.2 Analysis of range
To analyze the variation trend in the unit weight γ, an analysis of range (ANOR) was performed, and the results are listed in Table 6. The parameter Kgi represents the sum of corresponding test results when the level number is i in any column, while kgi is the ratio between Kgi and s, where s represents the number of occurrences at either level.
TABLE 6 | Analysis of range on the unit weight γ, internal friction angle φ, cohesion c, and compression modulus Es.
[image: Table 6]Using the results in Table 6, visual analysis charts of particle size and cement–stone ratio are drawn in Figure 9a. The value of the unit weight γ increased first and then decreased with an increase in particle size, and the value of unit weight γ decreased with an increase in the cement–stone ratio.
[image: Figure 9]FIGURE 9 | Visual analysis of the unit weight γ, internal friction angle φ, cohesion c, and compression modulus Es.
According to the sensitivity analysis results of the unit weight γ, to ensure that the unit weight γ of the similar transparent material meets the required value, the particle size and cement–stone ratio were adjusted. They both achieved the objective, while the particle size adjustment had a higher priority. At a cement–stone ratio of 20%, the particle size reduced from 5–3 mm to 1–0.5 mm, and the unit weight γ value decreased from 12.92 to 12.55 kN/m3 and then increased to 14.36 kN/m3. At a cement–stone ratio of 15%, the particle size decreased from 5–3 mm to 1–0.5 mm, and the unit weight γ value decreased from 14.16 to 13.20 kN/m3 and then increased to 15.68 kN/m3. At a cement–stone ratio of 10%, the particle size decreased from 5–3 mm to 1–0.5 mm, and the unit weight γ value decreased from 14.94 to 14.65 kN/m3 and then increased to 15.96 kN/m3. When the particle size was unchanged and the cement–stone ratio was adjusted, the following trend was observed. At a particle size of 5–3 mm, when the cement–stone ratio decreased from 20% to 10%, the unit weight γ increased from 12.92 to 14.16 kN/m3 and then to 14.94 kN/m3. For a particle size of 2–1 mm, when the cement–stone ratio decreased from 20% to 10%, the unit weight γ increased from 12.55 to 13.2 kN/m3 and then to 14.65 kN/m3. For a particle size of 1–0.5 mm, when the cement–stone ratio decreased from 20% to 10%, the unit weight γ increased from 14.36 to 15.68 kN/m3 and then to 15.96 kN/m3.
3.2.2 Internal friction angle φ
3.2.2.1 Analysis of variance
Based on the experimental data, ANOVA results were obtained and are listed in Table 5. The F-values of particle size and cement–stone ratio were 1.344 and 9.696, respectively. At a significance level of α = 0.05 and using the degrees of freedom from the experimental data, the critical F-values were calculated as follows: F0.05 (2,13) was equal to 3.81, while F0.01 (2,13) was equal to 6.70. The F-value of the cement–stone ratio exceeded the critical value, and the results indicate that the cement–stone ratio plays a vital role in the internal friction angle φ.
3.2.2.2 Analysis of range
To analyze the variation trend in the internal friction angle φ, ANOR was performed, and the results are shown in Table 6. Kgi represents the sum of corresponding test results when the level number is i in any column. kgi is the ratio between Kgi and s, where s is the number of occurrences at each level in either level.
Using the ANOR results in Table 6, visual analysis charts of particle size and cement–stone ratio are plotted, as shown in Figure 9b. The value of the internal friction angle φ is basically unchanged with a decrease in particle size, and the value of the internal friction angle φ decreases with an increase in the cement–stone ratio.
According to the sensitivity analysis results of the internal friction angle φ, to ensure that the internal friction angle φ of the similar transparent material meets the required value, the cement–stone ratio must be adjusted. For a particle size of 5–3 mm, when the cement–stone ratio decreased from 20% to 10%, the internal friction angle φ increased from 15.11° to 23.94° and then to 26.04°. For a 2–1 mm particle size, when the cement–stone ratio decreased from 20% to 10%, the internal friction angle increased from 18.77° to 21.76° and then to 22.71°. For a 1–0.5 mm particle size, when the cement–stone ratio decreased from 20% to 10%, the internal friction angle φ increased from 18.71° to 21.65°.
3.2.3 Cohesion c
3.2.3.1 Analysis of variance
Based on the experimental data, the ANOVA results were obtained and are summarized in Table 5. Here, the F-values of particle size and cement–stone ratio were 19.822 and 26.292, respectively. At a significant level of α = 0.05 and using the degrees of freedom from the experimental data, the critical F-values were calculated as follows: F0.05 (2,13) was equal to 3.81, while F0.01 (2,13) was equal to 6.70. The F-values of the particle size and cement–stone ratio were more significant than the critical value. These results indicated that they all played an essential role in cohesion c. In addition, the significance level of the cement–stone ratio exceeded that of particle size.
3.2.3.2 Analysis of range
To analyze the change in cohesion c, ANOR was performed, and the results are shown in Table 6. Kgi represents the sum of corresponding test results when the level number is i in any column. kgi is the ratio between Kgi and s. s represents the number of occurrences at either level.
Using the ANOR results in Table 6, visual analysis charts of particle size and cement–stone ratio were plotted, as shown in Figure 9c. The value of cohesion c decreased with increasing particle size and increased with higher cement–stone ratios.
According to the sensitivity analysis results of cohesion c, ensuring that the cohesion c of the similar transparent material meets the required value can be effectively achieved by adjusting the particle size and cement–stone ratio, with the cement–stone ratio adjustment being the top priority. For a particle size of 5–3 mm, when the cement–stone ratio decreased from 20% to 10%, cohesion c increased from 2.40 to 4.95 kPa and then to 8.65 kPa. For a particle size of 2–1 mm, when the cement–stone ratio decreased from 20% to 10%, cohesion c increased from 4.00 to 12.90 kPa and then to 19.00 kPa. For a particle size of 1–0.5 mm, when the cement–stone ratio decreased from 20% to 10%, cohesion increased from 7.70 to 16.10 kPa and then to 30.50 kPa. When the cement–stone ratio was unchanged and the particle size was adjusted, the change was as follows. At a cement–stone ratio of 20%, particle size decreased from 5 to 3 mm, and cohesion c increased from 2.40 kPa to 4.00 kPa and then to 7.70 kPa. At a cement–stone ratio of 15%, particle size reduced from 5 to 3 mm, and cohesion c increased from 4.95 to 12.90 kPa and then to 16.10 kPa. At a cement–stone ratio of 10%, the particle size decreased from 5 to 3 mm, and cohesion c increased from 8.65 to 19.00 kPa and then to 30.50 kPa.
3.2.4 Compression modulus Es
3.2.4.1 Analysis of variance
Based on the experimental data, ANOVA results were obtained and are summarized in Table 5. The F-values of particle size and cement–stone ratio were 5.167 and 33.644, respectively. At a significance level of α = 0.05 and using the degrees of freedom from the experimental data, the critical F-values were calculated as follows: F0.05 (2,13) was equal to 3.81, while F0.01 (2,13) was equal to 6.70. The F-value of the cement–stone ratio was more significant than the critical value, and the results indicate they all played an essential role in the compression modulus Es. In addition, the cement–stone ratio was more significant.
3.2.4.2 Analysis of range
ANOR was performed to analyze the compression modulus Es changing trend, and the results are shown in Table 6. Kgi represents the sum of corresponding test results when the level number is i in any column. kgi is the ratio between Kgi and s. s represents the number of occurrences at either level.
Using the result in Table 6, visual analysis charts of particle size and cement–stone ratio were plotted in Figure 9d. The compression modulus Es significantly decreases with a decrease in particle size and an increase in the cement–stone ratio.
According to the sensitivity analysis results of the compression modulus Es, to ensure that the modulus Es of the similar transparent material met the required value, the particle size and cement–stone ratio were adjusted, and the adjustment of the cement–stone ratio was the top priority. At a particle size of 5–3 mm, when the cement–stone ratio decreased from 20% to 10%, the Es value decreased from 3.27 to 7.82 MPa and then increased to 16.99 MPa. For a particle size of 2–1 mm, when the cement–stone ratio decreased from 20% to 10%, the Es value increased from 3.62 to 5.65 MPa and then to 14.1 MPa. For the particle size of 1–0.5 mm, when the cement–stone ratio decreased from 20% to 10%, the Es value increased from 3.22 to 3.68 MPa and then to 9.00 MPa. When the cement–stone ratio was unchanged and the particle size was adjusted, the change was as follows. At a cement–stone ratio of 20%, particle size decreased from 5–3 mm to 1–0.5 mm, and the Es value decreased from 3.27 to 3.62 MPa and then to 3.22 MPa. At a cement–stone ratio of 15%, particle size decreased from 5–3 mm to 1-0.5 mm, and the Es value decreased from 7.82 to 5.65 MPa and then to 3.68 MPa. At a cement–stone ratio of 10%, particle size decreased from 5–3 mm to 1–0.5 mm, and the Es value decreased from 16.99 to 14.1 MPa and then to 9.00 MPa.
4 DISCUSSION
The failure process during tunnel excavation in a soft soil foundation can be efficiently simulated by similar transparent material tests. Considering the requirements of material transparency and similarity, this paper carried out an experimental study on mixing proportions of similar transparent materials via the orthogonal design. However, the performed similar material test had the following limitations: 1) the range of similar transparent material parameters was limited and needs to be expanded. 2) There were significant discrepancies in the experimental e–p curves, e–lgp curves, and shear stress–shear displacement curves of the proposed similar transparent material and natural soft soil samples, which need to be reduced by considering more influencing factors in the orthogonal design and developing more realistic similar transparent materials.
5 CONCLUSION
This study proposed a new type of similar transparent material, which can simulate the natural soft soil (marine, lacustrine, and delta soft soil). Its parameters’ range was found to nearly coincide with that of natural soft soils, exhibiting similar deformation characteristics and shear properties. In particular, when the unit weight of the similar transparent material changed from 16.13 to 12.53 kN/m3, its internal friction angle varied from 27.07° to 14.82°, cohesion varied from 31.00 to 2.30 kPa, the compression modulus ranged from 19.04 to 2.82 MPa, and the consolidation coefficient varied from 7.87 × 10−4 to 1.77 × 10−2 cm2/s. Second, the similar transparent material’s e–p curves displayed a downward convex shape, while its e–lgp curves featured an S-shape with an obvious inflection point. Finally, the shear stress–shear displacement curves of similar transparent material samples showed the same trend, featuring three stages (linear, yield, and after-tack stages).
The parameters of the similar transparent material were mainly influenced by the particle size (particle size) of quartz sand and the fumed silica-to-fused quartz mass ratio (referred to as the cement–stone ratio). From a significance perspective, the particle size of quartz sand had a more noticeable effect on unit weight, and the impact of the cement–stone ratio on cohesion, compression modulus, and internal friction angle was more substantial. In terms of variation trends, as the particle size of quartz sand decreased, cohesion c and compression modulus Es decreased, while the internal friction angle φ was unchanged. In addition, the value of unit weight γ initially decreased and then increased. On the other hand, with a decrease in the cement–stone ratio, the values of unit weight γ, internal friction angle φ, and cohesion c increased, and the value of compression modulus Es first remained unchanged and then increased.
Similarity theory was used to calculate the parameters of similar transparent material samples used in the model test. Some adjustments were necessary when the similar transparent material parameters were inconsistent with those of the simulated soils. Due to the difference in F-values derived via ANOVA, the factors influencing the priority adjustment of each parameter differed: for unit weight γ, the particle size adjustment of quartz sand was prioritized, while for the internal friction angle φ, cohesion c, and compression modulus Es, the cement–stone ratio adjustment had the highest priority.
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