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The preparation of transparent materials suitable for simulating different rock and soil masses is the foundation for image-based physical modeling tests in studying deformation and failure mechanisms in geotechnical media. A transparent cemented soil (TCS) with similar geotechnical properties of natural soil and soft rock was prepared using fused quartz as the skeleton, hydrophobic fumed silica powder as the cement and mixed mineral oil of 15# white oil and n-dodecane as the pore fluid. Eleven groups of TCS samples with different shear strengths were synthesized by adjusting the content or mass ratio of the cement and particle size or gradation of the skeleton. Contrasting tests of unconsolidated-undrained triaxial compression were carried out and the mechanical characteristics of TCS were analyzed, showing that the stress-strain relationship, shear strength and failure mode of TCS are similar to those of natural soil. The mechanical parameters of TCS undergo complex variation with the factors, and the mesoscopic mechanism of the changes therein was revealed with the help of optical microscope photos. The similarity ratio of TCS to soft rock was derived according to geometries and stress conditions of laboratory model tests, demonstrating the feasibility of using TCS as similar materials to soft rock. Moreover, empirical formulas for the change of shear strength parameters with the factors were fitted to facilitate the preparation of TCS with target shear strength in the future. The findings can provide a basis for preparing transparent similar materials to natural soil and soft rock in physical modeling tests.
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INTRODUCTION
The observation of deformation and failure of rock and soil mass through laboratory model tests is important when trying to reveal catastrophic evolution mechanisms in geotechnical engineering; however, traditional model tests based on natural geotechnical materials do not allow observing catastrophic evolution processes therein, which hinders the development of model tests. To solve the problem, researchers have developed a set of technologies for visual tests based on transparent soils (Mannheimer and Oswald, 1993; Pincus et al., 1994). This technology allows visualization of deformation and failure evolution in a rock and soil mass (Sadek et al., 2003; White et al., 2003) by replacing natural geotechnical materials with synthetic transparent soils to conduct model tests and combining this with optical image processing technologies, such as digital image correlation (DIC) and particle image velocimetry (PIV) (White et al., 2001; Take and Bolton, 2002). One of the key points of this technology is to prepare transparent soils with similar mechanical properties to conventional rock and soil mass.
Transparent soil used in the technology is a two-phase medium consisting of both the skeleton and pore fluid components (Iskander et al., 2015; Ganiyu et al., 2016). Materials representing the skeleton mainly include fused quartz, fused silica, fumed silica, amorphous silica and silica gel (Ganiyu et al., 2016). Mixed liquid with a refractive index the same as the skeleton is used as the pore fluid and the commonly used pore fluid includes mixed mineral oil containing n-dodecane and 15# white oil and a solution formed by dissolving solid calcium bromide in water (Zhang et al., 2014; Kong et al., 2016). At present, two conventional methods are used to synthesize transparent soil.
The first method is to synthesize transparent soil by using (micron-scale) amorphous silica (Pincus et al., 1994; Iskander, 1998; Iskander et al., 2002a) or fumed silica (Gill and Lehane, 2001; Hird and Stanier, 2010) as the skeleton: such soil has similar geotechnical properties to soft clay. Researchers (Pincus et al., 1994; Iskander, 1998; Iskander et al., 2002a) prepared transparent soil using amorphous silica with four different particle sizes (1.4, 10, 25, and 175 μm) and proved that the transparent soil has similar stress–strain responses, consolidation behavior, and hydraulic conductivity to common clay as evinced by triaxial test data. Afterwards, by changing the particle size and gradation of amorphous silica, further studies of mechanical properties of such transparent soil (Lei et al., 2019; Wu et al., 2020b) indicated that the cohesion and angle of internal friction of such transparent clay are about 10 kPa and 14–18°, respectively. Such transparent clay is mainly used in physical modeling tests, such as pile sinking in soft clay (McKelvey et al., 2004; Hird and Stanier, 2010) and consolidation and drainage of soft clay foundation (Liu and Iskander, 2010; Beckett and Augarde, 2011).
The second is to synthesize transparent soil using (millimeter-scale) fused silica (Cao et al., 2011; Sun and Liu, 2014) or fused quartz (Iskander and Liu, 2010; Ezzein and Bathurst, 2011; Guzman and Iskander, 2013; Kashuk et al., 2014), or (nano-scale) silica gel (Iskander et al., 2002b; Sadek et al., 2002) as the skeleton: such soil shows similar geotechnical properties to sand. Experimental investigations indicated that the angle of internal friction of transparent sand prepared with amorphous silica gel ranges from 29 to 42° (Iskander et al., 2002b; Sadek et al., 2002) and those prepared by fused silica or fused quartz is about 38–45° (Cao et al., 2011; Kong et al., 2013; Guzman et al., 2014; Kong et al., 2014). The three types of transparent sand have no, or little, cohesion (≤1 kPa). Such transparent sand is mainly used in physical modeling tests, such as tests on deformation of soil mass around driven piles and uplift-resistant piles (Yuan et al., 2019; Zhou et al., 2019; Chen et al., 2020), stability of tunneling (Ahmed and Iskander, 2011a; Ahmed and Iskander, 2011b; Zhang et al., 2018), soil-geosynthetic interactions (Bathurst and Ezzein, 2015), deformation of simplified slopes under effects of water (Sui and Zheng, 2018; Maghsoudi et al., 2020) and pore flow characteristics of porous media (Serrano et al., 2011; Liang et al., 2019; Wu et al., 2020b).
Furthermore, Kong et al. (2020) and Wu et al. (2020a) recently synthesized a variety of new transparent soil with the same strength, compression, and consolidation characteristics as natural silt by using materials such as Ultrez10, NaOH powder, Aristoflex AVC, and purified water. Such transparent soil has been rarely used in model tests due to the cost of the raw materials or unsatisfactory geotechnical properties (such as a low angle of internal friction).
Defects reducing the strength (the angle of internal friction or cohesion) mean that the aforementioned transparent soil can only be used to simulate a few specific rock and soil masses and is difficult to form physical models in more complex shapes, such as steep slopes and underground caverns. Therefore, it is important to prepare transparent soil with strength akin to that of common geotechnical materials for performing relevant model tests. By combining the advantages of the above two conventional methods for preparing transparent soil, Wei et al. (2019); Lanting et al. (2020) prepared a transparent cemented soil (TCS) by adding fumed silica powder (cement) into fused quartz-based transparent sand and proved that its mechanical and hydraulic properties make it suitable for simulating common clay. There is a lack of further research into the quantitative mixing ratio of each component, particle size and gradation of the skeleton and compactness of the soil mass in TCS, so it is difficult to apply it directly to physical models.
By referring to the idea of Wei et al. (2019); Lanting et al. (2020) for preparing TCS, a nano-scale hydrophobic fumed silica powder as cement was added to the preparation of transparent sand as described in previous studies (Iskander and Liu, 2010; Ezzein and Bathurst, 2011; Guzman et al., 2014; Kong et al., 2014) and a new TCS was prepared. By controlling the contents and mass ratios of fused quartz and silica powder as well as the particle size distribution of fused quartz, TCS showed geotechnical properties akin to those of common clay or soft rock. In view of the factors affecting the geotechnical properties, 11 groups of test schemes under different mixing ratios in TCS were designed, and influences of the factors on geotechnical parameters (such as cohesion, angle of internal friction, and Young’s modulus) of TCS and their correlations were assessed through unconsolidated-undrained (UU) triaxial shear tests. Moreover, the influence mechanism of the factors on the strength was analyzed from a mesoscopic perspective, and the feasibility of using TCS as a substitute for natural clay and similar materials to soft rock was discussed. This could provide a basis for the use of transparent similar materials for clay and soft rock in physical modeling in geotechnical engineering.
PREPARATION OF TCS
Raw Materials
Fused quartz was used as the skeleton of TCS. Iskander and Liu (2010) first used fused quartz as the material representing the skeleton of a transparent sand. Ezzein and Bathurst (2011) found that fused quartz is similar to natural sand in terms of the structure and shape and can replace sand in meso-structural terms. Other experimental studies (Kong et al., 2013; Guzman et al., 2014; Kong et al., 2014) show that fused quartz has similar mechanical properties to sand and can replace sand in terms of the mechanical properties. The fused quartz used (purchased from Xinyi Wanhe Mining Co., Ltd, and shown in Figure 1A) was classified into three groups according to particle sizes of 0.2–0.5, 0.5 to 1.0, and 1.0–2.0 mm. The specific gravity and refractive index of the particles separately are 2.2 and 1.4585 in each group. In the natural state of accumulation, the dry densities of three groups of fused quartz are 1.40, 1.25, and 1.10 g/cm3, and their void ratios are 36, 43, and 50%, respectively.
[image: Figure 1]FIGURE 1 | Components and preparation process of TCS: (A) fused quartz; (B) hydrophobic fumed silica powder; (C) mixture of fused quartz, hydrophobic fumed silica powder and mixed mineral oil; (D) unsaturated cemented soil (white and opaque); (E) saturated cemented soil (colorless and transparent).
Mixed mineral oil containing n-dodecane and 15# white oil was used as the pore fluid of TCS. To prevent refraction of light between the pores and skeleton to ensure high transparency of TCS, it is necessary to prepare a pore fluid whose refractive index is consistent with that of fused quartz. At 26°C, the refractive indexes of n-dodecane and 15# white oil (both were purchased from Guangdong Wengjiang Chemical Reagent Co., Ltd) are 1.424 and 1.469, respectively. The refractive index of mixed mineral oil increases with increasing temperature. In general, when the mass ratio of n-dodecane to 15# white oil is 1:3.5 to 1:8, the refractive indexes of mixed mineral oil and fused quartz are consistent or similar. The refractive index of mixed mineral oil can be reduced by adding n-dodecane when it is higher than that of fused quartz and can be increased by adding 15# white oil as it is lower than that of fused quartz.
Nano-scale hydrophobic fumed silica powder was utilized as cement of TCS. The method for preparing transparent soil by adding (micron-scale) silica powder into mixed mineral oil was proposed by Stanier et al. (2014) and it has been proved that the transparent soil has similar mechanical properties to natural soft clay. Limited by the inconsistent refractive indexes of silica powder and fused quartz, the combination of fused quartz and transparent clay is opaque. By contrast, the nano-scale hydrophobic fumed silica powder used in the study (purchased from Bengbu Jingxi Glass Products Co., Ltd, and shown in Figure 1B) is a modified fumed silica, which is a white powder with particle sizes of 15 nm and finer, a density of about 0.07 g/cm3 in its natural state, a high specific surface area, and good dispersibility. Most importantly, the refractive index of silica powder is similar to that of fused quartz, which means that the mixture of silica powder, fused quartz and mixed mineral oil has high transparency. Moreover, such silica powder is hydrophobic (lipophilic) and can adsorb the mixed mineral oil, therefore can be adsorbed onto the surface of fused quartz after mixing with fused quartz and mixed mineral oil. The fused quartz particles can bind to each other due to the surface adsorbed with silica powder, thus manifesting the properties of clay particles.
Preparation Process
The process of preparing TCS can be divided into the following five steps:
1) The mixed mineral oil of n-dodecane and 15# white oil was prepared to make the refractive index 1.458 5. The fused quartz (Figure 1A) was cleaned and dried to remove impurities and water on the surface. The mixed mineral oil and the fused quartz were sealed for later use.
2) The mixing ratios of fused quartz (Figure 1A), silica powder (Figure 1B), and mixed mineral oil were determined. Multiple tests show that the mass ratio of silica powder to fused quartz in TCS should be 2–20% and it is difficult to prepare TCS if the mass ratio of silica powder is less than 2%. To facilitate uniform mixing and compaction, the mass [image: image]of mixed mineral oil can be determined by the mass [image: image]of fused quartz and mass [image: image]of silica powder.
[image: image]
where, [image: image] of mixed mineral oil represents the minimum amount of the oil required for wetting dried fused quartz (as measured), and [image: image]of mixed mineral oil indicates the minimum amount required for saturation of silica powder.
3) The fused quartz, silica powder, and mixed mineral oil were blended, so that silica powder was adsorbed onto the surface of fused quartz particles. The fused quartz particles were bound to each other through silica powder to form different sizes of block structures. In this case, the mixture was light-white in color (Figure 1C).
4) The soil blocks were tamped layer-by-layer. After each layer was tamped, the surface was scraped before tamping the next layer. The height of each tamped layer should not exceed 30 mm. On this basis, cemented soil with an air-void ratio (the ratio of the volume of air-voids to the total volume of solids and fluid-voids) of 5–19% could be prepared. In this case, the saturation of the cemented soil was 75–85% and it was light milky white or colorless and semi-transparent due to incomplete saturation (Figure 1D).
5) The cemented soil obtained in the previous step was placed in a vacuum box to remove trapped air for 5–6 h and then an appropriate amount of mixed mineral oil was added for saturation until the cemented soil was completely saturated. The cemented soil was transparent after saturation (Figure 1E).
TEST PROCEDURES AND RESULTS OF TCS
Test Methods and Schemes
To ascertain the effects of the content and mass ratio of silica powder, particle size and gradation of fused quartz on the geotechnical properties of TCS, 11 groups of TCS with different shear strengths were synthesized and UU triaxial shear tests were conducted by using SJ-1A.G triaxial shear apparatus. The test scheme and basic information pertaining to the TCS are summarized in Table 1, where the amount of mixed mineral oil in the specimens was determined by Formula 1. The particle size distribution in each group of TCS is shown in Figure 2. The proportioned TCS was placed into a geotechnical instrument for specimen preparation according to a certain mass, and specimens measuring 39.1 mm in diameter and 80 mm in height were prepared with an air-void ratio of 8–19% and saturation of about 80%. The confining pressures set in triaxial shear tests were 50, 100, and 200 kPa considering the low stress state in the model tests, and the rate of vertical compression displacement was 0.368 mm/min.
TABLE 1 | Summary of test groups and specimens.
[image: Table 1][image: Figure 2]FIGURE 2 | Particle size distribution curves of all groups in the study.
Stress–Strain Relationship
Effects of the Content and Mass Ratio of Silica Powder
Figure 3 shows the stress–strain responses of specimens with different amounts of silica powder (the content of fused quartz is constant). Two groups of data obtained under the conditions that the mass ratios of silica powder are 2 and 3% correspond to test groups G1 and G2 in Table 1. In the two groups, the contents of fused quartz are 132 g (1.375 g/cm3), while the contents of silica powder are 2.64 g (0.028 g/cm3) and 3.96 g (0.041 g/cm3), respectively. The group of data obtained under the condition that the mass ratio of silica powder is 0%, recorded as the group G0, are extracted from the research of Wei et al. (2019). The test conditions of the three groups are generally consistent, while the main difference lies in the content of silica powder in the groups. Therefore, the three groups form contrasting groups with the content of silica powder as a single variable under the constant mass of fused quartz. As shown in Figure 3, under a constant content of fused quartz, the stress–strain curves of TCS containing silica powder (G1 and G2) have consistent morphologies and inflection points, which show significant differences with TCS without silica powder (G0). Furthermore, such differences become more significant with increasing confining pressure. Under the same strain conditions, the stress on specimens containing more silica powder (G2) is greater, which is particularly significant at the low confining pressure of 50 kPa (Figure 3A). Under a high confining pressure (200 kPa), the stress–strain curves of groups G1 and G2 are similar, indicating that geotechnical properties of TCS containing silica powder with mass ratios of 2 and 3% are consistent under high stress (Figure 3C).
[image: Figure 3]FIGURE 3 | Stress–strain responses of TCS with different amounts of silica powder (the amount of fused quartz is constant) at confining pressures of 50 (A), 100 (B), and 200 kPa (C).
Figure 4 illustrates the stress–strain responses of TCS with different mass ratios of silica powder (the air-void ratios are constant). The four groups of data obtained at mass ratios of silica powder of 5, 7, 10, and 15% correspond to test groups G3 to G6 in Table 1. In the four groups, the air-void ratio of the specimens is 10–8%. Although the densities of the specimens and amounts of mixed mineral oil in the four groups are different, they do not change independently, but vary with the mass ratio of silica powder. Therefore, the tests on the four groups can still be considered as contrasting tests with the mass ratio of silica powder as a single variable. Similarly, to ensure a consistent air-void ratio in each group, the mass ratio of fused quartz correspondingly decreases with the increase in mass ratio of silica powder. As shown in Figure 4, at a constant air-void ratio, the increase in the mass ratio of silica powder has no influence on the morphology of the stress–strain curves of TCS, while the inflection points occur at a slightly lower strain as the mass ratio of silica powder increases. Under the same strain conditions, the stress acting on TCS with large mass ratios of silica powder is small, indicating that the increase of the mass ratio of silica powder can soften TCS.
[image: Figure 4]FIGURE 4 | Stress–strain responses of TCS with different mass ratios of silica powder (the amount of fused quartz varies with the mass ratios of silica powder) at confining pressures of 50 (A), 100 (B), and 200 kPa (C).
Effects of the Particle Size and Gradation of Fused Quartz
Figure 5 shows the stress–strain responses of TCS with different particle sizes of fused quartz under the conditions of constant mass ratio of silica powder and air-void ratio. The three groups of data obtained from TCS with particle sizes of fused quartz of 0.5–1.0, 0.2 to 0.5 and 1.0–2.0 mm correspond to the test groups G5, G7 and G8 in Table 1. The three groups have same masses of fused quartz and silica powder, while different particle sizes of fused quartz, so they are contrasting groups with the particle size of fused quartz as a single variable. As demonstrated in Figure 5, the stress–strain curves of TCS with three different particle sizes show basically same morphologies, while the inflection points appear slightly early with the increase of the particle size. Under the same strain conditions, TCS with the different particle sizes of 0.5–1.0, 0.2 to 0.5, and 1.0–2.0 mm are ranked in descending order according to stress.
[image: Figure 5]FIGURE 5 | Stress–strain responses of TCS with different particle sizes of fused quartz at confining pressures of 50 (A), 100 (B), and 200 kPa (C).
Figure 6 shows the stress–strain responses of TCS with different particle gradations of fused quartz as the mass ratios of silica powder and air-void ratio are constant. Three groups of data obtained when using fused quartz with gradations of 0.2–1.0, 0.2 to 2.0 and 0.5–2.0 mm separately correspond to test groups G9 to G11 in Table 1. The three groups of TCS have identical masses of fused quartz and silica powder, while different particle gradations of fused quartz, so tests on the groups are contrasting tests with the gradation of fused quartz as a single variable. Figure 6 demonstrates that the morphologies and inflection points of the stress–strain curves of TCS with different particle gradations are similar. Under the same strain conditions, TCS with different particle gradations of 0.2–1.0, 0.5 to 2.0, and 0.2–2.0 mm are ranked in descending order according to stress. Such differences in stress are significant at the lower confining pressure of 50 kPa, while negligible at the higher confining pressure of 200 kPa.
[image: Figure 6]FIGURE 6 | Stress–strain responses of TCS with different particle gradations of fused quartz at confining pressures of 50 (A), 100 (B), and 200 kPa (C).
MECHANICAL CHARACTERISTICS OF TCS
Changes in Mechanical Parameters and the Mesoscopic Mechanism
Effects of the Content and Mass Ratio of Silica Powder
Figure 7 (corresponding to Figure 3) shows the changes in geotechnical parameters (the cohesion and angle of internal friction were obtained by drawing the Mohr-Coulomb strength envelopes) of TCS with different contents of silica powder in test groups G0 to G2. As illustrated, when the amount of fused quartz is consistent, with the increase in amount of silica powder (Figure 7C), the cohesion of the specimens increases significantly, while the angle of internal friction increases slowly (Figure 7A). Young’s modulus of the specimens increases significantly with the increase of the confining pressure, consistent with natural rock and soil material behavior. Under the same confining pressure, Young’s modulus gradually increases with increasing amount of silica powder (Figure 7B).
[image: Figure 7]FIGURE 7 | Variations in geotechnical parameters of TCS with different amount of silica powder.
Figure 8 shows the changes in geotechnical parameters of TCS with different mass ratios of silica powder in test groups G3 to G6. This shows that with the increase of the mass ratio of silica powder (accompanied by the decrease in the mass ratio of fused quartz, and shown in Figure 8C), the cohesion and angle of internal friction tend to decrease (Figure 8A). Young’s modulus of TCS increases significantly with confining pressure. At the same confining pressure, Young’s modulus decreases significantly with increasing mass ratio of silica powder (Figure 8B).
[image: Figure 8]FIGURE 8 | Variations in geotechnical parameters of TCS with different mass ratios of silica powder.
Figure 9 shows the microscopic characteristics of TCS with different mass ratios of silica powder. Figures 9A–C are photos taken with an optical microscope, and Figures 9D–F are schematic diagrams of the microscopic photos. When the mass ratio of silica powder is 5% (Figures 9A–D), the particles of fused quartz in TCS are interlocked; unconnected pores among the particles are formed and are filled with mixture of silica powder and mixed mineral oil. In this case, the shear strength of TCS is high due to the interlocking effect of the fused quartz particles. As the mass ratio of silica powder increases to 10%, the number of pores among the fused quartz particles increases, and connected pores are formed partially (Figures 9B–E). At this time, the interlocking effect of the fused quartz particles is decreased, as a result of which the shear strength of TCS is decreased. When the mass ratio of silica powder increases to 15%, the number of connected pores is increased, causing some fused quartz particles to be suspended in the mixture of silica powder and mixed mineral oil (Figures 9C–F). At this time, the interlocking effect among the fused quartz particles is greatly reduced, and accordingly, the shear strength of TCS is significantly reduced.
[image: Figure 9]FIGURE 9 | Mesoscopic characteristics of TCS with mass ratios of silica powder of 5% (A–D), 10% (B–E) and 15% (C–F).
Effects of the Particle Size and Gradation of Fused Quartz
The changes in geotechnical parameters of TCS with different particle sizes of fused quartz in the test groups G5, G7, and G8 are shown in Figure 10; in the three groups of TCS with different particle sizes of fused quartz, the group with the particle size of 0.5–1.0 mm has the maximum cohesion, angle of internal friction, and Young’s modulus, followed by that with a particle size of 0.2–0.5 mm, while the minimum values are found when using a particle size of 1.0–2.0 mm: grading exerts a significant influence on the cohesion and Young’s modulus, while having little influence on the angle of internal friction of TCS in the three groups.
[image: Figure 10]FIGURE 10 | Variations in geotechnical parameters of TCS with different particle sizes of fused quartz.
Figure 11 shows changes in the geotechnical parameters of TCS with different particle gradations of fused quartz in test groups G9 to G11. Among the three groups of TCS with different particle gradations of fused quartz, the group with the gradation of 0.2–1.0 mm has the largest cohesion and smallest angle of internal friction. The cohesion and angle of internal friction of the group with the gradation of 0.2–2.0 mm are lower but the minimum cohesion and the maximum angle of internal friction are found in the group with the gradation of 0.5–2.0 mm. The three groups of TCS with different gradations exhibit small differences in Young’s modulus under a high confining pressure of 200 kPa. Under a low confining pressure of 50 kPa, the groups are ranked in the same order in terms of Young’s moduli as they are for the apparent cohesion. In general, different gradations of fused quartz significantly affect the cohesion, while slightly influencing the angle of internal friction and Young’s modulus of TCS in the three groups.
[image: Figure 11]FIGURE 11 | Variations in geotechnical parameters of TCS with different particle gradations of fused quartz.
Figure 12 illustrates the mesoscopic characteristics of TCS with different gradations of fused quartz. When the content of fine particles of fused quartz is low (Figures 12A–D), coarse particles of fused quartz are strongly interlocked. The interlocked coarse particles bear the main part of shear force acting on TCS, which makes TCS display high shear strength. As the content of fine particles increases (accompanied by the decrease of coarse particles) (Figures 12B–E), the pores among coarse particles are filled by the fine particles, so that the interlocking effect of coarse particles is weakened, resulting in a decrease in the shear strength of TCS. When the amount of fine particles dominates in TCS (Figures 12C–F), coarse particles are surrounded by fine particles and seem to be suspended in TCS from the mesoscopic view. In this case, the interlocking effect is greatly decreased due to the suspended state of coarse particles, and accordingly, the shear strength of TCS is significantly decreased.
[image: Figure 12]FIGURE 12 | Mesoscopic characteristics of TCS with different particle gradations of fused quartz: 0.5–2.0 mm in group G11 (A–D), 0.2–2.0 mm in group G10 (B–E) and 0.2–1.0 mm in group G9 (C–F).
Failure Characteristics Under Triaxial Compression
Effects of the Mass Ratio of Silica Powder
Figure 13 shows the stress–strain responses of the specimens with different mass ratios of silica powder in test groups G2, G3, and G5 under a confining pressure of 200 kPa (Figure 13A) and their corresponding failure modes (Figures 13B–D)). As shown, 1) as the mass ratio of silica powder increases from 3% (Figure 13B) to 5% (Figure 13C), and 10% (Figure 13D), the cohesion of the specimens increases significantly. In this case, the compressed specimens are less likely to disintegrate, and the integrity of the specimen is improved. 2) When the mass ratio of silica powder is less than 10%, the specimens will disintegrate to different degrees after removing the latex films around them (Figures 13B,C). Particularly, when the mass ratio of silica powder is less than 3%, the specimens have a very low cohesion and they disintegrate after compression and removal of the latex film. 3) It can be seen from more intact specimens that shear failure mainly occurs in the specimens and the failure characteristics are similar to those of clay or soft rock (Figure 13D). Such a phenomenon verifies the feasibility of using TCS in model tests in geotechnical engineering from the perspective of failure.
[image: Figure 13]FIGURE 13 | Stress–strain responses (A) and failure modes of the specimens with different mass ratios (separately 3% (B), 5% (C), and 10% (D)) of silica powder.
Effects of the Particle Size and Gradation of Fused Quartz
Figures 14, 15 show the stress–strain responses of the specimens with different particle sizes (specimens in groups G5, G7, and G8 in Figure 14) and gradations (specimens in groups G9 to G11 in Figure 15) of fused quartz under a confining pressure of 200 kPa and their corresponding failure modes. As shown, 1) shear failure occurs in specimens with different particle sizes and gradations of fused quartz after compression, which is similar to those of natural clay or soft rock. 2) In specimens with three different particle sizes of fused quartz, the specimen with the larger particles is less intact after compression; there is basically no clear shear band in the specimen with a particle size of 0.2–0.5 mm of fused quartz after compression (Figure 14B), while significant shear failure occurs in the specimen with particle sizes of 1.0–2.0 mm after compression (Figure 14D). 3) In the specimens with three different gradations of fused quartz, the specimen with the gradation of 0.2–1.0 mm of fused quartz is more intact after compression (Figure 15B), with no clear shear band being found, however shear failure can be seen in the specimens with gradations of 0.2–2.0 and 0.5–2.0 mm after compression (Figures 15C,D).
[image: Figure 14]FIGURE 14 | Stress–strain responses (A) and failure modes of the specimens with different particle sizes (separately 0.2–0.5 mm (B), 0.5–1.0 mm (C) and 1.0–2.0 mm (D)) of fused quartz.
[image: Figure 15]FIGURE 15 | Stress–strain responses (A) and failure modes of the specimens with different particle gradations (separately 0.2–1.0 mm (B), 0.2–2.0 mm (C) and 0.5–2.0 mm (D)) of fused quartz.
DISCUSSION OF PREPARATION, APPLICATION AND LIMITATION OF TCS
A variety of transparent soils have been developed in the past 2 decades, such as transparent sand (Iskander et al., 2002b; Sadek et al., 2002; Iskander and Liu, 2010; Cao et al., 2011; Ezzein and Bathurst, 2011; Guzman and Iskander, 2013; Kashuk et al., 2014; Sun and Liu, 2014) and transparent clay (Pincus et al., 1994; Iskander, 1998; Gill and Lehane, 2001; Iskander et al., 2002a; Hird and Stanier, 2010; Wu et al., 2020a; Kong et al., 2020). However, there are some defects in shear strength of these transparent soils, such as low cohesion of transparent sand and low angle of internal friction of transparent clay, making it difficult to form physical models in complex shapes and limiting the application of these transparent soils in model tests. TCS prepared in the study overcomes the defects inherent to the use of these transparent soils, showing similar mechanical parameters and failure characteristics to natural rock and soil masses, making it an appropriate substitute for a variety of geotechnical materials suitable for laboratory model testing. By adjusting the particle size and gradation of fused quartz and the mass ratio of silica powder in TCS, the mechanical properties of TCS can be accurately controlled, so that it can be used to simulate multiple types of natural rock and soil. The model tests using TCS are essentially similarity model tests wherein the model materials (TCS) have to meet the requirements that main mechanical properties are similar to the prototype materials (rock and soil mass).
Preparation of TCS With Target Shear Strength
Previous studies have proved that particle characteristics affect the shear strength of soils (Ganju et al., 2021; Lu et al., 2021). For example, the angle of internal friction was found to increase with increasing particle size in natural sand through triaxial compression tests using sand with different particle sizes (Li, 2013; Vangla and Latha, 2015). Moreover, various shear strength expressions of sandy soils were fitted based on the correspondence between the gradation parameters (such as the coefficients of uniformity [image: image] and the coefficients of curvature [image: image]) and the shear strength (Belkhatir et al., 2012; Bayat and Bayat, 2013; Sezer, 2013; Havaee et al., 2015). It is clear from these studies that the particle characteristics are an indicator of the shear strength of soils and can be used to predict the soil shear strength.
Since mechanical properties of TCS are significantly affected by gradation characteristics (Section 4.1.2), establishing expressions of mechanical properties varying with the gradation will be helpful for the preparation of TCS with target mechanical properties. Figure 16 illustrates the variations of cohesion and internal friction angle of TCS with different gradations in Table 1. As suggested in previous studies (Belkhatir et al., 2012; Bayat and Bayat, 2013; Sezer, 2013; Havaee et al., 2015), the coefficient of uniformity, [image: image], is employed as an indicator of the gradation characteristics of TCS, and it is calculated using the following equation:
[image: image]
where [image: image] and [image: image] are the particle diameter at 10 and 60% passing, respectively. The particle diameters required to calculate coefficients of uniformity in Figure 16 are determined by reading the particle size distribution curves in Figure 2. As shown, the cohesive [image: image] (Figure 16A) and internal friction angle [image: image] (Figure 16B) of TCS gradually decrease with increasing logarithm of coefficient of uniformity [image: image]. The variations of cohesive [image: image] and internal friction angle [image: image] are fitted by the following equations:
[image: image]
[image: image]
[image: Figure 16]FIGURE 16 | The relationship between the particle characteristics of TCS and the strength parameters: variations of cohesion (A) and internal friction angle (B) with the coefficient of uniformity of the particle gradation.
Based on Eqs 2–4, TCS with the target strength can be prepared by adjusting the particle gradation in the future.
Application of TCS as the Substitute for Clay
The similarity of the stress–strain relationship is the basis of using TCS as a substitute for natural clay. It can be seen from Figures 3–6 that the shape of stress–strain curves of TCS is ideal elastoplastic type or strain softening type, which is similar to that of natural clay (Huang et al., 2016). Figure 17 illustrates the envelopes of the stress–strain curves of TCS prepared according to 11 schemes in Table 1. As shown, (1) under different particle sizes and gradations of fused quartz and different mass ratios of silica powder, the stress–strain curves of TCS change significantly. By adjusting the particle size of fused quartz and the mass ratio of silica powder, the stress–strain curves of TCS match those of natural clay. (2) Compared with several existing typical transparent geomaterials, such as transparent granular soil (Li et al., 2020), TCS (Wei et al., 2019), transparent glass soil (Kong and Lu, 2014), transparent glass sand (Kong et al., 2013) and Transparent silica gel (Iskander et al., 2002b) used in model tests, the TCS prepared in the present work has a similar stress–strain relationship to them. The difference is that the stress–strain curves of TCS used in this research can be controlled across a wider range, thus TCS has stronger applicability in simulating different natural clays.
[image: Figure 17]FIGURE 17 | Envelopes of stress–strain curves of the specimens in Table 1 at confining pressures of 50 (A), 100 (B) and 200 kPa (C).
The changes in geotechnical parameters (Figures 7, 8, 10, and 11) show that the geotechnical parameters of TCS change with large ranges: cohesion varies from 5 to 65 kPa, the angle of internal friction varies from 25 to 44°, and Young’s modulus from 5 to 17 MPa ([image: image]), 6–22 MPa ([image: image]), and 9–42 MPa ([image: image]). In addition, by changing the air-void ratio or bulk density of TCS, it can be predicted that the range of geotechnical parameters of TCS will increase further. In terms of the ranges of parameters obtained through testing, they cover those of most mechanical parameters of clay (Huang et al., 2016; Chen and Guo, 2019), such as loess, expansive soil, soft soil, frozen soil, red clay, saline soil, etc. Therefore, such TCS can be used as a substitute for natural clay in model tests.
The failure of the TCS specimens under triaxial compression (Figures 13–15) is mainly due to shearing, and the distribution, number, and dip angle of the shear zones in the specimens are similar to those in natural clay (Huang et al., 2016), so TCS can be used to simulate failure process of natural clay.
Application of TCS as Similar Material to Soft Rock
TCS differs from rock in terms of its mechanical properties, so it cannot be directly used as a substitute for rock. To expand the applicability of TCS in model tests, the feasibility of using TCS as similar materials to soft rock in model tests was explored based on the principle of similar mechanical properties of hard soil and soft rock. Subscripts P and M separately represent the prototype and model, and [image: image]denotes the similarity ratio of physical quantities between the prototype and the model. The conditions for TCS as similar material to soft rock must satisfy the requirements delineated below.
Ignoring the self-weight of a rock mass, the main physical similarity constants of TCS are as follows:
[image: image]
[image: image]
[image: image]
where, [image: image], [image: image], and [image: image]denote the stress, strain, and Young’s modulus, respectively; [image: image], [image: image], and [image: image]separately represent the similarity constants of stress, strain, and Young’s modulus.
Based on the requirement that the stress–strain relationships in the prototype and the model should be expressed by the same equation, the following formulae are derived:
[image: image]
[image: image]
By substituting Formulae 5–7 into Formula 8, Formula 8 can be rewritten as follows:
[image: image]
If Formulae 9, 10 are equal, the similarity index is:
[image: image]
and as [image: image]is dimensionless and the similarity constant of strain is [image: image] = 1, then
[image: image]
The similarity constant of stress can be selected at will without considering the self-weight.
When considering the self-weight of both rock and soil, the similarity constants of the materials should include
[image: image]
where, [image: image]and [image: image]represent the bulk density and its similarity constant, respectively.
Based on principles of elastic mechanics and similarity, the similarity index can be calculated as follows:
[image: image]
[image: image]
where, [image: image]represents the similarity constant of size (length) and [image: image] ([image: image] and [image: image] separately indicate the sizes of the prototype and the model). Meanwhile, Formula 12 should be satisfied.
In similarity model tests, besides that Formulae 12, 14, and 15 governing the main similarity constants should be satisfied, the requirement for a similar strength should also be met. The strength of TCS is expressed as the Mohr–Coulomb shear strength and its parameters include the cohesion and angle of internal friction. The shear strength is consistent with the dimension of stress. When selecting the strength index of simulated materials, it can be converted according to the following formulae:
[image: image]
[image: image]
where, [image: image] and [image: image]denote the apparent cohesions of the prototype and the model, respectively.
The angle of internal friction [image: image]is dimensionless, so the similarity index should satisfy:
[image: image]
where, [image: image] represents the similarity constant of the angle of internal friction; and [image: image] and [image: image]represent the angles of internal friction of the prototype and the model, respectively.
In conclusion, in the similarity model tests of TCS, the similarity index must satisfy:
[image: image]
In accordance with Formula 19, if the geometric similarity constant is 100, the geotechnical parameters of the prototype materials corresponding to TCS materials can be obtained (Table 2) from where it can be seen that TCS is applicable as a similar material to soft rock, such as dolomite (Liu et al., 2021), marl (Ferrero and Migliazza, 2009), shale (Geng et al., 2016), siltstone (Su et al., 2007), or claystone (Hu et al., 2014).
TABLE 2 | Summary of geotechnical parameters of TCS (model) and its applicable rock (prototype) based on similarity theory.
[image: Table 2]Limitations to the Present Study of TCS
TCS is usually required to reach a fully saturated state to realize their high transparency in physical model tests, therefore, measuring the mechanical properties of saturated TCS is the premise to the development of physical model tests using TCS (Iskander et al., 2015; Ganiyu et al., 2016). When measuring the shear strength parameters of saturated soil specimens, consolidated undrained (CU) or consolidated drained (CD) triaxial compression tests should be conducted; however, during the consolidation or drainage of saturated TCS specimens, the pore fluid (mixed mineral oil) drained from the specimens will corrode rubber products (such as the latex membrane and rubber O-ring seals), resulting in a failure of the test and even instrument damage. Therefore, CU or CD tests of TCS specimens with complete saturation were not performed in the study, but as an alternative, UU tests on specimens with a saturation ratio of about 80% were conducted. There is a certain difference in mechanical properties between TCS with saturation ratios of about 80 and 100% (the study of unsaturated silt clay (Kererat, 2019) with similar micro-structure to TCS shows that the difference is within 15% in terms of strength parameters), but this small difference does not affect the investigation of the mechanical characteristics such as strength, stiffness, and failure of TCS.
The cementation arising from use of silica powder is the key element that distinguishes TCS from transparent sand and work on the cementation mechanism is significant for further study of the mechanical behavior of TCS. Although Yang et al. (2020) used scanning electron microscopy to study the micro-structural characteristics of TCS and ascertained the changes in the cement and skeleton of TCS before and after compression, the cementation mechanism of silica powder remains unclear: The mechanism of action of silica powder in adsorbing mixed mineral oil warrants further study.
CONCLUSION
A type of TCS was prepared by using fused quartz as the skeleton, nano-scale hydrophobic fumed silica powder as a cement, and mixed mineral oil containing n-dodecane and 15# white oil as the pore fluid: the recipe and preparation methods of TCS were also validated. By conducting 11 groups of triaxial shear tests to assess the effects of four main factors of the skeleton and cement on the strength characteristics of TCS, changes in the stress–strain curves, geotechnical parameters, mesoscopic structures, and failure characteristics of TCS were analyzed. Finally, the feasibility of using TCS as a substitute for clay and similar materials to soft rock in model tests was proved and the optimum similarity ratio of TCS was determined. The results indicated that:
1) By properly grading fused quartz with the particles of 0.2–0.5, 0.5 to 1.0, and 1.0–2.0 mm and adding 2–15% of silica powder and corresponding mixed mineral oil, TCS with a cohesion of 5–65 kPa, angle of internal friction of 25–44°, and Young’s modulus of 5–42 MPa (when [image: image]) could be prepared.
2) When the particle size, gradation and content of fused quartz are constant, the strength and stiffness of TCS increase with increasing amount of silica powder. Of them, the cohesion and Young’s modulus increase significantly, while the angle of internal friction rises less. As the mass ratio of silica powder increases (accompanied by the decrease in the mass ratio of fused quartz), the strength and stiffness of TCS gradually decrease and the cohesion, angle of internal friction, and Young’s modulus decrease to a significant extent.
3) At a constant mass ratio of silica powder, the changes in strength and stiffness of TCS with particle size of fused quartz are as follows: TCS values with particle sizes of fused quartz of 0.5–1.0, 0.2 to 0.5, and 1.0–2.0 mm are ranked in descending order. In the three groups of TCS with the gradations of fused quartz of 0.2–1.0, 0.2 to 2.0, and 0.5–2.0 mm, the gradation of fused quartz affects the cohesion to a significant extent, while only slightly affecting the angle of internal friction and Young’s modulus.
4) The stress–strain relationship, geotechnical parameters, and shear failure mode of TCS are similar to those of clay and soft rock. Accurate control can be realized by adjusting the content and mass ratio of silica powder and particle size and the gradation of fused quartz, therefore, TCS can be used as a substitute for natural clay and similar materials to soft rock in visual physical modeling tests based on transparent soil.
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