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Abstract

:

Temperature is one of the important factors affecting the mechanical properties of geotechnical soils, and its role in engineering construction in China cannot be underestimated. In order to study the effects of temperature and zinc contamination concentration on the mechanical properties of Guilin local red clay, a temperature-controlled triaxial shear test was conducted on Guilin red clay under three variables of temperature, zinc contamination concentration and surrounding pressure. The test findings revealed that there are significant differences in the effects of temperature, zinc contamination concentration and surrounding pressure on the mechanical properties of Guilin red clay. The stress–strain curves of the red clay at various temperatures, contamination concentrations and envelope pressures are of the strain-hardening type, and the deformation modulus showed a tendency to increase rapidly with increasing strain, then decrease rapidly, and finally, decrease slowly. With the increase of temperature, the cohesion of Zn-contaminated red clay increases, while the angle of internal friction increases and then decreases, both of which increase the shear strength of red clay. As the concentration of Zn contamination grows, the shear strength of the red clay increases, while the internal friction angle increases and then decreases, and the shear strength of the soil increases and then decreases. The shear strength of the Zn-contaminated red clay improved as the surrounding pressure increased.
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1. Introduction


Red clay soil is a regional unique soil [1,2] that is relatively widespread in the southern region of China. In comparison to other soils, it has relatively obvious engineering properties, such as high pore ratio, high dispersion, low compressibility, obvious water loss and shrinkage, and soft and hard strata at the top and bottom of the strata [3,4,5,6,7,8,9,10]. These engineering properties have attracted extensive attention and research from many scholars. Guangxi Zhuang Autonomous Region, commonly known as “the hometown of non-ferrous metals”, possesses a wealth of mineral resources, such as lead, zinc, tin, and sulfur iron ore, among which zinc and lead have the largest reserves. In the past, the local government’s model for economic development was a rough economy, and there were some industrial “three wastes” improperly treated in the process of producing and utilizing local mineral resources, which led to the deterioration of the ecosystem surrounding the mining area. For example, large amounts of heavy metal pollutants in high concentrations are discharged into the natural environment, resulting in severe soil and water pollution [11,12]. Excessive heavy metal pollutants in certain soils lead to a decrease in water quality in the associated watersheds, and some relevant indicators are exceeded, affecting the surrounding ecological environment posing a threat [13,14,15]. Li and Wang et al. [16,17] found that zinc contamination in the investigation and study of lead-zinc and zinc-manganese mining areas in Guangxi poses a threat to the natural environmental safety of the adjacent areas. The improper discharge of heavy metals from mines such as these, resulting in their infiltrating and migrating into the geotechnical body, causes soil contamination that poses many difficulties for engineering construction.



Since the beginning of the new century, governments and enterprises have paid increasing attention to environmental protection issues; consequently, countries have increased their investment in research and treatment of contaminated soil and water bodies to cope with the deteriorating environmental problems. In recent decades, domestic and international scholars have conducted a great deal of research and treatment on soils and contaminated soils under a variety of conditions. Some scholars have studied the variation pattern of shear strength and index of red clay under conventional physical independent variables [18], including dry density, water content, fracture degree, and other variables. Some scholars have studied the evolution pattern of mechanical strength of red clay under different engineering conditions [19,20,21], and explored the microstructural changes that accompany the mechanical evolution process under different engineering conditions [20]. In terms of soil improvement, researchers have improved the engineering properties of the original soil by incorporating various amendments into the soil [1,3,10,22,23,24], such as increasing the strength of the soil, altering the distribution of soil pores and volume, etc. In their investigation of contaminated soils, researchers have also achieved some research results. Currently, some researchers are concentrating on the properties of non-heavy metal contaminated soils [25,26], including shear strength and microstructure. As for the research on soils contaminated with heavy metals, the main focus is on the study and management of the properties of contaminated soils. Li J. M. et al. investigated the effects and mechanisms of zinc and chromium ions on the shear strength and structure of red clay [2,27,28]; Chen et al. [29] revealed the intrinsic link between shear strength and resistivity of copper ion-contaminated red clay through experimental studies; Yang Z. P. et al. [30] investigated the variation law of unconfined compressive strength of lead-contaminated soil after freeze-thawing. Chen et al. [31] (2019) explored the variation law of mineral composition and the microstructure trend in copper-contaminated red clay. Hazreek et al. [32] used the ERI technique to study the variation law of electrical resistance in heavy metal contaminated fields. All of these studies are about the physical and mechanical properties of various metal-contaminated soil types. In the treatment of soils polluted with heavy metals, some researchers have attempted to solidify heavy metal contaminated soils with various curing agents before studying their mechanical properties, mineral composition, and the evolution of the microstructure [4,33,34,35]. Dong et al. [36] examined the cementation mechanism of cadmium-contaminated clay cement by analyzing the properties such as the pore structure of the cement contaminants. In the study of soils under temperature conditions, Chang et al. [37] investigated the effects of drying temperature, moisture content, and dry density on the strength properties and fracture development of unsaturated red clay soils. In summary, the engineering conditions involved so far in the study of heavy metal contaminated soils primarily consist of dry and wet cycles, freeze–thaw cycles, etc., which all involve the influence of ambient temperature on contaminated soils, but none of them combine a single temperature with heavy metal contaminated soils to study their mechanical properties as well as microstructural changes, and the corresponding mechanisms.



As a significant factor in nature, temperature has a crucial impact on the mechanical properties of red clay. There are few results combining temperature and heavy metal contamination to study red clay, and the available literature is rather limited, so it is vital for us to research the mechanical properties of heavy metal contaminated red clay under temperature conditions.



In this paper, the mechanical property parameters of red clay soils of varying temperature, zinc contamination concentration, and surrounding pressure were tested by temperature-controlled triaxial tests under strictly controlled test temperature conditions, respectively. Based on the analysis of the mechanical parameters of the soils, the evolution of their mechanical properties is summarized, and the evolution mechanism of the Zn-contaminated soils under the temperature conditions is investigated. The research results of this paper improve the information of mechanical strength evolution of red clay soils in Guilin region under seasonal temperature variation. These findings provide reliable basic research for the management of heavy metal contaminated soils in Guilin and the subtropical region of southern China.




2. Materials and Methods


2.1. Test Soil


The test soil sample was taken from a building pit in Lingui District, Guilin City, Guangxi Zhuang Autonomous Region, China. Within five meters of the surface was a Quaternary residual layer (Q3el) that is reddish brown. It contains kaolinite, illite, and montmorillonite as its primary clay minerals. It also contains quartz, acerulite, and a small amount of water. Its basic physical indices were obtained by the basic physical properties test in the room, as shown in Table 1.




2.2. Pollution Source of the Test Soil Sample


The contaminant utilized in the test was analytically pure zinc nitrate hexahydrate Zn(NO3)2∙6H2O produced by Xilong Technology Co., Ltd. (Shantou, China). It is colorless and transparent, crystallized easily, soluble in water, with a melting point of 36 °C, and a density of 2.065. Its technical conditions are shown in Table 2.




2.3. Test Preparation


The red clay retrieved from a building pit in Lingui District was air-dried, removed from debris, crushed, and sieved through a 2 mm soil sieve to be utilized as a backup soil for the test. The amount of distilled water required for soil preparation was calculated by the water content of the original red clay, the target value of dry density of the contaminated red clay (1.4 g/cm3), the target water content (30%), and other parameters; then, the amount of distilled water required for soil preparation was calculated according to the doping of zinc ions of 0%, 0.05%, 0.1%, 0.2%, and 0.5% (the doping of zinc ions is the mass ratio of zinc ions to dry soil, and the doping amount in this test was determined by Zhou Xing et al. in the contaminated red clay). The required Zn(NO3)2·6H2O mass was calculated based on the desired Zn ion concentration [38,39] and the actual experimental results. Next, the proper amount of Zn(NO3)2∙6H2O solution was prepared according to the mass ratio needed for sample preparation (i.e., the mass ratio of Zn(NO3)2∙6H2O to distilled water), and finally, the Zn(NO3)2 solution was sprayed onto the red clay soil and stirred well. After mixing the soil sample, the zinc-contaminated wet soil was sealed in a constant temperature and humidity chamber for 24 h to make it evenly moist and fully react between the substances, then an appropriate amount of soil was taken for remeasurement of moisture content. When the desired moisture content of the test soil sample and the actual moisture content error are acceptable, the hydrostatic method is employed to generate an 80 mm × 39.1 mm triaxial specimen. When specimen preparation is completed, the prepared specimen must be promptly inserted into the triaxial specimen saturator. Then, it is placed in a vacuum saturation cylinder for at least 2 h, after which it is soaked in distilled water for 12 h to make the specimen completely saturated.




2.4. Test Method


The temperature-controlled SLB-1 type stress–strain controlled chamber triaxial shear penetration tester produced by Nanjing Soil Instrument Factory Co., Ltd. (Nanjing, China) was utilized for this test, as seen in Figure 1. Triaxial saturated specimens with various Zn ion concentrations were loaded onto the test bench of the triaxial apparatus at temperatures of 8.3 °C, 19.4 °C, 28.5 °C, and 40 °C (the temperature variables were selected from the local winter, year-round, and summer average temperatures in Guilin and a temperature from the local high temperature history records), the surrounding pressure of 100 kPa, 200 kPa, 300 kPa, and 400 kPa, and the shear rate of the solidification undrained shear test was carried out under the condition of 0.05 mm/min, and the test was stopped when the axial strain was 20%.





3. Results and Discussion


3.1. Changes in Stress–Strain Curves of Red Clay with Different Concentrations of Zinc Contamination under Different Temperature Conditions


3.1.1. Effect of Temperature on Stress–Strain Curves of Zinc-Contaminated Red Clay


In order to study the deformation characteristics of soil environment temperature on zinc-contaminated red clay, four different temperature red clay stress–strain curves were selected under the conditions of zinc pollution concentration of 0% and 0.5% and confining pressure of 300 kPa and 400 kPa, as shown in Figure 2.



According to the classification of mechanical properties of the soil stress–strain relationship, there are usually three types of strain hardening type, strain softening type, and ideal elastic-plastic type. As can be judged from the change of curves in Figure 2, the stress–strain relationship of red clay at different temperatures is of the strain-hardening type. As axial strain increases, the corresponding principal stress difference demonstrates a linear increase followed by a gradual increase. Initially, the deformation modulus of the red clay increases sharply; then, it decreases rapidly and then slowly with the increase of the axial strain. In Figure 2a, the elastic limits appear at ε = 2.5%, 2%, 2.5%, and 2.5% for the soils at each temperature condition with the increase of ambient temperature; and the elastic limits are 189.7 kPa, 187.1 kPa, 184.1 kPa, and 219.5 kPa, respectively. In Figure 2b, with the increase of ambient temperature, the elastic limits appear at ε = 2%, 2%, 1%, and 1% for the soils at each temperature condition, and the elastic limits are 155.2 kPa, 235.4 kPa, 253.4 kPa, and 257.3 kPa, respectively. This indicates that the ε corresponding to the elastic limit of uncontaminated red clay is basically constant with increasing temperature, while the ε corresponding to the elastic limit of zinc-contaminated red clay is gradually decreasing. Meanwhile, the elastic limit of uncontaminated red clay showed an overall decreasing trend with increasing temperature, while the elastic limit of zinc-contaminated red clay showed an overall increasing trend with increasing temperature. In Figure 2a, it can be seen that when ε = 15%, the stress in the uncontaminated red clay increases from 295.3 kPa to 353.8 kPa as the temperature increases from 8.3 °C to 40 °C, and the soil stresses at each temperature increase by 10.13%, 12.06%, and 19.81%, respectively; while in Figure 2b, the stress of red clay with 0.5% Zn ion concentration increased from 366.8 kPa to 463.7 kPa, and the soil stresses at each temperature increased by 13.25%, 17.91%, and 26.42%, respectively. It indicates that the principal stress difference corresponding to the same axial strain location basically increases with increasing temperature when the zinc ion concentration and the surrounding pressure in the red clay are the same. This suggests that temperature can greatly influence the mechanical strength of Zn-contaminated red clay. The reason is that as the ambient temperature of the soil rises, the red clay soil in the consolidation stage converts more bonded water into free water and discharges it from the soil due to thermal expansion and contraction. The contact between soil particles is closer, which enhances the ability of the soil to resist external shear damage. Meanwhile, the red clay soil in the undrained shear stage will make the movement of residual water more active due to thermal expansion and contraction. The moisture is more easily dispersed uniformly inside the soil body, and bears part of the external damage force through the super-pore water pressure.




3.1.2. Effect of Contamination Concentration on the Stress–Strain Relationship of Red Clay under Temperature Conditions


In order to study the deformation characteristics of red clay under the temperature conditions of pollution concentration, the stress–strain curves of red clay with five kinds of zinc pollution concentration under the ambient temperature of 8.3 °C, 40 °C, and the surrounding pressure are 300 kPa are selected, as shown in Figure 3.



Based on the type of soil stress–strain relationship and the change of stress–strain curve in Figure 3, it is possible to conclude that the stress–strain curve of red clay with varying contamination concentrations at the same ambient temperature exhibits strain hardening. During the shearing process, the primary stress difference exhibited a linear increase, followed by a slow increase, as the axial strain increase, while the deformation modulus also showed a trend of rapid increase and then a slow decrease. Comparing the curves in Figure 3, it was discovered that when the ambient temperature and the surrounding pressure of the soil were the same, the principal stress difference corresponding to the same axial strain of the red clay with Zn ion concentration from 0 to 0.05% exhibited an increasing trend, while the principal stress difference corresponding to the same axial strain of the red clay with Zn ion concentration from 0.05% to 0.5% exhibited a decreasing trend, and the degree of decrease was more obvious. In Figure 3a, it can be seen that when ε is 15%, the stress in the red clay at 8.3 °C increased from 295.3 kPa to 369.7 kPa, then decreased to 314.7 kPa as the concentration of zinc ions in the soil increased from 0 to 0.5%, and the stress in the soil at each concentration increased by 25.19%, 18.90%, 13.85%, and 10.66%, respectively. In Figure 3b, with the increase of zinc ion concentration in soil, the stress of red clay at 8.3 °C first increases from 353.8 kPa to 414.6 kPa and then decreases to 345.3 kPa, and the soil stress at each concentration increases by 17.18%, 14.47%, 10.96%, and −2.45% respectively. It indicates that the amount of Zn ions in red clay can influence its macroscopic strength via altering the red clay deformation. The reason is that when small amounts of zinc ions are present in red clay, crystalline water is present in the zinc salt produced by the reaction of zinc ions with soil particles. The crystalline water causes the surrounding soil particles to have a fitting effect, which in turn causes the local soil particles to aggregate. The denseness of the soil increases, making the soil more resistant to external destructive forces. When large amounts of zinc ions are present in the red clay, the zinc ions react with a large number of soil particles to produce more zinc salts. The bound water in zinc salts can attract to more soil particles and form larger agglomerates of soil particles, which destroys the overall structure of the soil body. At the same time, the reaction of zinc ions with soil particles destroys the cementing material between soil particles and also reduces the attraction between soil particles. Therefore, the macroscopic manifestation is that the ability of the soil body to resist external destructive forces is reduced.




3.1.3. Effect of Enclosure Pressure on Stress–Strain Curves of Zn-Contaminated Red Clay at Different Temperature Conditions


In order to study the deformation characteristics of Zn-contaminated red clay under different temperature conditions, the stress–strain curves of red clay with ambient temperatures of 8.3 °C and 40 °C and Zn-contaminated concentrations of 0.05% and 0.5% at different enclosure pressures were selected, as shown in Figure 4.



In addition to temperature and contamination concentration, the circumferential pressure to which the red clay is subjected also has an effect on its stress–strain relationship. From Figure 4, it can be judged that the stress–strain relationship of the Zn-contaminated red clay under different circumferential pressures also belongs to the strain-hardening type when the test temperature and the Zn contamination concentration of the red clay are the same. In Figure 4a, when ε is 15%, the stress of the red clay with 0.05% zinc ion concentration increases from 134.8 kPa to 437.3 kPa as the increase of the enclosing pressure from 100 kPa to 400 kPa. The stress of the soil at each enclosing pressure increases by 86.87%, 174.26%, and 224.41%, respectively. In Figure 4b, the stress of red clay with 0.5% Zn ion concentration increased from 227.5 kPa to 463.7 kPa with the increase of the enclosing pressure. The stress of the soil under each enclosing pressure increased by 13.25%, 17.91%, and 26.42%, respectively. In addition, the deformation modulus of the red clay increased linearly during the initial stage of shear; at a certain critical point, it began to fall rapidly and subsequently decreased gradually. At the same time, the principal stress difference of the red clay grows as the surrounding pressure becomes larger, and the phase of linear increase of the deformation modulus is extended. It indicates that the surrounding pressure can have a significant effect on the mechanical strength of zinc-contaminated red clay. This is due to the fact as the surrounding pressure applied to the soil increases, more water is removed from the red clay specimen during the consolidation stage, and it is known from the principle of effective stress of soil that with the discharge of pore water, the pore pressure decreases and the effective stress borne by the soil skeleton increases. In the undrained shear stage, the water in the soil is not completely discharged. The residual water in the soil can bear part of the shear stress with the increase of the surrounding pressure, so that the soil can resist the external damage ability.





3.2. Changes in Shear Strength of Zn-Contaminated Red Clay under Different Temperature Conditions


3.2.1. Effect of Temperature on the Shear Strength of Zinc-Contaminated Red Clay


In order to better study the effect of temperature on the shear strength of Zn-contaminated red clay, the shear strength variation of red clay with contamination concentration of 0% and 0.5% under different temperature conditions were selected in this section. Figure 5 illustrates the shear strength variation curves of Zn-contaminated red clay at various ambient temperatures.



It can be seen in Figure 5 that the effect of temperature on the shear strength of red clay is relatively obvious, that with an increase in temperature, the shear strength of red clay under different contamination concentrations exhibits an upward trend, and that the relationship between the two is essentially linear. In addition, when the red clay is subjected to the same zinc contamination concentration is at the same temperature, its shear strength increases as the surrounding pressure rises, demonstrating a clear positive correlation.



This is because, when the ambient temperature of the red clay soil increases, the molecular movement inside the soil becomes more active, and the particles and pore water expand in volume due to the effect of thermal expansion and contraction. In the consolidation stage, due to the effect of the surrounding pressure, the expansion of both causes the pore water within the soil to leave the soil, the volume of the soil decreases, and the distance between the particles shrinks, bringing a specific soil particle into contact with more soil particles and increasing the effective stress of the soil. Therefore, the stress required to produce axial strain in red clay during shear likewise increases as ambient temperature rises, and the macroscopic expression is that the shear strength of zinc-contaminated red clay increases with the increase of ambient temperature.




3.2.2. Effect of Contamination Concentration on the Shear Strength of Zinc-Contaminated Red Clay


In order to better explore the influence of contamination concentration on the shear strength of Zn-contaminated red clay, the variation of the shear strength of Zn-contaminated red clay at temperatures of 8.3 °C and 40 °C, respectively, was selected. Figure 6 illustrates the shear strength variation curves of Zn-contaminated red clay with various contamination concentrations at the same ambient temperature conditions.



From Figure 6a, it can be seen that when the ambient temperature is 8.3 °C, the shear strength of red clay with different zinc contamination concentration changes very obviously; from Figure 6b, it can be seen that when the ambient temperature is 40 °C, the shear strength of red clay with different zinc contamination concentration changes more obviously; however, the changes of zinc ion concentration and soil shear strength in red clay under the two temperature conditions are not significantly different. At the same temperature, the shear strength of the red clay increased with the increase of zinc contamination concentration, then declined gradually. Comparing Figure 6a,b, we discovered that the shear strength of red clay first increased at the zinc ion content in red clay grew from zero to zero; after that, the shear strength of red clay basically showed a significant decreasing trend as the zinc ion content continued to increase. It demonstrates that the Zn ion content in the soil has a significant effect on the strength of the red clay, and a small amount of Zn ion can improve the shear strength of the red clay, whereas a large amount of Zn ion can significantly reduce the shear strength of the red clay, resulting in the deterioration of the engineering properties of the red clay and bringing adverse geological hazards to the construction. In addition, there is a positive association between the shear strength and the surrounding pressure of red clay soils under the same temperature settings and with the same concentration of zinc contamination also shows a positive correlation. That is, the greater the surrounding pressure of the red clay, the greater the shear strength of the red clay itself. This is because in the consolidation stage of the specimen, with the increase of the surrounding pressure, more pore water in the soil is eliminated; according to the principle of effective stress of soil, it is known that with the elimination of pore water in the soil, the pore pressure in the soil decreases, and the contact of soil particles becomes more compact, and the pressure borne by the soil skeleton is enhanced, leading to the enhancement of the effective stress of the soil, which is macroscopically expressed as the increase of the shear strength of the soil.





3.3. Changes of Shear Strength Index of Zinc-Contaminated Red Clay under Different Temperature Conditions


3.3.1. Effect of Temperature on the Shear Strength Index of Zinc-Contaminated Red Clay


According to the data-processing method of the triaxial compression test in the Standard for Geotechnical Test Methods (GB/T 50123-2019), the values of the damage points in the test data are obtained, calculated, and processed in accordance with the relevant formulas, the total stress circle of damage under different circumferential pressure is drawn, and the common tangent is drawn, and finally, the values of cohesion and internal friction angle under each condition are obtained.



Figure 7 illustrates the variation curves of the shear strength index of Zn-contaminated red clay at various temperatures. In Figure 7, it can be seen that when the concentration of zinc contamination in the red clay remains constant, the cohesive force exhibits an overall increasing trend with the increase in temperature, whereas the internal friction angle exhibits a first increasing and then decreasing trend with the increase in temperature. Due to the thermal consolidation, as the ambient temperature rises, the volume of particles and pore water within the soil expands, the bound water between soil particles is converted into free water, the hydration film surrounding soil particles gradually decreases, the diffusion layer becomes thinner, and the hydrogel connection force between soil particles increases, resulting in a strengthening of the cohesion of red clay. Due to the confining effect of the surrounding pressure on the soil body during the heat consolidation stage, more pore water is discharged from the soil body, resulting in a decrease in pore pressure and an increase in pressure to be borne by the soil body, prompting the volume reduction of the soil body, the enhancement of the occlusion and friction between the soil particles, and a rise in the increase of the internal friction angle between the soil particles; after that, as the pore water continues to be discharged, the soil body deforms seriously, leading to the destruction of the occlusion point between the soil particles. Therefore, the internal friction angle of the red clay maintains the trend of first increasing and then decreasing with the increase of temperature.




3.3.2. Effect of Pollution Concentration on the Shear Strength Index of Red Clay under the Same Temperature Condition


Figure 8 depicts the variation curves of shear strength index of red clay with different Zn contamination concentrations at the same temperature condition. From Figure 8, it can be shown that when the red clay is at the same ambient temperature, its cohesive force basically shows a decreasing trend with the increase of zinc contamination concentration, while its internal friction angle shows a trend of first increasing and then decreasing with the increase of zinc contamination concentration in the soil.



This is because, when the ambient temperature of the red clay remains constant, with the increase of Zn contamination concentration in the soil, more Zn ions react with the cemented material within the soil and destroy its structure, reducing the attraction between soil particles, and the macroscopic expression of the cohesion of the red clay gradually decreases with the increase in Zn contamination concentration. When zinc ions appear in the red clay, zinc ions react with the surrounding soil particles and produce zinc salts; after the crystalline water in zinc salts enters the pores of soil particles, it causes a kind of fitting effect on the surrounding soil particles, which then causes the present soil particles in the local area within the soil to gather, and the occlusal force and slip friction between them to increase, which is expressed as an increase in the internal friction angle of the soil body; when the content of zinc ions in the red clay continues to increase when the content of zinc ions in the red clay continues to increase, the number of zinc salts generated within the soil increases significantly, the number of agglomerates formed by the agglomerates of soil particles increases, the larger the volume of the agglomerates, the more the structure of the contaminated red clay is destroyed, followed by the formation of small particles of soil, an increase in the number of pores around them increases, and the friction between the soil particles around the pores decreases, and the macroscopic expression is that as the concentration of zinc contamination in the red clay increases, the angle of internal friction first increases and then decreases.






4. Conclusions


In this paper, red clay soil from a foundation pit in Guilin City, Guangxi Zhuang Autonomous Region was used as the test soil, and the triaxial shear test of the red clay soil was conducted with temperature, zinc ion concentration, and surrounding pressure as variables to analyze the effects of these three variables on the deformation and strength of the local zinc-contaminated red clay soil in Guilin City. The following conclusions were obtained.



(1) The stress–strain relationship of red clay is strain-hardened at varying temperatures, different Zn ion concentrations, and different surrounding pressures, depending on which variable is altered. In the stress–strain relationship, the deformation modulus of the red clay tends to grow rapidly with an increase of axial strain before decreasing slowly.



(2) Temperature can change the strength of red clay. Under the same zinc contamination concentration and circumferential pressure, the red clay increases with the temperature, which boosts the thermal consolidation and changes the cohesion and internal friction angle of the red clay, resulting in a continuous increase in shear strength.



(3) The concentration of zinc contamination can also affect the shear strength of red clay. Under the same temperature and surrounding pressure, the shear strength of red clay tends to increase and subsequently drop as the concentration of zinc contamination rises.



(4) The surrounding pressure is also related to its shear strength. As the volume of red clay decreases in response to an increase of the surrounding pressure, the effective stress of the soil increases, hence increasing its shear strength.
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Figure 1. Temperature-controlled SLB-1 type stress–strain controlled triaxial shear penetration tester. 
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Figure 2. Stress–strain curves of red clay under different temperature conditions. (a) The zinc ion concentration is 0% and the confining pressure is 300 kPa; (b) The zinc ion concentration is 0.5% and the confining pressure is 400 kPa. 
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Figure 3. Stress–strain curve of red clay with Zn pollution concentration. (a) The temperature is 8.3 °C and the confining pressure is 300 kPa; (b) The temperature is 40 °C and the confining pressure is 300 kPa. 
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Figure 4. Stress–strain curves of zinc-contaminated red clay under different confining pressures. (a) The temperature is 8.3 °C, and the zinc ion concentration is 0.05%; (b) The temperature is 40 °C, and the zinc ion concentration is 0.5%. 
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Figure 5. Influence of temperature on the shear strength of red clay. (a) The zinc ion concentration is 0%; (b) The zinc ion concentration is 0.5%. 
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Figure 6. Influence curve of contamination concentration on shear strength of zinc-contaminated red clay. (a) The temperature is 8.3 °C; (b) The temperature is 40 °C. 
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Figure 7. Curve of influence of temperature on the shear strength index of red clay. (a) The graph of the change of cohesion force with temperature; (b) The graph of internal friction angle with temperature. 






Figure 7. Curve of influence of temperature on the shear strength index of red clay. (a) The graph of the change of cohesion force with temperature; (b) The graph of internal friction angle with temperature.



[image: Applsci 12 10742 g007]







[image: Applsci 12 10742 g008 550] 





Figure 8. Influence curve of zinc contamination concentration on shear strength index of red clay. (a) The variation of cohesion with zinc ion concentration; (b) The variation of internal friction angle with zinc ion concentration. 
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Table 1. Basic physical indexes of red clay in Lingui area of Guilin.
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	Optimum Moisture

Content/ω
	Maximum Dry

Density
	Specific Gravity

GS
	Compression Modulus

/MPa
	Liquid

Limit

(WL/%)
	Plastic Limit

(WP/%)
	Plasticity Index

IP





	30.00
	1.515
	2.73
	10.15
	57.95
	31.22
	26.73
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Table 2. Technical conditions of zinc nitrate hexahydrate (Zn(NO3)2∙6H2O) (analytical purity) (unit: %).
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	[Zn(NO3)2·

6H2O]

Content
	pH

Value

(50g/L, 25 °C)
	Clarity

Test
	Water

Insoluble

Matter
	Chloride

(Cl)
	Sulfate

(SO4)
	Iron (Fe)
	Lead (Pb)
	Ammonium

Sulfide

Does Not Precipitate





	≥99.0
	≥3.5
	qualified
	0.005
	0.001
	0.002
	0.0003
	0.005
	0.10
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