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Abstract

:

Featured Application


Soil gas permeability in various fields.




Abstract


The measurement of soil gas permeability is influenced by the temperature and pressure fluctuation in the low gas pressure region. In order to investigate these influences, a soil temperature-controlled apparatus connected to a low-gas-pressure supply equipment is proposed in this study. The low constant gas pressure is supplied by two Mariotte bottles, by which the airflow rate is measured. Meanwhile, the soil specimen is controlled by a temperature-controlled apparatus. During the test, the negative pore water pressure and volume change of the soil specimen are measured. Through the temperature-controlled apparatus, it is observed that as the temperature increases from 25 °C to 60 °C, there is a corresponding increase in soil sample porosity by 5.4%, while the negative pressure of pore water decreases by 11.1%. This can be attributed to the reduction in the surface tension of contractile skin caused by elevated temperatures. Furthermore, due to variations in gas viscosity with temperature, there was a significant decrease in the gas flow rate by 50.5%. And, the relationship between permeability and volumetric gas content at different temperatures in low-pressure regions well confirms the existing power-law model. In addition, the existence of a temperature-independent critical negative pore water pressure is observed, beyond which the intrinsic permeability remains constant. At 36 kPa of negative pore water pressure, the intrinsic permeability at 60 °C exhibits an 81.8% reduction compared to that at 25 °C. This decline in intrinsic permeability can be attributed to a diminished pore connectivity, resulting from elevated temperatures.
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1. Introduction


Similar to water permeability, gas permeability in unsaturated soil, which characterizes the capacity of gas transport, is an important hydraulic property. The gas permeability of soils is concerned in various fields, e.g., landfill gas emission and oxidation for waste landfill cover systems [1,2,3,4,5,6], soil aeration for plant growth [7,8], soil moisture distribution for land surface [9,10], three-phase (water, gas, and oil) permeability in the oil industry [11,12], and the sealing efficiency of CO2 [13,14,15]. Among these fields, the increase in gas pressure above atmospheric pressure is typically below 10 kPa and falls within the measurement range of the gas supply equipment (20 kPa). In the field of landfill, the gas pressure generated by anaerobic decomposition of organic waste under the cover system is usually less than 10 kPa [16]. Likewise, in the agricultural field, the applied gas pressure for measuring soil permeability is recommended to be lower than 8 kPa (that corresponds to a single water column of 0.80 m high) [7]. The gas pressure driven by the water vapor pressure gradient and dry air density gradient during the migration of moisture in the soil is usually about several kPa [9]. The pressure used to study gas permeability in these fields is only 0.1% to 0.05% of that required for CO2 sealing and oil extraction. For example, in the field of CO2 sealing, the gas breakthrough pressure of mudstone in the gas reservoir sealing area can reach several MPa [17]. The gas injection pressure in low-permeability reservoirs in the oil extraction has also reached 10–20 MPa [18]. Therefore, it is necessary to develop a special low-pressure supply equipment suitable for triaxial permeameters.



Soil gas permeability and water permeability are the characterizations of the intrinsic permeability of different fluid media under given environmental conditions. Therefore, the study of gas permeability can draw lessons from the study of water permeability. The water permeability is mainly affected by two aspects, namely the change of water viscosity and adsorbed water content [19]. Both of them are greatly affected by temperature, which directly affects the viscosity of water and leads to the transformation of adsorbed water to free water [20]. However, unlike water, the compressibility of gas cannot be ignored. Therefore, when studying gas permeability, it is necessary to fix the gas pressure to accurately study the impact of temperature. In the fields with low gas pressure mentioned above, its temperature will vary within a certain range. Due to the heat generated by degradation in the landfill, the temperature inside the landfill varies dynamically over time and can reach 65 °C [21,22]. In agriculture, the temperature of soil and air changes with the change of temperature day and night [23]. Currently, few published studies consider the impact of temperature on the permeability of unsaturated soil.



Gas permeameters can be categorized into two types based on the type of gas pressure applied: transient and steady states. The transient test method uses a gas pressure that is not constant, meaning that the density of the gas is in a state of fluctuation, which is relatively inaccurate in determining the gas flow [24]. The gas pressure applied to the soil sample used in the steady-state test method is fixed, so the steady-state test method is more favorable. Table 1 summarizes the technology parameters of air steady-state devices for determining soil air permeability, including solid-wall permeameters, flexible wall permeameters, and triaxial permeability instruments. The homemade devices have a simple structure, but a lack of ability to apply confining and principal pressures, a wide range of gas pressure fluctuations (±15%), and low testing accuracy for the edge gas leakage [25,26,27]. The solid-wall permeameter addresses the issue of low testing accuracy through thoughtful design and processing machining, but still cannot solve the problems of applying pressure, temperature control, and high fluctuation gas pressure (1.5 kPa) [28,29]. Given these limitations, the flexible wall permeameter is proposed. Although it can measure the volume change of soil samples using a flexible wall cell and apply confining pressure, it still does not solve the problem of gas pressure fluctuation (15 kPa) [30,31,32,33,34]. Compared with the flexible wall permeameter, although the triaxial permeameter does not solve the problem of gas pressure fluctuation (3.2 kPa), it is widely used due to its high testing accuracy and the ability to apply confining pressure and principal pressure [35,36,37,38,39]. By developing a gas supply device with two Mariotte bottles [40] as the core component, Chen et al. (2021) effectively addressed the gas pressure fluctuation under low pressures (20 kPa), simplified the measurement of gas flow velocity, and improved the gas pressure supply accuracy to 0.01 kPa [24]. The triaxial permeameter incorporating the gas supply equipment has also been successfully utilized in multiple published studies under low pressures, demonstrating its efficacy and scientific value [24,32,41]. The temperature-dependent triaxial permeameter proposed in this paper is a modification of the triaxial permeameter developed by Chen et al. (2021). However, the ability to control temperature is not available in these permeameters. Furthermore, considering that temperature significantly affects gas viscosity [42,43,44,45] and consequently permeability, further investigation into the influence of this variable on low-pressure gas permeability is warranted. Therefore, utilizing the current apparatus to measure gas permeability with low-level gas pressure poses a challenge.



The existing permeameters suffer from the drawbacks of unstable gas supply and uncontrolled soil sample temperature under low pressure, thereby limiting their ability to investigate the impact of temperature changes on soil under low-pressure conditions. To address these limitations, a triaxial permeameter incorporating a temperature control device and a proven gas supply equipment is proposed. This device enables a series of tests to be conducted on soil gas permeability. By utilizing this triaxial permeameter, the measurement and verification of soil gas permeability under different temperatures can be achieved even at low levels of gas pressure. The subsequent section provides a detailed description of the design of this novel permeameter, followed by a series of soil gas permeability tests conducted with the osmometer. The testing procedure is then described. Ultimately, the test results are discussed to substantiate the reliability and significance of the permeameter.




2. Materials and Methods


2.1. Low-Gas-Pressure Supply Equipment for Soil Gas Permeability Measurement


The apparatus for soil gas permeability measurement is improved by a triaxial cell connecting a low-gas-pressure supply equipment, as shown in Figure 1. The low-gas-pressure supply equipment contains two Mariotte bottles (Bottles I and II), a differential pressure transducer, and a three-way valve, as shown in Figure 2. The function of the Marriott bottle is to output the liquid under a constant water head regardless of the changing depth in the bottle. In order to guarantee the accurate measurement of gas output as the volume of water outflow, thereby ensuring gas compression stability, two Marriott Bottles are employed in the gas supply equipment. Bottle I stands upright, whereas Bottle II stands upside down. When Bottle I is relatively higher than Bottle II, the connection between the pipe and the Mariotte bottle ensures that the water pressure from Bottle I is balanced with the gas pressure from Bottle II. The establishment of this equilibrium leads to the compression of gas in Bottle II, resulting in a stable volume. Consequently, the gas pressure remains constant until all the liquid in Bottle I has been exhausted. Therefore, the gas pressure in Bottle II remains constant. In the study, the diameter of each bottle is 330 mm, whereas its height is 300 mm. In the two bottles, water is used to supply gas pressure, and thus, Bottle I is   ∆ h   higher than Bottle II. According to the principle of Mariotte bottle for constant pressure,   ∆ h   is determined as follows:


  ∆ h =     P   s       ρ   w   g    



(1)




where     P   s     is the desired gas pressure for supplying the triaxial cell,   g   is gravitational acceleration, and     ρ   w     is water density. In the study, a forklift is used to provide   ∆ h  , as shown in Figure 2.   ∆ h   is 2 m to supply the gas pressure of 20 kPa.



Not only can these two bottles supply the constant gas pressure, but also the volume change and rate of the supplied gas can be measured. As the water flows from Bottle I to Bottle II, the total volume of the supplied gas,   ∆   V   a    , equals the increased volume of the water in Bottle II,   ∆   V   w    :


  ∆   V   a   = ∆   V   w    



(2)







The gas flow rates can be calculated by the differentiation of the volume change with respect to time:


    υ   a   =   d ∆   V   a     d t    



(3)




where     υ   a     is gas flow rate and   t   is time. Combining Equations (2) and (3), we obtain:


    υ   a   =   d ∆   V   w     d t    



(4)







In the study,   ∆   V   w     is measured by a differential pressure transducer. Unlike traditional apparatus, it is not necessary that the gas outlet in the triaxial cell connects a series of bubble flow meters to measure gas flow rates [46,47]. It is noted that a three-way valve is installed between Bottles I and II, which is designed to reuse these two Mariotte bottles. Before any test, all water should be stored in Bottle I. Valve I is opened, whereas valves II and III are closed. For the three-way valve, a is connected to c. In this condition, the two Mariotte bottles are able to supply the constant gas pressure. As the gas in Bottle II flows into the soil specimen, the water also flows from Bottle I to Bottle II. When all water is at Bottle II, the two Mariotte bottles cannot supply the gas anymore. In order to reuse these two Mariotte bottles, valve I is closed, whereas valves II and III are opened. Valve III is connected to the atmosphere, but valve II to a vacuum pump. For the three-way valve, b is connected to c. With the help of the vacuum pump, water flows back to Bottle I and the two Mariotte bottles can supply the constant gas pressure again.



In the triaxial cell, with the cell pressure and load control, the desired stress state and stress path can be imposed to the soil specimen, as shown in Figure 3. For the cell control, a pressure/volume controller is used to apply constant cell pressure and meanwhile measure the volume change of the soil specimen. The accuracy is 1 kPa for pressure and 1 mm3 for volume. To measure the pore water pressure of the soil specimen, a high-capacity tensiometer is employed [48]. The high-capacity tensiometer mainly consists of a high-gas-entry-value (500 kPa) ceramic tip, a small water reservoir, and a diaphragm connected to a transducer. This tensiometer is able to measure a negative pore water pressure as large as 500 kPa. For each test, the triaxial system is equipped with a tensiometer for measuring the pore water pressure at the middle half of each specimen.



Considering the effect of temperature on the gas volume, a temperature-controlled system is installed between the Lucite cylinder and the soil specimen. It consists of a heater, a temperature controller, and a temperature sensor (a thermoelectrical resistance temperature sensor with an accuracy of 0.1 °C). The temperature controller is a thermostat. When the ambient temperature measured by the sensor is lower than the desired value, the thermostat closes contacts with the heater and the ambient temperature heats. As the temperature rises over the desired value, the heater is stopped and the temperature cools down. To decrease the loss of temperature, a thermally insulating material is sealed outside the Lucite cylinder. To check the temperature of the soil specimen, it is sensible to use an additional temperature sensor to measure the temperature of the middle half of each specimen.




2.2. Soil Type, Specimen Preparation


The material tested is a manual soil mixed with 75% of 500-mesh quartz powder, 13% of 100-mesh quartz sand, and 12% of 800-mesh kaolin clay, as shown in Figure 4. It is described as silt (ML) according to the Unified Soil Classification System of the American Society of Testing and Materials [49]. The physical properties of the silt are summarized in Table 2.



To obtain soil specimens with identical dry density, all specimens are prepared following the same method. Deaired water is first added to oven-dried soil to obtain the optimum water content. The soil and water are mixed thoroughly. Large aggregates of soil formed during mixing are crushed using a pestle. Thereafter, the mixed soil is sieved through a 2 mm sieve and any remaining lumps of soil are again crushed with the pestle. The soil that passes through the sieve is transferred to a plastic bag, which is then sealed and kept in a temperature- and moisture-controlled room for 48 h for moisture equalization. Then, a soil specimen, 100 mm in diameter and 100 mm in height, is statically compacted in 6 layers in a mold at a loading rate of 1.5 mm/min. To prevent the excessive densification of the lower layers during the compaction of the upper layers, the compaction follows the method described by Ladd [50]. After sample compaction, the initial dry density of each soil specimen is found to be 1.41 g/cm3, which corresponds to a dry density ratio of 80%. Each soil specimen is subsequently dried (evaporation) or wetted (wet gas) to obtain the desired gravimetric water content. In the study, six soil specimens with different gravimetric water contents of 0.07, 0.1, 0.13, 0.18, 0.25, and 0.30 are obtained.




2.3. Test Program and Procedures


The tests are conducted at temperatures of 25, 45, and 60 °C. The initial gravimetric water contents of the soil specimen are set as 0.07, 0.1, 0.13, 0.18, 0.25, and 0.30.



Before any test, all instruments used in the test are calibrated, including a differential pressure transducer for gas supply equipment, a temperature sensor, and a high-capacity tensiometer. For the calibration of the differential pressure transducer, a soap flowmeter is connected to valve III to calibrate the gas flow rate. Figure 5a shows its calibration curve, and the gas flow rate measured by these two instruments is very close. It indicates that the two bottles can be used to measure gas flow rate. The temperature sensor and tensiometer are also calibrated by applying a given temperature and water pressure head, respectively. Figure 5b,c show the calibration results of the temperature sensor and tensiometer, respectively. The applied value (temperature or water pressure head) shows a satisfying linear relationship with the measured results (temperature or voltage). It is noted that it is very difficult to apply a water pressure head lower than −10 m for the calibration [51]. Based on the linear relationship, the portion in water pressure heads ranging from −50 m to −10 m is extrapolated from the calibration line ranging from −10 m to 50 m [52].



After the calibration of instruments, each specimen is set up in the triaxial cell. For simplifying the stress state and path, only cell pressure is applied as its soil pressure. Taking a 1.4 m thick landfill cover, for example, the maximum soil pressure is about 20 kPa. Therefore, each soil specimen is compressed isotopically by a cell pressure of 20 kPa till no volume change of the soil specimen occurs. Thereafter, the cell pressure is kept and the temperature is increased to the desired value. The changes in soil specimen volume, pore water pressure, and temperature during this period are recorded till the measured temperature reaches the desired value. Finally, valve III is opened till a steady-state gas flow is maintained. During the test, temperature, pore water pressure, the volume change of water in Bottle II, and the volume change of the soil specimen are recorded by a data logger.





3. Calculation of Gas Permeability


After measuring the gas flow rate during the test, a series of calculations are required to obtain the gas permeability of the soil specimen. Assuming the gas flow follows Darcy’s law, the experimentally derived equation for the one-dimensional gas flow through the soil specimen is as follows:


    υ   a   = −   k   a   A   d h   d l    



(5)




where     k   a     is the gas coefficient of permeability, A is the cross-section area, and   d h / d l   is the gas pressure head gradient.     k   a     varies with properties of gas. In order to avoid the effect of gas properties on     k   a    , intrinsic permeability, K, is constant for a given pore structure [53]. The relationship between K and     k   a     is


    k   a   =   g   ρ   a     μ   K  



(6)




where     ρ   a     is gas density;   μ   is dynamic viscosity. Combining Equations (5) and (6), the following generalized equation can be obtained:


    υ   a   = −   K   μ   A   d P   d l    



(7)




where   d P / d l   is the gas pressure gradient. In the soil specimen,     υ   a     is not constant due to gas compressibility and pressure gradient. For the test, the pressure gradient is constant (steady state). Then, Equation (9) can be derived from Equation (8) as follows:


  μ   υ   a   P d l = − K A P d P  



(8)







Integrate Equation (9) to obtain:


  μ   υ   a B     P   B   L = K A     P   A   2   −   P   B   2     2    



(9)




where     υ   a B     is the outlet gas flow rate,     P   B     is outlet pressure, and     P   A     is inlet pressure. For each test, the temperature T is constant and Equation (10) can be simplified as


    υ   a A     P   A   =   υ   a B     P   B   =   K   μ   A     P   A   2   −   P   B   2     2 L    



(10)




where     υ   a A     is the inlet gas flow rate. Therefore, K can be calculated using Equation (11).


  K =   υ   a A     P   A     2 μ L   A     P   A   2   −   P   B   2        



(11)







It should be noted that the proposed method for calculating the intrinsic permeability is improved from the method by Fredlund [47]. In this paper, the gas volume varying with its pressure is considered.




4. Experimental Results and Discussion


4.1. Gas Flow Volume Change


Figure 6 shows the measured water flow volume change for soil specimens with a gravimetric water content of 13% at a steady state. The temperatures of 25, 45, and 60 °C are considered. The abscissa is a period at the steady state while the ordinate is the water volume change in Bottle II during this period. At each temperature, the water volume change increases linearly with time. It indicates that the water change rate has not changed during this 50 min and a steady state has been obtained. According to Equation (4), the slope of each line can calculate the gas flow rate. The gas flow rate through the soil specimen is 139.7, 93.1, and 69.1 mL/min for 25, 45, and 60 °C, respectively. The gas flow rate at 60 °C is observed to be 50.5% lower than that at 30 °C when the gravimetric water content reaches 0.13. The higher the temperature, the smaller the gas flow rate. It is due to the large gas absolute (dynamic) viscosity for high temperature [42,43,44,45].




4.2. Comparison of Average Volumetric Air Flow Rate


Figure 7 shows the average volumetric air flow rate measured by the ASTM-recommended triaxial permeameter used by Chen and the triaxial permeameter consisting of the new gas pressure supply equipment proposed in this study [24]. It should be noted that the soil specimens used by Chen and the ones used in this experiment have the same materials and compositional ratios, so the results can be compared and analyzed. In Figure 7, hollow and solid symbols represent the results measured by this study and Chen, respectively. The data obtained from the tests is fitted by a linear function with a fixed intercept of zero. And the range of ±5% error is obtained from the fitted straight line, with upper and lower limits indicated by dot-dashed lines. The equations and variances of the fitted line and the dot-dashed line characterizing the error range are presented in Figure 7. Firstly, the test results of Chen’s gas permeameter are very close to the best-fit line, indicating that the results comply with Darcy’s law. Secondly, the data measured by the triaxial permeameter proposed in this paper are within ±5% error, which demonstrates that the new gas supply equipment is accurate, reliable, and of scientific value.




4.3. Volume Change of Soil Specimen


As previously stated, the soil specimen volume change is measured by the volume change indicator, whereas pore water pressure is measured by tensiometer during each test. Combining this volume change and the initial void ratio, the void ratio at any period, e, can be calculated as follows:


  e =     G   s     ρ   w         ρ   d     V   0         V   0   + ∆ V       − 1  



(12)




where     G   s     is specific gravity,     ρ   d     is the dry density of compacted soil specimen,     V   0     is the volume of soil specimen at an initial state, and   ∆ V   is its volume change. Figure 8 shows the change in void ratio obtained from this study and Zhai’s research for the soil specimens at steady state [54]. The numbers denote negative pore water pressure at that void ratio. The negative pore water pressure with the gravimetric water content of 0.07 has exceeded the measurement range of the tensiometer (i.e., 500 kPa), which is not shown in Figure 8. At each given temperature, the void ratio increases with its gravimetric water content. It is due to the relative movement of the water phase in the soil specimen. Similar changes can also be found in Tadepalli et al. [54,55]. On the other hand, at each given gravimetric water content, as the temperature increases, the negative pore water pressure decreases, whereas the void ratio increases. It is because the increase in the temperature leads to a decrease in the surface tension of contractile skin [56,57] and thus a negative pore water pressure with a maximum decrease of 11.1%. As the negative pore water pressure decreases, the force equilibrium between soil particles is broken, and thus the volume of the soil specimen swells as well. For the volume change, when the temperature increases from 25 °C to 60 °C and the initial gravimetric water content is 0.3, the void ratio exhibits an increase of 0.053, corresponding to a maximum increment of 5.4%. These results differ from those obtained from Uchaipichat and Khalili [58], in which the specific volume (the inverse of density) decreased as the temperature increased from 25 to 60 °C. It is noted that the condition used by Uchaipichat and Khalili [58] was suction-controlled. The influence of the temperature on pore water pressure was ignored.



In addition, in order to verify the reliability of the obtained data, the volumetric shrinkage curve fitted by the experimental data is compared with the curve in the published research. Fredlund’s equation [47] of estimating the volumetric shrinkage curve is best fitted to the experimental data of soil specimens. The fitting parameters (Ash, Bsh, and Csh) in Fredlund et al.’s equation, the best fitted curves, and Zhai’s fitted curve [54] are illustrated in Figure 8. The curve obtained in this study has the same trend as Zhai’s curve. As the water content increases, the void ratio remains unchanged at first, and then the change rate of the void ratio gradually rises until it reaches a constant value. The difference between the curves is significant for the initial constant minimum void ratio, curvature, and rate of change of void ratio. The three differences are represented by three parameters (Ash, Bsh, and Csh), respectively. Moreover, it is noteworthy that an increase in Ash corresponds to a proportional increase in Bsh, aligning with Fredlund’s findings [59,60] and further validating the reliability of the acquired data.




4.4. Relationship between Intrinsic Permeability and Negative Pore Water Pressure


Figure 9 shows the relationship between intrinsic permeability and negative pore water pressure at each temperature. And, in order to obtain the trend and characteristics of the curve more accurately and reliably, the correlation curve obtained by existing studies is shown in Figure 9. At any given temperature, the intrinsic permeability first increases with the negative pore water pressure and then maintains almost constant. Obviously, there exists a critical negative pore water pressure, beyond which the intrinsic permeability is irrelevant to negative pore water pressure. The critical values for 25, 45, and 60 °C are all about 65 kPa, irrelevant to the negative pore water pressure. A similar change was also found by Tuli [61] and Zhai [62]. The curves of different soil specimens acquired from Tuli and Zhai also reflect that the intrinsic permeability first increases and is then unchanged as the negative pore water pressure reaches critical values. Due to the difference of soil specimens, the critical negative pore water pressure does not fluctuate around a specific value. It is because below the critical value, the gas phase in the pore of the soil specimen becomes occluded, and the gas flow takes place as the diffusion of gas through water. As the temperature increases, the intrinsic permeability decreases. When the negative pore water pressure is about 36 kPa, the intrinsic permeability at 60 °C is 81.8% lower than that at 25 °C. This is due to the increase in the void ratio of soil specimens.




4.5. Relationship between Intrinsic Permeability and Volume Gas Content


A direct factor, volumetric gas content, is employed to investigate gas permeability by many previous studies [63,64,65,66,67]. Most existing models for estimating gas permeability are also built up based on the volumetric gas content [68,69,70]. Among these relationships, the power-law model is the most common:


  K = α   η   β    



(13)




where   η   is volumetric gas content,   α   is constantly related to the pore connectivity, and   β   is a power-law exponent labeled as a water blockage factor [71]. Figure 10 shows the relationship between intrinsic permeability and volumetric gas content at different temperatures. Additionally, the correlation curves and fitted equations obtained by Nazir are shown in Figure 10 [72]. As expected, the intrinsic permeability increases as the volumetric gas content increases. Generally, the measured intrinsic permeability and Nazir’s curves agree satisfyingly with the power-law model. However, since Nazir’s study does not discuss the effect of temperature differences, the subsequent analysis does not involve Nazir’s curve. Based on Equation (13), α for 25, 45, and 60 °C are 2.35 × 10−8, 2.05 × 10−8, and 1.27 × 10−8, respectively. It indicates that a higher temperature leads to small pore connectivity. It is noted that in the small region of volumetric gas content (0–0.1), a relatively large difference occurs between the measured and estimated results. It indicates that it is necessary to use the advanced apparatus to measure the gas permeability of the soil specimen, especially in small regions of volumetric gas content.





5. Conclusions


This paper proposes a new temperature-controlled apparatus to measure gas permeability under low gas pressure (i.e., under 20 kPa). The low gas pressure is supplied by two Mariotte bottles, by which the airflow rate is measured in the meanwhile. During the test, the negative pore water pressure and volume change of the soil specimen need to be measured. Through the temperature-controlled apparatus, it is observed that as the temperature increases from 25 °C to 60 °C, there is a corresponding increase in soil sample porosity by 5.4%, while the negative pressure of pore water decreases by 11.1%. This can be attributed to the reduction in the surface tension of contractile skin caused by elevated temperatures. Furthermore, due to variations in gas viscosity with temperature, there was a significant decrease in the gas flow rate by 50.5%. And, the relationship between permeability and volumetric gas content at different temperatures in low-pressure regions well confirms the existing power-law model. In addition, the existence of a temperature-independent critical negative pore water pressure is observed, beyond which the intrinsic permeability remains constant. At 36 kPa of negative pore water pressure, the intrinsic permeability at 60 °C exhibits an 81.8% reduction compared to that at 25 °C. This decline in intrinsic permeability can be attributed to a diminished pore connectivity, resulting from elevated temperatures.
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Figure 1. Schematic of apparatus for soil gas permeability using low-gas-pressure supply equipment. 
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Figure 2. Photograph of low-gas-pressure supply equipment. 
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Figure 3. Set up of equipment for soil gas permeability measurement subjected to different temperatures. 
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Figure 4. Particle size distribution of soil specimen. 






Figure 4. Particle size distribution of soil specimen.



[image: Applsci 13 10943 g004]







[image: Applsci 13 10943 g005a][image: Applsci 13 10943 g005b] 





Figure 5. Calibration of (a) differential pressure transducer for gas supply equipment; (b) temperature sensor and (c) tensiometer. 
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Figure 6. Measured water volume changes through soil specimen with the gravimetric water content of 13%. 
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Figure 7. Comparison of average volumetric air flow rate under different pressure drops across the specimen (data obtained from Chen et al. [24]). 
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Figure 8. Change of void ratio at different gravimetric water content (curves obtained from Zhai et al. [54]). 
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Figure 9. Relationship between intrinsic permeability and negative pore water pressure (curves obtained from Tuli et al. [61] and Zhai et al. [62]). 
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Figure 10. Relationship between intrinsic permeability and volumetric gas content (curves obtained from Nazir et al. [72]). 
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Table 1. Basic properties and characteristics of the test devices.
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	Air Permeameter
	Reference
	Air

Pressure
	Pressure Fluctuation Range
	Air Supply

Device
	Advantage
	Disadvantage





	Flexible wall improved
	Huang et al.,

1998 [30]
	10, 25, 40,

50, 70,

100, 120 kPa
	15 kPa
	Gas cylinder
	Ability to

apply

confining pressure
	Fluctuation of gas pressure;

Uncontrollable temperature



	Flexible wall improved
	Saminan

et al.,

2003 [31]
	60, 110,

168, 240 kPa
	4 kPa
	Stepper

motor

and gearbox;

pressure

cylinder and piston
	Ability to

apply

confining pressure
	Fluctuation of gas pressure;

Uncontrollable temperature



	Triaxial improved
	Miao et al.,

2010 [36]
	5, 10, 20, 30, 40, 50,

60 kPa
	3.2 kPa
	Water tank
	Volume test withwater instead of air
	Ignorance of gas compressibility;

Uncontrollable temperature



	Solid-wall improved
	Shi et al.,

2015 [29]
	2, 3, 4, 6, 7,

10, 12, 16,

20 kPa
	1.5 kPa
	Air compressor
	Uniform

water

content of the specimen
	Lack of ability to control peripatetic pressure;

Uncontrollable temperature










 





Table 2. Index properties of soil specimen.
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Soil Type

	
Measured Value






	
Unified soil classification system

	
ML




	
Liquid limit, LL (%)

	
22




	
Plastic limit, PL (%)

	
16




	
Grain size distribution

	




	
D60 (mm)

	
0.027




	
D30 (mm)

	
0.007




	
D10 (mm)

	
0.002




	
Coefficient of uniformity, Cu

	
13.5




	
Coefficient of curvature, Cc

	
0.91




	
Fine content (<0.075 mm; %)

Dry density, ρd (Mg/m3)

	
25




	
1.41
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