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It is crucial to accurately measure the volume change of specimens in triaxial tests on unsaturated soils. A new type of inner chamber structure has been designed for measuring volume changes, which can accurately measure the volume change of unsaturated soils during monotonic loading tests. Compared to conventional double chamber triaxial systems, the new inner chamber structure has higher precision and compatibility, and the inner chamber can be assembled under air-free water. The inner chamber assembled underwater avoids the problem that the air bubbles being trapped in the inner chamber, significantly reducing the impact of residual air in the system. A solid specimen made of stainless steel was used to calibrate the newly designed inner chamber. Under the net confining pressure (the difference between cell pressure and the initial cell pressure) of 400 kPa, the volume change error of system is only 0.037% of specimen volume, the measurement error is very small. The contact surface between the loading ram and the top cover is coated with Teflon material and smeared with Vaseline to reduce friction, and the friction force measured by high-precision force gauge is 4.14 N. Drained shear test was conducted on an undisturbed saturated soft clay specimen, where the volume change in the saturated soil specimen during drainage was used to verify the accuracy and precision of the inner chamber volume measurement method. The volume change error measured by the system during consolidation and shearing are 0.102% and 0.067% of specimen volume, respectively. The results indicate that the newly designed inner chamber structure is feasible for volume change measurement and has high precision.
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1 INTRODUCTION
The triaxial test can accurately obtain the changes in various strain components of soil under different loading conditions, so it is widely used for evaluating the mechanical characteristics of soil. Among them, the characteristics of soil such as shear expansion and compression are generally reflected by changes in specimen volume. In saturated soil triaxial tests, the overall volume changes of the specimens are generally indicated by the volume changes of pore water. However, in unsaturated triaxial tests, the volume changes measurement method used for saturated soils are no longer applicable due to the solubility or compressibility of air in the pores. Therefore, accurately measuring the volume changes of the specimens are crucial for unsaturated soils triaxial tests.
Laloui et al. (2006) summarized three methods to measuring volume changes of unsaturated soils: (1) air and water volume measurement; (2) direct measurement of the soil specimen volume change; (3) cell liquid measurement.
The first method is to measure the volume changes of air and water separately. Then adding them together to obtain the volume change of soil specimen (Geiser, 1999; Laudahn et al., 2005). Adams et al. (1996) utilized a pressure-volume controller to measure air volume changes, while using a burette to measure pore-water volume changes. Similarly, Laudahn et al. (2005) proposed a method to measure the volume changes of pore air under atmospheric pressure to avoid the issue of air compressibility. However, these methods are difficulty to detect air leaks at pipes and connections (Carvalho et al., 2018), and are more easily influenced by environmental and atmospheric pressure variations due to direct air measurements. Although many improvements, the method of directly measuring air and water has not been widely applied.
The second method is divided into contact and non-contact measurement. Both methods have the advantage of high precision. Contact measurement generally uses Hall effect transducers (Clayton and Khatrush, 1986; Clayton et al., 1989), local linear variable differential transducers (LVDTs) (Costa Filho, 1985; Klotz and Coop, 2002; Chen et al., 2019) or lateral local deformation transducers (GOTO et al., 1991; Maatouk, 1993; Sun et al., 2012) to measure the axial strain and local radial strain of the specimen. However, since the local displacement transducer is in direct contact with the soil, may have a reinforcing effect on the soil specimen (Laloui et al., 2006). In addition, the transducer installation is complex and has high technical requirements, it is not suitable for large strain or uneven deformation caused by unsaturation soils. The other is non-contact measurement, such as using computer tomography to study the local strain of the specimen (Desrues et al., 1996), laser measurement system to measure the height and radial deformation of the soil specimen (Zhang et al., 2014; Romero et al., 1997), and digital cameras combined with image processing technology to measure the deformation of soil specimen (Gachet et al., 2007; Sachan and Penumadu, 2007; Zhang et al., 2015; Xia et al., 2022). The above have high environmental requirements and high equipment costs, and also need to solve the problems of light refraction and accuracy caused by the transparent material of the triaxial pressure chamber.
The third method is to indirectly measure the total volume change of the soil specimen by measuring the volume change of the liquid in the pressure chamber. The key to this method is to maintain a constant volume of the pressure chamber at different pressure levels. Therefore, a double-chamber structure is usually employed to ensure equal pressure between the inner and outer chambers, thereby avoiding deformation of the pressure chamber due to pressure differences.
The double chamber structure is divided into two types. One type is the connected double-chamber triaxial apparatus with interconnected inner and outer chambers (Bishop, 1961; Ng et al., 2002) (as shown in Figure 1). In this design, the top of the inner chamber is open, the confining pressure is applied through air pressure, and there is no pressure difference between the inner and outer chambers. The volume change of the specimen is determined by reading the change in the liquid level (Bishop, 1961) or by maintaining a constant liquid level while injecting or withdrawing water volume into the inner chamber by a controller. Due to the large cross-sectional area of the inner chamber open at the top, the rise and fall of the liquid in the inner chamber is not obvious. Ng et al. (2002) improved this design with a new double chamber triaxial system, reducing the opening area at the top of the inner chamber and using a differential pressure transducer (DPT) to enhance the measurement accuracy.
[image: Figure 1]FIGURE 1 | Connected double chamber triaxial (Ng et al., 2002).
Another type is the closed double chamber triaxial apparatus with independent inner and outer chambers that can be pressurized separately (Wheeler, 1988; Sivakumar, 1993; Yin, 2003). Figure 2 shows a double chamber triaxial structure designed by Wheeler (1988). The inner chamber is filled with water, and the volume change is recorded by a pressure-volume controller or a water burette, such as the double chamber structure used by Wheeler (1988). Furthermore, Sivakumar (1993) utilized a DPT to automatically measure the water level change in the inner chamber, with the measurement data recorded automatically by a computer. Yin (2003) added a top cover to the inner chamber and placed the load cell inside the inner chamber, surrounding the inner chamber with the outer chamber. This design addressed issues related to the synchronous extension of the inner chamber’s top under high pressure and water leakage along the loading ram during loading. Carvalho et al. (2018) designed a double chamber triaxial apparatus with a similar structure, where both chambers were pressurized synchronously by a single air pressure controller, and used a high-precision weighing instrument to weigh the mass of the liquid flowing out of the inner chamber to infer the volume change of the specimen.
[image: Figure 2]FIGURE 2 | Closed double chamber triaxial (Wheeler, 1988).
However, the above test apparatus still has areas for improvement: (1) The inner chamber could be further minimized while ensuring it does not affect the deformation of the specimen to improve accuracy; (2) The inner chamber’s large size and complex structure make it difficult to completely remove residual air by injecting water after specimen installation. In order to eliminate the influence of bubbles in the chamber, Sivakumar (1993) suggested assembling the inner chamber under air-free water, which requires the inner chamber to have a simple structure, be detachable, small size, without transducers. Based on the existing double chamber volume change measurement principle, this study improves the inner chamber and designs a new inner chamber structure that is simple, compact, high in precision, convenient in test operation, low in cost, and can be applied to different types of triaxial apparatus. Finally, the accuracy of the volume change measurement results of the test apparatus is verified by the saturated soils drained shear test.
2 IMPROVE OF DOUBLE CHAMBER TRIAXIAL SYSTEMS
Figure 3 shows the overall appearance of the double-chamber triaxial test apparatus. Figure 4 is a cross-sectional view of the double chamber structure. Figure 5 shows the disassembly components of the inner chamber structure and the assembly completion diagram. In Figure 5A, “a-j” are respectively the inner wall, nut, water stop cap, top cap, permeable stone, loading ram, specimen base, screw rod, top cover, and inner chamber base; The change of the inner chamber are as follows:
(1) For the standard specimen size of 50 mm diameter and 100 mm height, the inner diameter of the inner chamber is designed to be 60 mm and its inner height is 150 mm, and the maximum allowable radial strain can reach 20%.
(2) The volume of the new inner chamber is further reduced compared to the traditional double chamber structure. Additionally, the load cell is arranged outside the inner chamber, which can effectively reduce the required volume of the inner chamber and improve the precision and accuracy of the volume change measurement system.
(3) The inner chamber is completely separated from the outer chamber, allowing underwater assembly.
(4) The overall height of the inner chamber after installation is 225 mm (see Figure 5B), which can be directly applied to various types of triaxial apparatus without additional processing.
(5) The inner chamber has a simple structure and easy to disassemble (see Figure 5A), and is convenient for pre-vacuuming to remove bubbles after disassembly to reduce the error caused by residual air bubbles during measurement.
(6) The inner chamber is not connected to the outer chamber. The inner and outer pressures are independently controlled by different pressure-volume controllers, ensuring there is no pressure difference between the inside and outside. This reduces the influence of the hysteresis in the pressure change of the outer chamber, and the volume change of the inner chamber can be automatically recorded by the software.
[image: Figure 3]FIGURE 3 | Double chamber triaxial test apparatus.
[image: Figure 4]FIGURE 4 | Double chamber triaxial test apparatus structure diagram.
[image: Figure 5]FIGURE 5 | Inner chamber: (A) The inner chamber components disassembly; (B) Inner chamber component assembly.
3 CALIBRATION OF THE DOUBLE CHAMBER TRIAXIAL SYSTEM
All experimental instruments have systematic errors during measurement, it must be calibrated in advance. The volume change systematic error is primarily divided into three parts:
(1) Immediate volume change
This refers to the elastic volume change of the system caused by the increase of pressure. Once the pressure increase is completed, the immediate volume change will no longer change. This change is usually related to factors such as the stiffness of the system (including the chamber and pipeline), the compressibility of the chamber liquid, the compressibility of rubber membrane, and the presence of residual air bubbles.
(2) Cyclic volume change
This refers to the periodic fluctuation of volume over time during the testing process. This change is mainly caused by the cyclic change of the measured value due to feedback such as stress servo compensation made by the system. Ng et al. (2002) believe that the fluctuation of the measured value caused by factors such as the temperature difference between day and night also belongs to cyclic volume change.
(3) Creep
This refers to the little volume change that continue to occur over time when the pressure remains unchanged. It is primarily related to the creep characteristics of the material properties, slight leakage of the system.
Volume change calibration tests were carried out using a solid stainless specimen at a constant room temperature of 23°C.
3.1 Volume change calibration
Before the calibration test, the vacuum saturation cylinder is first filled with air-free water. Then, the inner chamber components are placed into the water, and pre-vacuuming is performed, effectively preventing the presence of air in the inner chamber. There are two main reasons for underwater assembly: (1) The phase that the inner chamber components entering into air-free water brings new air into the air-free water. Also, the air in the component pipes, joints, and rubber ring grooves cannot be completely removed. (2) Directly filling the inner chamber with air-free water without underwater assembly leaves air bubbles in the top of chamber.
Figure 6 shows a comparison of the inner chamber components before and after vacuuming. Although the water in the vacuum saturation cylinder is air-free water, there are still many bubbles adhering to the surface of the components after vacuuming. This is because placing the inner chamber components into air-free water introduces air. Before underwater assembly, the components need to be gently shaken underwater and brushed to remove the air bubbles on the surface. Figure 7 shows that the loading ram at the top of the specimen can be divided into two parts. After vacuuming, the loading ram was unscrewed, and air-free water was injected using the controller to ensure there was no residual air in the pipeline. After removing the bubbles, the inner chamber components were assembled underwater.
[image: Figure 6]FIGURE 6 | Comparison before and after vacuuming: (A) Before vacuuming; (B) After vacuuming.
[image: Figure 7]FIGURE 7 | Top loading ram.
After all components were assembled underwater (as shown in Figure 8), the inner chamber was placed in the triaxial outer chamber for airtightness testing. The drainage pipe at the top of specimen was connected to the back pressure controller, and the water stop cap of the inner chamber was closed to completely seal it. Subsequently, the drainage joint “a” at the bottom of the inner chamber was opened, and whether liquid flows out of the joint “a” in Figure 9 was observed. If there is water flowing out of joint “a”, it indicates that the chamber has not been completely sealed (which may be related to whether the bolts are tightened), and it needs to be reassembled underwater.
[image: Figure 8]FIGURE 8 | Assembly of the inner chamber under air-free water.
[image: Figure 9]FIGURE 9 | Air tightness test.
The calculation equation for the change in the immediate volume of the inner chamber is as follows:
[image: image]
Where r is the radius of the loading ram, s is the axial displacement, and the specimen compression direction is positive. [image: image] represents the total immediate volume change of the measurement system, [image: image] represents the immediate volume change of the inner chamber, and [image: image] represents the immediate volume change of the controller (including pipelines).
The volume of the solid metal specimen changes little with the increase in pressure (Yin, 2003). Therefore, the solid metal specimen is widely used in volume change systematic error calibration tests (Ng et al., 2002; Yin, 2003; Zhang et al., 2014; Chen et al., 2019). Using solid metal specimens can eliminate the influence of soil specimens and calibrate only for the systematic errors of the instrument itself. The dimensions of the stainless specimen are 50 mm × 100 mm. The stainless specimen was installed in the inner chamber following the installation procedure for the soil specimen. During the volume change measurement, the cell pressure of both the inner and outer chambers and the back pressure were first increased to 100 kPa and maintained for a period of time. Then, the cell pressure of both chambers was simultaneously increased by 30 kPa, while the volume of backpressure controller remained unchanged. The B-value was checked and found to be 0.99. After the B value detection was completed, the volume change calibration was performed.
The immediate volume change calibration was based on a back pressure of 100 kPa, with cell pressure increased in steps (the pressure of the inner and outer chambers increases by 50 kPa each time). During the test, the drain valve of the back pressure joint was closed to keep the water volume in the membrane unchanged. At this time, the volume change of the inner chamber caused by the increase in confining pressure is considered the immediate volume change. Calculated by Equation 1, Figure 10A shows the relationship between the volume change of the inner chamber [image: image] and the net confining pressure (the difference between cell pressure and the initial cell pressure) [image: image]. Under net confining pressure of 400 kPa, the volume change of the inner chamber is 0.072 cm3. Since the volumes of triaxial specimens of different standard sizes vary, the measurement error percentage results are compared. In this test, the volume of the stainless specimen is 196.35 cm3, leading to a volume change error of 0.072/196.35 = 0.037%. Figure 10A shows that whether underwater assembly is performed significantly influences the test results. The immediate total volume change of [image: image], measured without underwater assembly, is significantly higher than that measured with underwater assembly.
[image: Figure 10]FIGURE 10 | Volume change: (A) Immediate volume; (B) Creep volume.
The creep calibration was performed after the immediate volume change calibration was completed, with both the inner and outer pressures maintained at 100 kPa for one week. Figure 10B shows the creep result of the inner chamber over this period. The volume changes rapidly during the first 24 h, after which the changes exhibit a linear trend.
Table 1 compares the measurement errors of the double chamber system designed in this study with others existing double-chamber systems. The net confining pressure increases from 0 kPa to 400 kPa. “a” represents specimen diameter 50 mm, height 100 mm; “b” represents specimen diameter 38 mm, height 76 mm; “c” represents specimen diameter 100 mm, height 200 mm.
TABLE 1 | Comparison with calibration results of different double-chamber systems.
[image: Table 1]3.2 Friction calibration
This design minimizes the volume of the inner chamber and improves the measurement accuracy. However, since the load cell is located outside the inner chamber, there is friction between the inner chamber top cover and the vertical loading ram, causing the value measured by the load cell to be the sum of the friction and the actual strength of the specimen. To reduce friction, the contact surface is coated with Teflon and Vaseline, and the friction is calibrated using a high-precision dynamometer. First, the weight of the loading ram was measured by the dynamometer (as shown in Figure 11A), with an average result of 6.18 N from five tests. Then, after assembling the inner chamber, the dynamometer was pulled to raise the loading ram at a uniform speed to measure the sum of the friction force and weight (as shown in Figure 11B), yielding an average of 10.32 N from five tests. The friction force is approximately 4.14 N, resulting in an initial axial stress due to friction of only 2.11 kPa. Using silicone oil or applying lithium-based grease on the contact surface can further reduce friction. (David Suits et al., 2005). During the testing, the initial axial stress is 2∼2.5 kPa without the inner chamber; therefore, initial axial stress of 6.5 kPa was pre-applied at specimen of the double-chamber triaxial test. The direction of friction calibration must be set according to the axial strain direction under other loading stress paths.
[image: Figure 11]FIGURE 11 | Friction calibration: (A) Weight measurement of loading ram; (B) friction measurement.
Tests were conducted using solid rubber specimens (50 mm in diameter and 100 mm in height) both with and without the inner chamber. The test was carried out using two different loading methods: (1) stress loading, where the axial stress is increased to 130 kPa within the same time period and the stress is controlled to be the same; (2) strain loading, the displacement increased to 1.7 mm within the same time period, and the final position was consistent; Friction calibration was performed under different effective confining pressures. The tests were divided into those with and without the inner chamber. In this study, “Friction” indicates the presence of the inner chamber during the calibration test, while “Frictionless” indicates the absence of the inner chamber. Figure 12 shows the test results, indicating that increasing the initial axial stress to 6.5 kPa has little effect on the results.
[image: Figure 12]FIGURE 12 | Stress-strain curve with initial axial stress of 6.5 kPa: (A) Stress controlled loading; (B) Strain controlled loading.
3.3 Undisturbed soil shearing test
Due to the metal specimens used during calibration testing, all components of the inner chamber and the specimen can be assembled in air-free water and then placed in the triaxial inner chamber. However, in the soil specimen test, the procedure is slightly adjusted. First, the specimen was installed on the inner chamber base in the atmosphere. After the specimen assembly was completed, the tri-leaflet valve used to protect the specimen was not disassembled (see Figure 13). Instead, as an external constraint, it continued to protect the specimen during the vacuuming. Thus, the specimen has little deformation in both radial and axial directions, avoiding any change in the volume of the specimen when the vacuum was applied. Then the remaining components of the inner chamber and the soil specimen ware placed in a vacuum saturation cylinder for pre-vacuuming. After the vacuum was drawn, the inner chamber was assembled underwater and then placed in the triaxial outer chamber.
[image: Figure 13]FIGURE 13 | Apply external constraints to the specimen: (A) Physical picture; (B) Diagram.
Generally, in saturated soil drained tests, the volume change of the specimen can be represented by the specimen drained volume. In order to test the measurement precision and accuracy of the apparatus, a drained monotonic shear test was carried out, and the volume change of the inner chamber was compared with the volume of water drained from the specimen. Due to its slower drained shear rate, clay is more susceptible to being influenced by system creep. Therefore, undisturbed soil specimens of soft clay were chosen, sourced from a foundation pit located in Hangzhou, China (see Figure 14). The British GDS stress path triaxial apparatus was used to carry out the consolidation drained shear test. Figure 14 shows the location of the soil utilized in this test and the typical geotechnical profile at that location. The basic physical parameters of the soil specimen are presented in Table 2. Figure 15 shows the particle size distribution curve of soft clay, the diameter of the specimen is 50 mm and the height is 100 mm. To ensure high saturation, in this study the soft clay specimen was saturated under a back pressure of 300 kPa (Wang et al., 2016; Wang et al., 2017; Wu et al., 2017, 2022) and a confining pressure of 310 kPa. The saturation time was not less than 24 h. The B-value was checked and found to be 0.97.
[image: Figure 14]FIGURE 14 | The geographical location of the undisturbed soil: (A) Study area on the map of China; (B) Typical geotechnical profile in the study area.
TABLE 2 | Basic properties of the tested soft clay.
[image: Table 2][image: Figure 15]FIGURE 15 | Particle size distribution curve of soil.
Figure 16A shows that during consolidation, the drained volume of the soil specimen was measured to be [image: image] = 23.135 cm3. According to the calibration results, the influence of immediate volume change and creep on shear tests must be considered, therefore the volume change of the inner chamber was [image: image] = 22.934 cm3. The error between specimen drained volume and chamber volume change is 0.201 cm3, which is 0.102% of the specimen volume.
[image: Figure 16]FIGURE 16 | Specimen volume change: (A) Volume change in consolidation; (B) Volume change in shearing.
After consolidation was completed, the “Advanced Loading” test module was used to conduct the drained shear test, with a shear rate of 0.005%/min. Since the confining pressure remains unchanged during shearing, the influence of creep is mainly considered. Figure 16B shows the variation curve of specimen volume with shear time. When shearing is completed, the drained volume of the specimen [image: image] = 13.934 cm3; the volume change of the inner chamber [image: image] = 14.065 cm3, and the measurement error is 0.131 cm3, which is equivalent to 0.067% of the soil specimen volume.
4 CONCLUSION
The current measurement methods of unsaturated soil volume change are summarized, and based on the chamber liquid measurement method, the current double-chamber measuring instrument is introduced and a new type of inner chamber structure is improved. The main conclusions are as follows.
(1) The newly designed and manufactured inner chamber structure overcomes the problem of closed double-chamber triaxial apparatus cannot be assembled underwater, enabling complete underwater assembly. It avoids residual air bubbles in the inner chamber when water is injected, and the inner chamber is easy to disassemble, making it suitable for different models of triaxial apparatus, with strong applicability. It can be used for continuous measurement of unsaturated soil volume changes, and the measurement results are reliable and quite accurate.
(2) When using stainless specimens, the volume change of the inner chamber under net confining pressure of 400 kPa is only 0.037% of the total volume of the specimen, which is a very small error.
(3) Drained shear test was conducted on undisturbed soft clay. The soil specimen drained shear test proved that the designed internal chamber structure is reliable. The measurement errors of the two different methods at the completion of consolidation and shearing were 0.201 cm3 and 0.131 cm3, the measurement errors of 0.102% and 0.067% of the specimen volume, respectively.
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