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The study conducted a pure rotation test of 720° for saturated remolded Q2 loess under principal stress axis (PSA) rotation when deviatoric stress and the intermediate principal stress ratio are different, also paying attention to examining the changes of strain accumulation and pore pressure of such loess. According to the test, as the PSA rotates continuously, the pore water pressure exhibited by saturated remolded loess presents a normal cyclic accumulation elevation, and under the same deviatoric stress conditions, the pore water pressure accumulation trend of different principal stress ratios is the same; however, the magnitude is different. The increment of pore water pressure becomes smaller as the number of cycles increases. When the deviatoric stress level is low, the material hardening is in a cyclic stable state, the strain component remains stable with the continuous rotation of the PSA, and the strain path area is reduced, together with a stable final size. In case of higher deviatoric stress, the material strength cycle becomes weaker and the strain component accumulates slowly as the PSA (the spiral line of the strain path) continuously rotates in the γzθ−(ϵz−ϵθ) plane, and gradually expands until failure. The increased intermediate principal stress is accompanied by accelerated strain development speed and advanced failure.
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1 Introduction

With China’s western development and “the Belt and Road initiative” strategy, the transportation network construction in the western region has been developing vigorously, in order to meet the needs of the western economy’s prosperity and development and to strengthen the need for exchanges and cooperation between East and West. In Western China, especially in Northwest China, the coverage area of structural loess is more than 60 × 104 km2, which spans Gansu, Ningxia, Shaanxi, Shanxi, Qinghai, Inner Mongolia, Henan, and other provinces. The loess distribution area is rich in energy and mineral resources, undertakes the strategic task of transporting resources to the East, and has built many important transportation roads.

In subgrade engineering, most of the loads appear in the form of cyclic dynamic loads, especially traffic loads. Therefore, the properties of the sample under cyclic torsional shear load are closer to the actual engineering conditions. Cyclic rotation tests regarding the main stress axis have been conducted (Miura et al., 1986; Brown, 1996; Chazallon et al., 2006; Kumruzzaman and Yin, 2010; Ishikawa et al., 2011; Cai et al., 2016; Guo et al., 2016; Qian et al., 2016; Wang et al., 2016; Shen et al., 2017) and obtained useful test results. Grabe (2009) carried out three kinds of principal stress direction change path tests in principal stress space, namely, axial rotation, circular rotation, and directional shear of principal stress, and investigated the long-term dynamic characteristics exhibited by saturated soft clay under traffic load. By virtue of the hollow torsional shear system, Yang et al. (2007) carried out the rotation test regarding the pure principal stress axis (PSA) in case of unchanged intermediate principal stress coefficient. According to the test, in the face of unchanged generalized shear stress, pure PSA rotation will result in pore pressure accumulation and strain development and even lead to the generation of liquefaction. Tong et al. (2010) carried out a test similar to Yang’s and studied the evolution of the sample strain component and volumetric strain when the number of cycles changes under PSA rotation. Zhou et al. (2014) analyzed the law, internal mechanism, and influencing factors of plastic strain increment direction of clay under the condition of PSA rotation. However, scholars such as Ishikawa et al. (2011) and Cai et al. (2015) found that the rotation of the principal stress involved in the stress path of traffic load will accelerate the accumulation of transverse strain and weaken the vertical rebound modulus. Uthayakumar and Vaid (1998) carried out a series of monotonic shear tests with different principal stress direction angles on different sands by using a hollow torsional shear instrument. According to the test, the direction angle of principal stress remarkably impacts sand strength and deformation, and the softening and hardening degrees of sands are different. Symes et al. (1984) conducted the torsional shear test of the hollow cylinder test under undrained conditions on the remolded ham river sand, finding the obviously different pore pressure characteristics when the PSA rotates positively and reversely, in the case of constant shear stress. Ishihara and Towhata (1983) used Toyoura sand from Japan to conduct the cyclic rotation test of the PSA with the constant shear stress value under undrained conditions. The results also show that compared with the triaxial cyclic shear test, the generation rate of pore water pressure under the rotation of the PSA is significantly faster. As found by Wong and Arthur (1986), the cyclic PSA rotation strengthens the production of pore pressure, thereby lowering the soil resilience modulus.

It can be seen from the above research that many scholars have carried out extensive experimental research on the principal stress rotation of soil. The experimental research with regard to the continuous PSA rotation mainly pays attention to sandy soil and soft clay, and there is basically no research that examines the principal stress of loess, let alone the non-coaxial properties exhibited by loess under the continuous PSA rotation. Geotechnical materials with directional PSA shear and pure rotation PSA present a strong non-coaxiality, which is caused by anisotropy as it can weaken the soil strength. In addition, existing experimental research on the continuous PSA rotation of sand or soft clay only focuses on small rotation and seldom pay attention to the soil non-coaxial and strain accumulation characteristics with large PSA rotation. Hence, our study employs the hollow cylinder torsional shear instrument for conducting the undrained test on saturated loess under the complicated stress path of cyclic rotation PSA under different intermediate principal stress ratios (IPSRs) and generalized shear stress. Compared with the cyclic triaxial test, the cumulative pore pressure and deformation caused by the rotation of the PSA are analyzed. In addition, the anisotropy and non-coaxiality of stiffness weakening under this cyclic stress path are analyzed. It provides a direct experimental basis for establishing the non-coaxial constitutive model of clay and simulating the deformation characteristics of saturated soft clay under traffic load.




2 Stress path of continuous PSA rotation and test scheme



2.1 Stress path

Figure 1 demonstrates the stress path of pure PSA rotation. The pure rotation test falls into consolidation and rotation, with the former falling into isotropic consolidation and anisotropic consolidation. O and OA of Figure 1 display the isotropic and anisotropic consolidation, respectively. The purpose of anisotropic consolidation is to ensure that p remains unchanged and increases to the required q value by adjusting internal and external confining pressures or axial forces, after consolidation rotating from point A and counterclockwise along A-B-C-D-A; the rotation angle in stress space is 2α. Hence, 180° is taken as a cycle (Figure 1).




Figure 1 | The stress path of the pure rotation tests.



In the process of testing, the internal and external confining pressures were controlled; axial stress and torsional shear stress were also controlled to make the average stress p, deviatoric stress q, and the ratio of intermediate principal stress b constant. The rotation rate of principal stress is controlled by controlling the cycle of the above four loading components. In this paper, the rotation rate is controlled by 0.2°/min.

Figure 2 displays the stress state of the hollow cylindrical sample and soil element. Notably, the PSA rotation is the rotation in the plane that includes the angle α between the PSA in the sample’s vertical plane and circumferential plane. The unit body is composed of four independent stress components (torsional shear stress τzθ, radial stress σr, circumferential stress σθ, axial stress σz), which have three main directions. In the vertical, circumferential, and radial planes, they are the first, the third, and the second principal stresses. The four stress components are generated by torque M, internal and external confining pressures (pi,po), and axial force W.




Figure 2 | Soil element in a hollow cylinder apparatus.






2.2 Sample preparation and test scheme



2.2.1 Preparation of remolded samples

The soil is crushed, sieved according to the standard, dried, weighed, and prepared into wet soil with moisture content of 16.4%, and then sealed and stored in plastic bags for more than 2 days to make the soil fully uniform. According to the sample size, the dry density is controlled to 1.69 g/cm3, the weight of the required wet soil is calculated, and the wet soil pressed uniformly in 10 layers (Figure 3).




Figure 3 | Preparation of remolded sample (Wang et al., 2019).






2.2.2 Test scheme

The pure rotation test in this paper mainly studies the pure rotation test of saturated remolded loess under different deviatoric stresses and different intermediate principal stress ratios (IPSRs). The consolidation pressure is uniformly selected as 200 kPa. The consolidation is divided into equal consolidation and pressure bias consolidation, and the rotation rate is 0.2°/min. The pure rotation tests involved six samples, setting the deviatoric stress at 50 kPa and 75 kPa and the IPSR b at 0, 0.5, and 1, respectively. The sample is undrained in the testing process, and Table 1 lists the specific test scheme.


Table 1 | Test program.








3 Test results and analysis



3.1 Test load and stress

The pure rotation test regarding the PSA is a relatively complicated stress path in the current geotechnical test. Due to the constant equivalence of p, q, and b during the test and only changing the direction of the principal stress, it is necessary to better control the loading mode of four external force inputs. In the pure rotation test of the PSA, the application of internal and external confining pressures, axial force, and torque adopts sine wave input, and the cycle is the same; also the same as that of the PSA rotation, the specific scheme shall be set before the test and realized by the operation program of GCTS.

Taking q = 50 kPa as an example, Figure 4 shows the loading mode of axial force and torque components with increasing of the cycle under different IPSRs. According to the figure, for achieving the above stress path, axial force and torque under different IPSRs have consistent loading waveform laws, but the amplitude differs, each input stress component can be controlled independently, and the control result is relatively stable; therefore, the above path can be realized.




Figure 4 | Actual loading waveforms of external axial load and torque.



Figure 5 shows the actual loading waveforms of internal and external confining pressure with the number of cycles under different IPSRs. For realizing the above stress path, axial force and torque under different IPSRs have different loading waveforms, and their amplitudes also differ. It is allowed to independently control the internal and external confining pressures. The control results are relatively stable, and the peripheral pressure deviates slightly on the control path; however, the above path can be realized within the error range.




Figure 5 | The actual loading waveforms of the inner and outer pressures.



Figure 6 displays the principal stress variation as cycle changes under different IPSRs. Relying on the above loading method regarding axial force and torque under internal and external pressures, the principal stress is relatively stabilized under different IPSRs.




Figure 6 | The variations of the principal stress (q = 50 kPa).



Figure 7 shows the stress paths in the deviatoric plane under different principal stress ratios, which are consistent with the ideal stress path in Figure 1.




Figure 7 | The actual stress path of the pure rotation tests (q = 50 kPa).






3.2 The development of pore pressure

Figure 8 demonstrates the pore water pressure cumulative law with rotation number under different IPSRs and deviatoric stresses. As the PSA rotates continuously, the pore water pressure presents a normal cyclic cumulative growth. When the deviatoric stress is the same, pore water pressure presents a similar cumulative law regardless of IPSRs, but the size differs. IPSR increase leads to increased final stable pore water pressure when b = 0. The development of the principal shrinkage stress is similar to that of the material with the principal shrinkage stress of 0.5; therefore, the development of the principal shrinkage stress is smaller than that of the material with the principal shrinkage stress of 0.5 in the process of deposition. Accordingly, increment of pore water pressure becomes smaller as the number of cycles increases, and the cumulative pore water pressure takes up the largest proportion of the total following the first cycle. According to Figures 8, B, greater deviatoric stress reports rapid pore water pressure accumulation and larger stable pore water pressure. Also, when deviatoric stress is the same, larger intermediate principal stress denotes less rotation failure, revealing the smaller strength.




Figure 8 | Excess pore pressures generated during pure principal stress rotation.



The ratio of pore water pressure to effective stress is the pore water pressure ratio (PWPR = uw/p’). The variation of PWPR with the rotation angle of principal stress for different cycles under different deviatoric stresses and IPSRs is shown in Figure 9. In the case of q = 50 kPa, the PWPR under different IPSRs changes in the same way. In the first cycle, the PWPR grows slowly with the rotation angle. After the second cycle, the PWPR presents an increasing-to-decreasing trend as the rotation angle increases; however, on the whole, the PWPR increases from accumulation after each cycle, i.e., faster pore pressure accumulation rate at the initial rotation stage. The pore pressure accumulates more slowly due to increased rotation cycles. If the sample is not damaged, the pore pressure will develop toward a gradually stable direction.




Figure 9 | Variation of normalized excess pore pressure ratio with ασ (q = 50 kPa).



Clearly, the relationship between the principal stress direction angle and the included angle between the principal stress direction and the transverse axis in the deviatoric plane is twice (Figure 1). Hence, the direction angle of 180° denotes a cycle in the deviatoric plane and the development of pore water pressure is one cycle when the direction angle range is 0–180° (uσ=0°=uσ=180°); the pore water pressure presents a continuous change trend as the principal stress direction angle increases. Considering the massive data points, Figure 9 is the pore water pressure development diagram for selecting some points in the test process, and the midpoint fluctuates in the diagram because of the measurement error of the test instrument.

When the deviatoric stress increases to q = 75 kPa, the pore pressure accumulation rate accelerates and the sample will be in an unstable state. Figure 10 displays how the pore pressure ratio changes with the principal stress rotation angle. b = 0, the pore pressure ratio increases gradually in the first and second cycles, decreases first and then increases in the third and fourth cycles, and finally accumulates; b = 0.5, the pore pressure ratio grows in the first and second cycles and presents an increasing-to-decreasing trend in the third and fourth cycles till the damage of the sample but eventually accumulates, as shown in Figure 10B. The pore pressure ratio development is associated with the pore pressure development law, because pore pressure increases and decreases suddenly, as shown in Figure 10B. In the case of b = 1, the same damage occurs in the first cycle, the pore pressure ratio grows with the principal stress rotation angle, and the pore pressure accumulation is small.




Figure 10 | Variation of normalized excess pore pressure ratio with as (q = 75 kPa).






3.3 The development of strain

Figures 11, 12 demonstrate the strain component variation under various stress paths when the principal stress rotation number changes. In the case of q = 50 kPa and b = 0 (Figure 11A), the axial strain ϵz and radial strain ϵr with the increase of the number of cycles first accumulate a small amount and then remains stable. The other strain components do not change as the cycle increases. The main reason is that at the beginning, with the application of stress, the soil is compressed and deformed, causing partial strain, followed by elastic strain, i.e., soil hardening. When b = 0.5, as shown in Figure 11B, the radial strain ϵr with the increase of cycles first accumulates a small amount and then remains stable. The other component has stable strains with cycle increase, and the strains are within the range of elastic deformation, and the soil is hardened. When b = 1, as shown in Figure 11C, the circumferential strain ϵθ and radial strain ϵr gradually increase and accumulate with the increase of cycles and then remains stable. Other components have stable strains regardless of the cycle change. In the pure rotation test regarding principal stress, upon the same deviatoric stress, IPSR greatly impacts the strain component development.




Figure 11 | Variation of strain components during pure principal stress rotation (q = 50 kPa).






Figure 12 | Variation of strain components during pure principal stress rotation (q = 75 kPa).



When q = 75 kPa, as shown in Figure 12, the strain component undergoes a gradual accumulation as rotation cycles increase. The accumulation degree changes with IPSR and increases slowly with IPSR before the occurrence of a large strain accumulation. Figures 12B, C show the sample failure. Due to the large deviation stress q, there is a large plastic strain accumulation and then the sample is damaged. The strain component shows different developments and degrees under different IPSRs. When the conditions are same, the IPSR remarkably impacts the strain component development.

Figures 13, 14 demonstrate the strain path developments in the γzθ−(ϵz−ϵθ) plane. When q = 50 kPa, the strain development is small and within the elastic range. As the principal stress rotates cyclically, the strain path area is reduced, the final size becomes stable, and the strain surface area is along the (ϵz−ϵθ) plane. When b = 0 and b = 0.5, it moves to the left; when b = 1, it moves to the right and is finally in a stable state. Therefore, when q = 50 kPa, the failure stress is not reached and the material hardening is in a cyclic stable state.




Figure 13 | Strain paths in deviatoric strain space (q = 50 kPa).






Figure 14 | Strain paths in deviatoric strain space (q = 75 kPa).



With the deviatoric stress reaching q = 75 kPa, (Figure 14), the spiral line of the strain path gradually expands in the plane until failure, indicating the expansion and failure of the plastic strain accumulation cycle, impacted by the deviatoric stress. Strain exhibits a similar development trend under different IPSRs; nevertheless, intermediate principal stress increase leads to accelerated strain development speed and advanced failure time.

In order to further illustrate the cyclic strengthening or weakening properties of the above saturated remolded loess under the pure rotation of the PSA with different deviatoric stresses, according to the definition of reference (Desrues and Chambon, 2002), we take the secant modulus of the ith cycle as the shear stiffness Gi of the remolded loess and the cycle-based Gi/G1 variation as the shear stiffness evolution in the process of PSA rotation. In the case of q = 50 kPa, the stiffness ratio >1 and the stiffness ratio elevates slowly with the cycles; the process is called stiffness strengthening (Figure 15). In the case of q = 75 kPa, the stiffness ratio <1 and the stiffness ratio presents a downtrend as the number of cycles increases, showing the phenomenon of stiffness weakening. In both cases, the IPSR and stiffness ratio change more slightly and there is a negative relation between the two ratios. In conclusion, for the remolded loess in this paper, its stiffness ratio has both strengthening and weakening with the increase of cycles, which is related to the magnitude of deviatoric stress, whereas for sandy soil (Yang et al., 2007), there is cyclic weakening, which is independent of the magnitude of deviatoric stress, which is an important difference from sandy soil.




Figure 15 | Variation of stiffness ratio for different b values.







4 Conclusion

The continuous pure rotation tests of PSA are carried out on the saturated sample of Q2 remolded loess by a GCTS hollow cylinder instrument. After studying the pore pressure variation, strain accumulation, and stress-strain evolution regarding remolded loess, the main conclusions are as follows:

	(1) As the PSA continuously rotates, the cumulative pore pressure following the first cycle occupies the largest proportion of the total. Greater deviator stress reports rapid pore pressure accumulation and larger stable pore pressure value.

	(2) The pore water pressure of saturated remolded loess shows a regular cyclic accumulation increase, and under the same deviatoric stress conditions, different IPSRs exhibit the same pore water pressure accumulation law, whereas the degree differs. The increment of pore water pressure becomes smaller as the number of cycles increases.

	(3) The strain component presents different developments and degrees upon different IPSRs. The IPSR can remarkably affect strain component development when conditions are the same. Intermediate principal stress increase is accompanied by accelerated strain development speed and advanced failure.

	(4) When the deviatoric stress level is low, the material hardening is in a cyclic stable state, the strain component remains stable with the rotation of the PSA, and the strain path area is reduced, together with a stable final size. When the deviatoric stress level is high, the material strength cycle weakens, the strain component gradually accumulates with the rotation of the PSA, and the strain path is a spiral line in the γzθ−(ϵz−ϵθ) plane and gradually expands until it is damaged.
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under pure rotation of the
principal stress axis
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