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Sedimentary processes often produce natural and blown calcareous sands that are deposited in inclined and layered formations. These calcareous sands frequently exist in a complex stress state with rotating principal stress axes that result in intricate mechanical properties. To investigate the mechanical behaviors of calcareous sands with inclined sedimentary surfaces, we developed a device to prepare hollow cylindrical specimens from artificially crushed calcareous sands. By combining this device with a hollow cylindrical torsional shear apparatus, undrained monotonic loading and pure principal stress rotation tests were conducted to investigate the static and dynamic properties of the inherently anisotropic calcareous sands. The results indicate that the shear dilatancy property is related to the principal stress direction; the shear dilatancy of calcareous sand decreases as the direction of the principal stress increases, and the peak stress ratio decreases with increasing principal stress direction and increases with increasing deposition direction. In the precyclic loading period, increases in the deposition direction led to increases in the stabilities of the specimens and decreases in excess pore pressure accumulation, which further affect the dynamic shear modulus and damping ratio of the calcareous sand. In the late stage of cyclic loading, the inherent anisotropies of the specimens are destroyed, so that the excess pressure and hysteresis loop characteristics start to converge.
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1 INTRODUCTION
Calcareous sand is widely distributed near coral reefs and is an important material used in island geotechnical engineering constructions. Site investigations have shown that natural calcareous sand is sedimented in accordance with the local seafloor topography. The sedimentation features along with horizontal, monoclinal, diapiric, and other complex geological structures are affected by the characteristics of the marine environment, such as winds, waves, and tides. Although this type of stratified sediment is common, very few studies are available in literature regarding the effects of various phenomena on the mechanical characteristics of calcareous sands, which have resulted in problems with ocean engineering constructions and exploitation of marine resources.
There are many feasible methods available for coring and cutting along different directions with regard to specimen preparations of stratified rocks and clays as they possess self-stabilizing abilities (Deng et al., 2018). Figure 1 illustrates the typical coring orientations of inclined specimens, in which the angle values are determined on the basis of the deposition surface and end face; these allow subsequent study of the effects of the sedimentation direction on the mechanical properties of the material. Diyuan et al. (2012) found that the triaxial compressive strengths of transversely laminated rock specimens were higher than those of longitudinally laminated rock specimens under identical circumferential pressure conditions. Ghazvinian et al. (2013) studied the shear characteristics of greenschists with different bedding angles under different loading directions through the oblique shear test; they found that the shear strength and failure mechanism of the specimen were affected by the laminar inclination angle and loading direction. Jia et al. (2013) conducted simple shear and triaxial tests and concluded that the strength of the layered shale first decreased and then increased with increase in the bedding plane dip angle. Deng et al. (2018) studied the bedding effects of sandstones on their mechanical characteristics and failure models; they concluded that the bedding angle of the sandstone dominates its strength, apparent cohesion, internal friction angle, and failure model. Yuan and Yang (1996) and Salager et al. (2013) studied the mechanical behaviors of clay for depositional dips of 0°, 45°, and 90°. Their results show that specimens with 0° depositional dip exhibit great stretchability, specimens with 90° depositional dip have higher stiffness values, and specimens with 45° depositional dip have the lowest strengths. Wichtmann and Triantafyllidis (2018) analyzed the effects of the stratification planes on the mechanical behaviors of kaolin clays and noted that specimens that are cut horizontally have greater dilatancies and higher strengths.
[image: Figure 1]FIGURE 1 | Diagram showing the cutting directions of the inclined specimens (Deng et al., 2018).
The sand specimens in the laboratory tests were mostly made from remolded samples as they cannot stabilize by themselves owing to low cohesion. The common methods used to prepare the sand specimens can be categorized as follows: vibration, compaction, ramming, and sand rain (Ministry of Housing and Urban Rural Development of the People’s Republic of China). The sand rain method used to prepare the sand specimens depends mainly on the gravity of the sand particles, which further influences the horizontal depositional surface. To prepare sand specimens with inclined depositional surfaces, the preparation mold was placed inside a specimen-making mold to achieve a specific angle ζ (Figure 2). Thereafter, the sand particles were sprinkled over the specimen-making mold in accordance with the guidelines of the sand rain method. Thus, sand specimens with inclined depositional angles of ζ were obtained. Guo (2008), Tong et al. (2014), and Afzali-Nejad et al. (2018) obtained different internal friction angles and dilatancy angles against the dip angles through direct shearing tests on the sand specimens with inclined depositional angles. Based on a series of laboratory triaxial tests on sand specimens with inclined depositional angles, various researchers (Lam and Tatsuoka, 1988; Tang et al., 2021; Zamanian et al., 2020, 2021) found that sand has significant anisotropy and that its shear strength tends to decrease with increase in ζ. Rodriguez and Lade (2013) performed true triaxial tests on sand specimens with inclined depositional angles and showed that the inclined angles and intermediate principal stress parameter have significant effects on the deformation and strength characteristics of anisotropic sands.
[image: Figure 2]FIGURE 2 | Diagram showing the inclined sand rain method.
Only the effects of the depositional direction on the behavior of sand were accounted for in the aforementioned studies, while the loading direction was maintained constant during testing. However, it has been widely reported in literature that marine environmental loads, such as wave loads and earthquakes, result in obvious rotation of the principal stress axis (Zhu et al., 2020; Zamanian and Jafarzadeh, 2020; Chaudhary et al., 2002). This has significant effects on the mechanical characteristics of geotechnical materials, such as their strength, deformation, and pore pressure (Tong et al., 2021; Zdravković and Jardine, 2001; Sivathayalan and Vaid, 2011). Accordingly, a new testing method must be developed to study the mechanical behaviors of inclined sedimentary sands under the principal stress rotation. To address this gap, we developed a specimen preparation method for hollow cylindrical tests of sand samples with inclined sedimentary surfaces based on the principle of the hollow cylindrical torsional shear instrument; accordingly, reshaped calcareous sand specimens can be prepared in the laboratory for monotonic and cyclic loading tests of samples with inclined sedimentary surfaces. The main feature of this method is that it enables study of the static and dynamic mechanical behaviors of calcareous sands with inclined sedimentary surfaces even when the stress loading direction changes.
2 HOLLOW CYLINDRICAL TORSIONAL SHEAR APPARATUS
2.1 Introduction of the instrument
The hollow cylindrical torsional shear apparatus (HCA) is an ideal instrument for studying the soil mechanical behaviors under the principal stress rotation condition and is especially appropriate for the static and quasistatic cases. The apparatus used in this study is the GDS HCA, as shown in Figure 3, which includes the pressure chamber, axial torsional loading control system, external pressure controller, internal pressure controller, back pressure controller, and data control and collection system. The apparatus can exert a maximum axial force of 10 kN with an accuracy of 0.01 kN, has a measuring range of axial displacements between −20 mm and 60 mm with an accuracy of 0.001 mm, apply a maximum torque of 100 Nm with an accuracy of 0.1 Nm, and has an unlimited torsion angle with an accuracy of 0.1°.
[image: Figure 3]FIGURE 3 | Photograph of the GDS hollow cylindrical torsional shear test system.
2.2 Loading laws
The HCA system was used to prepare the sand specimen with the stress state shown in Figure 4 by exerting an axial load W, a torsional load MT, an internal pressure [image: image], and an external pressure [image: image]. Accordingly, the sand element is subjected to an axial stress [image: image], a radial stress [image: image], a circumferential stress [image: image], and a shear stress [image: image] in the polar coordinate system, which render a maximum principal stress of [image: image] and minor principal stress of [image: image] deflecting around the middle principal stress of [image: image] (Liu et al., 2005; Yang et al., 2006; Dong et al., 2017). Thus, by applying [image: image], [image: image], [image: image], and [image: image] to the soil element in the cylindrical system, we can realize maximum and minor principal stress rotations around the middle principal stress in the principal stress coordinate system.
[image: Figure 4]FIGURE 4 | Stress state of the hollow cylindrical specimen.
3 PREPARATION OF THE SOIL SPECIMEN
3.1 Principle of specimen preparation
The resultant forces on the sand particles determine the casting and deposition directions during sand rain preparation. The gravitational force causes the sand particles to fall vertically to form a horizontal sedimentary surface that is always parallel to the secondary principal stress direction; this means that the stress state of the specimen rotates only around the secondary principal stress axis. With reference to the methods used to prepare the rock and clay specimens, rotation of the stress state around the secondary principal stress axis can be realized using specimens with directional deposition surfaces. To better analyze the obtained data, the slope angle of the specimen’s sedimentary surface must be independent of the stress rotational angle. Considering that the radial stress direction is fixed during the loading of the hollow cylindrical torsional shear test, a viable method would be to prepare a sand specimen with an inclined sedimentary surface first and then ensure that the stress rotates about the radial direction using the torsional shearing apparatus. Thus, we can control the stress direction from two aspects, i.e., the specimen and the stress.
To prepare sand specimens with specific sedimentary surfaces, it is necessary to control the resultant forces of the particles along the radial oblique inward or outward direction during specimen preparation. Considering that gravity is an objective force in the downward direction, an inclined resultant force can be obtained by exerting a horizontal force on the sand particles. Moreover, the centrifugal force has a horizontal, controllable, and radially symmetric nature. Accordingly, we developed a special specimen preparation system capable of producing sand specimens with specific inclined sedimentary surfaces by rotating the hollow cylindrical specimen-making mold at high speeds to generate centrifugal forces (Dong et al., 2022).
3.2 Method for preparing the sand specimen
As shown in Figure 5, the sand particles are subjected to the vertical gravitational force G and horizontal centrifugal force F during sprinkling:
[image: image]
[image: image]
where m is the mass, g is the gravitational acceleration, r is the rotating radius, and ω is the angular velocity. Then, the intersection angle [image: image] between the resultant and gravitational forces is given by
[image: image]
[image: Figure 5]FIGURE 5 | Specimen preparation principle for the inclined hollow cylindrical sand specimen.
where ω is governed as
[image: image]
Considering that
[image: image]
the rotational speed is obtained as
[image: image]
where [image: image] is the angle of rotation around the third principal stress.
The relationship between rotational speed and inclination angle α3 can be determined by Equations 1–6. Among them, the average radius r = 40 mm (inner and outer radii of the specimen are 30 mm and 50 mm, respectively) is used to calculate the rotational speed for convenience. Table 1 shows the parameters for the inclined specimen. It is seen that the sedimentary dip increases linearly with the rotational speed. For n = 0 r/min, [image: image] = 0°. When the rotational speed is 149.55 r/min, i.e., when the corresponding sedimentary dip is equal to 45°, the sensitivity of the sedimentary dip to the rotational speed tends to decrease. Owing to the presence of trigonometric functions in both equations, the sedimentary angle can only approach 90° but never reach 90° as the rotational speed increases continuously.
TABLE 1 | Parameters used in the preparation of the inclined specimens.
[image: Table 1]3.3 Effectiveness and reproducibility of sample preparation
To verify the effectiveness and reproducibility of the sampling method in this paper, a series of mixed samples of quicklime and colored sand were prepared. Figure 6 shows some cross sections of samples with a deposition direction of [image: image] = 45°, and it is seen that the inclinations of the deposition surfaces of the two specimens are nearly 45°, with the maximum difference in angle being 2°. This shows that the proposed sampling method can help realize the preparation of specimens with inclined sedimentary surfaces. In addition, the prepared specimens are inevitably sorted owing to the influences of particle quality and horizontal distance. Overall, the proposed method has good sampling effectiveness and high reproducibility.
[image: Figure 6]FIGURE 6 | Cross sections showing sand rain samples for the deposition direction [image: image] = 45°.
4 TESTING METHOD AND RESULTS
4.1 Testing method
The calcareous sand used in this study was sourced from the Philippines and was crushed artificially. The particle grading curve of the artificially crushed calcareous sand (ACCS) is shown in Figure 7, which indicates that the particle sizes of the crushed sand are relatively uniform between 0.1 mm and 1 mm. The basic physical properties of the ACCS were measured and are shown in Table 2. The specific gravity of the sand was 2.75, and the maximum and minimum dry densities were 1.519 and 1.325 g/mm3 that allowed the maximum and minimum pore ratios to be calculated as 1.08 and 0.81, respectively. Moreover, the ACCS has a coefficient of uniformity of 2.54, curvature coefficient of 1.03, and mean particle size of 0.42.
[image: Figure 7]FIGURE 7 | Particle gradation curve of the artificially crushed calcareous sand (ACCS).
TABLE 2 | Physical property parameters of the ACCS.
[image: Table 2]Because of the friable nature of calcareous sand, it is necessary that the new sampling method considers the problem of particle crushing during the sampling process. In fact, crushing of calcareous sand particles requires a critical crushing pressure that is greater than the particle strength of the sample itself. During the sample preparation process, only centrifugal and gravitational forces act on the calcareous sand particles, that is, there is no strong load during the sample preparation process. Moreover, particle breakage was not observed during the entire sample preparation process, so the particle crushing problem can be ignored. The prepared specimen of ACCS is shown in Figure 8. The vibration method was used to control the relative density [image: image], but as the sample-making mold is constantly rotating during sample preparation, we can only control the relative density [image: image] to between 50% and 65%. As shown in Table 3, the relative density [image: image] was about 51% for the monotonic experiment and 64% for the pure principal stress rotation test. The relative compactness of specimens with different deposition surface inclinations varies slightly owing to the rotational speed, vibration, and eccentricity of the instrument, as well as the rubber membrane adhering to the wall. However, the differences in relative density [image: image] among different specimens are within 5% and differences in mass are within 10g considering the maximum and minimum dry densities of the calcareous sand used in this paper. Therefore, good control of the relative density [image: image] can be realized, which also shows that the experiment is repeatable.
[image: Figure 8]FIGURE 8 | Prepared specimen using ACCS.
TABLE 3 | Details of the undrained shearing tests.
[image: Table 3]Saturation and consolidation were started immediately after installing the sample in the pressure chamber. The first step in the saturation process is to pass carbon dioxide (CO2) through the specimen and then through the airless water to replace any air in the specimen. Thus, the sand reached full saturation at an effective pressure of 20 kPa and a back pressure of 200 kPa. The tested Skempton B parameters were all greater than 0.95. Next, the specimens were consolidated to an effective stress of 50 kPa and monotonic loading tests were performed using isotropic consolidation. However, the pure principal stress rotation test requires the bias stress q to be loaded to a certain value before anisotropic consolidation is carried out under the condition of this q certain value.
Considering that inclined calcareous sands are usually under the influences of buildings or wave loads, two stress paths are designed in this paper, namely monotonic loading and pure principal stress rotation. Both these tests were performed under undrained conditions, and all tests were conducted at an effective confining pressure of [image: image] = 50 kPa. The coefficient of the middle principal stress b is [image: image] in the tests so that the inner pressure of the specimen is equal to its outer pressure. Initially, seven sets of monotonic loading tests (M-series) were conducted with a loading rate of q = 3 kPa/min for different deposition directions [image: image] and principal stress directions [image: image], where [image: image] and [image: image] were set to 0°, 15°, 30°, and 45°. Thereafter, pure principal stress rotation tests (R-series) were performed on the specimens with deposition directions [image: image] of 0°, 15°, 30°, and 45° with the cyclic stress ratio (CSR) [image: image] = 0.9 and frequency f = 1 Hz. The details of these tests are listed in Table 3.
4.2 Monotonic loading test results
Figure 9 shows the monotonic responses of calcareous sand for various principal stress directions [image: image] and deposition directions [image: image]. The effective stress paths are plotted in the deviatoric stress q versus effective confining pressure p′ coordinate system, and it can be seen that the calcareous sand always exhibits shear dilatancy when the principal stress direction [image: image] coincides with the deposition direction [image: image] ([image: image] = 0°, [image: image] = 0°). Although there is no phase transition, the effective stress path exhibits a turn similar to the phase transition phenomenon (marked with the black circles in Figure 9), which will continue to be referred to as the phase transition point in this paper. As [image: image] deviates from [image: image] (i.e., when [image: image] is 0° and [image: image] varies from 0° to 45°), the phase transition point in the effective stress path gradually shifts to the left. The phase transition then occurs at [image: image] = 45°, and the calcareous sand specimen is under not only shear expansion but also shear shrinkage followed by shear dilatancy. Consequently, the shear dilatancy property of the calcareous sand is weakened with increasing [image: image] while the shear shrinkage property is enhanced. In contrast, under the condition of changing [image: image] (i.e., when [image: image] = 0° and [image: image] varies from 0° to 45°), there is no significant change in the shear dilatancy of calcareous sand at [image: image] = 50 kPa. In addition, the phase transition points are labeled in the excess pore pressure and stress–strain curves. It is found that the excess pore pressure [image: image] at the phase transition point changes from negative to positive with increasing [image: image], while changes in [image: image] have no effect on it, which verifies the relationships of the shear dilatancy property of calcareous sand to the principal stress direction [image: image] and deposition direction [image: image]. It is also observed from the stress–strain curve that the generalized shear strain [image: image] at phase transition is less than 0.5%, and that the stress ratios [image: image] are essentially around 1.0 except for [image: image] = 45°.
[image: Figure 9]FIGURE 9 | The monotonic loading test results of specimens with different stress directions α2=0-45° and deposition directions α3=0-45°.
In most cases, the stress ratio [image: image] increases and then decreases with increases in the generalized shear strain [image: image], and the calcareous sand specimens exhibit strain hardening. However, at [image: image] = 45°, the stress ratio [image: image] initially increases to the peak point and remains steady; it is then followed by a steep decrease and finally stabilizes again. The peak stress ratios [image: image] of each test are labeled in Figure 9, where the stress ratio before the steep drop is taken as [image: image] for tests with [image: image] = 45°. It is observed that [image: image] decreases with increasing [image: image], in contrast to [image: image] that increases with increasing [image: image]. The [image: image] of specimens with different [image: image] corresponded to [image: image] in the range of 6%–7% and those with different [image: image] have [image: image] in the range of 4%–7%. Moreover, the specimen strength q corresponding to [image: image] decreases while the excess pore pressure [image: image] increases with increase in [image: image]. However, there are no obvious patterns of q and [image: image] corresponding to [image: image] under different [image: image]. Notably, the [image: image] values for different [image: image] are oriented in a straight line in the q-p′ graph and are distributed in the effective stress path with [image: image] = 0°.
A comprehensive comparison of the test results reveals that the strain of the calcareous sand specimen develops at an accelerated rate after phase transformation. In addition to strain development, the pore pressure dissipates rapidly, but there are differences in the pore pressure dissipation rates under different principal stress directions [image: image] and deposition directions [image: image]. Furthermore, once the stress ratio reaches the peak point, the strain development is accelerated further, and the specimen is destroyed in a short period of time thereafter. However, the pore pressure dissipation rate slows and tends to a certain value. The final excess pore pressure value varies depending on the principal stress direction [image: image] but not on the deposition direction [image: image]. More importantly, the stronger the shear dilatancy, the higher is the strength and smaller is the strain produced at the same deviatoric stress q. Therefore, it can be reasonably assumed that the principal stress direction [image: image] and deposition direction [image: image] affect the shear dilatancy property of calcareous sand and also its mechanical properties by influencing the particle arrangement. Among these, the deposition direction [image: image] determines the initial particle arrangement while the principal stress direction [image: image] determines the particle movement law during the shear process.
4.3 Pure principal stress rotation test results
A series of undrained pure principal stress rotation tests were conducted on calcareous sand specimens with deposition directions [image: image] of 0°, 15°, 30°, and 45°. The effects of the inherent anisotropy on the cyclic properties of calcareous sand were investigated from the perspectives of strain, pore pressure, and shear stress–strain relationship. Figure 10 illustrates the relationship curves between the strain components and number of cycles N (for the first 1,000 cycles) for specimens with different [image: image] when the compressive strain is positive. Figure 10A demonstrates the effects of the deposition direction [image: image] on the developmental pattern of the axial strain [image: image], which is dominated by compression. Because the CSR is large ([image: image] = 0.9), the specimen does not exhibit full elasticity and instead shows plastic accumulation. The [image: image] develops rapidly to about 1% in the early stage of cycling (first 20 cycles), and the strain development rate slows as N increases. The radial strain [image: image] and circumferential strain [image: image] are expansive and develop in similar patterns to that of axial strain [image: image]. It is noteworthy that the magnitudes of [image: image] and [image: image] are about half of that of [image: image], where [image: image] is slightly larger than [image: image]. Moreover, strain development is dependent on [image: image]. When the CSR is fixed, as [image: image] increases, the strain in the calcareous sand decreases for the same number of cycles (except at [image: image] = 45°). This suggests that an appropriate deposition angle is helpful for improving the stability of calcareous sand.
[image: Figure 10]FIGURE 10 | Strain components of specimens with different deposition directions α3=0-45°.10 (A): Axial strain εz.10 (B):Radial strain εr.10 (C): Circumferential strain εθ.
Figure 11 shows the development pattern of the excess pore pressure [image: image] for different [image: image] under the pure principal stress rotation conditions. Similar to strain development, the excess pore pressure [image: image] accumulates rapidly over the first 20 cycles. It is worth noting that there are peaks in the excess pore pressure [image: image] curves at [image: image] = 0° and 15°, i.e., [image: image] first accumulates to a maximum value and then decreases gradually, whereas there are no peaks at [image: image] = 30° and 45°. Among these, the peak [image: image] is 30 kPa when [image: image] = 0° and 23 kPa when [image: image] = 15°. After 100 cycles, all tests enter the stable fluctuation stage; however, regardless of the changes in [image: image], [image: image] fluctuated in the vicinity of 20 kPa at the final stabilization stage, with a fluctuation amplitude of 2 kPa. The fluctuation magnitude of [image: image] decreases gradually with increasing [image: image] in the early stage, and [image: image] has no effect on [image: image] in the later stage of cycling.
[image: Figure 11]FIGURE 11 | Excess pore pressures of specimens with different deposition directions.
Figure 12 presents the shear stress–strain relationship for different [image: image]. It can be observed that the shear stress–strain curves for different [image: image] develop with the same patterns under dynamic loading and show hysteresis characteristics; the hysteresis loop moves to the left as the number of cycles increases. However, the moving speed of the loops decreases gradually for values other than [image: image] = 0° but increases and then decreases at [image: image] = 0°. After about 20 cycles, the hysteresis loops are close to overlapping with each other and become invisible due to overcrowding. It is demonstrated that under a small confining pressure (50 kPa) and large CSR (0.9), the anisotropic consolidated specimen produces a greater shear deformation at the beginning of the cycle, after which it enters the plastic creep state. In addition, the shear strain in the plastic creep stage decreases gradually with increasing [image: image]. This implies that [image: image] has an important effect on the deformation resistance of calcareous sand under pure principal stress rotation.
[image: Figure 12]FIGURE 12 | Shear stress–strain relationship of specimens with different deposition directions.
To better observe the effects of the number of cycles and [image: image] on the hysteresis loop, the hysteresis loops for N = 1, 10, 100, and 1,000 are plotted individually, as shown in Figure 13. In the first cycle, the hysteresis loop is not closed, which means that the specimen has developed plastic deformation. As the number of cycles increases, the degree of opening of the hysteresis loop decreases gradually, and the specimen shows mainly viscoelastic deformation within one cycle. Furthermore, the number of cycles required for the specimen to produce the same shear strain increase exponentially. More importantly, with the increase in the number of cycles, the slope of the hysteresis loop (dynamic shear modulus) decreases first and then increases, while the area (damping ratio) increases first and then decreases. The stiffness values of the specimens does not decay further but increases slightly. The slope increases gradually and the area decreases with increasing [image: image] for the same number of cycles. When the number of cycles is 1,000, the specimens with different [image: image] values have approximate slopes and areas. It is thus shown that the hysteresis loop is not affected by [image: image] and number of cycles during the plastic creep phase.
[image: Figure 13]FIGURE 13 | Hysteresis loops of specimens with different deposition directions.
As mentioned above, under larger CSR values (0.9), the calcareous sand strains develop rapidly in the precyclic phase, inducing excess pore pressure accumulation, which further affects the dynamic shear modulus and damping ratio. Owing to anisotropic consolidation, the calcareous sand enters the plastic creep state and stabilization of the dynamic properties in the later stages of the experiment. The deposition direction [image: image] also affects the dynamic properties of calcareous sand in the early stages, and the particle orientation is an intrinsic factor. The more the particle orientation tends to be horizontal, the less are the intergranular contact and friction during cyclic loading, which lead to lower overall stiffness and stability of the calcareous sand specimens. However, when the specimen enters the plastic creep state, the initial particle arrangement is destroyed and the particle orientation tends to be isotropic, resulting in similar dynamic properties.
5 CONCLUSION
Based on the proposed method of preparing sand specimens and the principle of the specimen loading equipment, a new device was developed to prepare hollow cylindrical specimens of inclined sand. Hollow cylindrical calcareous sand specimens with rotating sedimentary surfaces about the radial orientation were prepared by controlling the direction of the resultant forces of particles in the sand rain method. The relationship between the centrifugal and gravitational forces was derived to quantitatively control the deposition direction of the hollow cylindrical specimen. The inclined sedimentary dip of the sand specimen can be quantitatively controlled through the rotational speed of the equipment, which lays the foundation for the corresponding tests.
Monotonic shear tests were carried out on the calcareous sand specimens under different principal stress directions [image: image] and deposition directions [image: image]. It was found that the shear dilatancy property of calcareous sand was mainly affected by the principal stress direction [image: image]. The peak stress ratio was closely related to both the principal stress direction [image: image] and deposition direction [image: image]. Pure principal stress rotation tests showed that the dynamic properties like strain, excess pore pressure, and shear stress–strain relationship were dependent on the deposition direction [image: image]. In particular, the strain, excess pore pressure, and damping ratio decrease with increase in [image: image] in the early stage, while the dynamic shear modulus increases. However, the specimen enters the plastic creep stage during the later stage, where the excess pore pressure and hysteresis loop characteristics become consistent and independent of the deposition direction [image: image]. Generally, the deposition direction [image: image] changes the orientations of the particles in the specimen, i.e., the inherent anisotropy varies, which further affects the static and dynamic properties of calcareous sand.
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