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Introduction: To explore the influence of seismic disturbance and saturation on the mechanical properties of phosphate rock, the paper divided phosphorus rock into natural group, water-saturated Group and “earthquake and water-saturated” group.
Methods: Fatigue loading and conventional triaxial compression tests were carried out to study the physical characteristics, degeneration characteristics, strength characteristics and failure characteristics of the samples.
Results: The conclusions are as follows: The average wave velocity of samples of water-saturated group and “earthquake and saturation” group is 29.7% and 52.9% lower than that in natural group, respectively, and the average peak strength under various confining pressure conditions is 32.2% and 48.3% lower than that in natural group, respectively, indicating that both seismic stress loading and saturation have deterioration effects on the samples.
Discussion: Compared with natural group and watersaturated group, after simulated seismic stress loading, the stress-strain curve of “earthquake and water-saturated” group shakes obviously after the peak, and the steps appear frequently, showing obvious plastic characteristics. Due to the different deterioration degree of the samples, the samples of the natural group were in the overall state of compression during the triaxial test, while the samples of the water-saturated group were compressed before failure and expanded after failure. The sample of earthquake and water-saturated group is in the whole state of expansion. The failure characteristics of natural samples and water-saturated samples are shear or shear failure. The shear plane starts from the edge of sample end face and presents typical diagonal shear failure. The failure characteristics of “earthquake and water-saturated” group samples are heavy shear and through failure. There are several fracture zones extending inward from the end of the sample, resulting in obvious transverse expansion.
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1 INTRODUCTION
The Yunnan phosphate mine is situated in close proximity to the Xiaojiang fault zone, known for its frequent and persistent seismic activity, with nearly 70 recorded felt earthquakes and destructive seismic events dating back to 1500. These earthquakes have resulted in varying degrees of structural damage and casualties. Additionally, the Yunnan phosphate mine is characterized by abundant underground water, often resulting in water inflow during tunneling, leading to saturation and waterlogging of the rock mass. This saturation further deteriorates the mechanical properties of the rock mass and poses challenges for tunneling and support. Therefore, investigating the patterns of seismic stress disturbance and mechanical characteristics of phosphorite rock under saturated conditions is of significant importance.
The influence of water saturation on the mechanical properties of rocks has been widely studied in seismology and geology. Rocks saturated with water have higher porosity and permeability due to the presence of a large amount of water. Water content significantly affects the strength, deformation, and fracturing properties of rocks (Zhu et al, 2022). Many scholars at home and abroad have conducted extensive research on this topic. Zheng et al (2017) conducted dynamic and static compression tests on red sandstone under four different water saturation levels, based on a φ100 mm Split Hopkinson Pressure Bar test platform and a hydraulic servo testing machine. The study investigated the influence of water saturation on rock strength, peak strain, peak modulus, and strain rate effect. The results show that there is a critical value of the influence of saturation degree on rock strength. When saturation degree is less than the critical value, the strength decreases linearly with the increase of saturation degree. Liu et al (2022) studied the influence of water saturation on the mechanical properties of rocks in the red bed area. They conducted water absorption rate determination, Brazilian split, uniaxial and triaxial compression tests on sandstone, mudstone, and shale, and found that the Poisson’s ratio of the three types of rocks increased to a certain extent after saturation, and the radial deformation was more sensitive than the axial deformation, with more significant volumetric expansion. After saturation, the tensile strength, uniaxial and triaxial compressive strength of rocks showed varying degrees of attenuation. Luo et al (2022) studied the influence of saturation time on the mechanical behavior and acoustic emission characteristics of clay mineral-containing rocks, and conducted uniaxial compression and acoustic emission tests on montmorillonite-containing sandstone under dry, saturated, and different immersion time conditions. Wang et al (2001) studied the influence of water saturation on rock mechanical parameters by using artificial rock samples, and conducted experimental research on the changes in elastic modulus, Poisson’s ratio, compressive strength, and other parameters of formations with varying water saturation. The study showed that with the increase of water saturation, the elastic modulus decreases, and the variation of Poisson’s ratio is not very obvious, while the tensile strength decreases. Li H. et al. (2023) conducted research on the influence of water on the mechanical properties of rock materials by pre-treating sandstone with different numbers of wet-dry cycles (0–15 cycles). The pore characteristics of the sandstone were characterized using Low-Field Nuclear Magnetic Resonance and Scanning Electron Microscopy methods. Li et al (2012) studied the effects of moisture content and anisotropy on the strength and deformability of two types of metamorphic sedimentary rocks using triaxial compression tests. The experimental research showed that the anisotropy related to bedding planes weakened the triaxial compressive strength of both types of rocks, with a more severe effect observed in fine-grained sandstone. Caselle et al (2022) conducted experiments on nominally dry, oil-saturated, and water-saturated samples to quantify the weakening effect of water on the gypsum phase in Monferrato (Italy). Uniaxial and conventional triaxial tests showed that gypsum exhibited significant weakening due to water, but the weakening effect was not significantly higher compared to other rocks when water-saturated.
The influence of seismic stress on rock mechanical properties is also a research hotspot. Under seismic action, the stress experienced by rocks changes dramatically from static stress to dynamic stress, which significantly affects the strength, fracture, and deformation characteristics of rocks (Du et al., 2021; Du et al., 2020; Liu Y. et al., 2022; Liu et al., 2023a; Liu et al., 2023b). The deformation and fracturing behavior of rocks under seismic stress exhibit nonlinear and dynamic properties, thus affecting the propagation velocity, amplitude, and frequency of seismic waves (Wang et al., 2022a). Zhao et al. (2021) conducted experimental studies on the damage and fracture process of sandstone under different upper and lower limit stress ratios. The results showed that under fatigue loading, the hysteresis loop in the damage-failure curve of rocks evolves in a ‘loose-dense-loose’ pattern, and the crack development curve shows an upward convex shape with deceleration at the initial stage of loading, followed by stable development, and finally a downward convex shape with accelerated rise until failure, exhibiting an overall stepped growth pattern. Xi et al (2001) conducted fatigue loading experiments on sandstone using MTS to study the influence of fatigue load on rock physical and mechanical properties. It was found that Saturated granite exhibited significant stress amplitude effect and frequency effect, as well as anisotropy, with stress amplitude having a greater influence on granite properties than frequency. Sui et al (2020) used the discrete element method to establish a true triaxial numerical model of rock cores to study the issue of fatigue damage to rocks in gas storage reservoirs during the cyclic injection and production process. The numerical model parameters were calibrated based on indoor experiments, and the effects of cyclic stress on the microscopic structure and mechanical properties of rocks were investigated. Li Z. et al. (2023b) conducted uniaxial and triaxial gradient creep fatigue tests on rock salt under representative conditions, combined with actual gas pressure during compressed air energy storage (CAES) facility operation, and analyzed the mechanical properties and acoustic emission characteristics of rock salt. Liu Z. et al. (2022b) performed multi-axial multi-stage cyclic loading and unloading tests to investigate the influence of unloading rate on deformation behavior, energy evolution, and damage characteristics of rock-like materials. Wang et al (2022b) conducted multi-stage intermittent cyclic loading tests on red sandstone with pre-existing cracks at different angles and found that during the initial stage of loading, deformation parameters increased first and then stabilized, while plastic strain accumulated rapidly and elastic modulus and deformation modulus decreased as the rock samples approached failure. The fatigue damage exhibited a characteristic of initial deceleration, followed by stable accumulation, and finally accelerated development.
Although the influence of saturation and seismic stress on the mechanical properties of rocks has been widely studied, there are still many unresolved issues. Firstly, there may be differences in the mechanical response of rocks under seismic stress in different rock types and saturation states, which require further in-depth research on the changes in rock mechanical properties under different conditions. Secondly, the coupling effects of saturation and seismic stress on rock mechanical properties are not yet clear and need to be further explored through comprehensive experiments and numerical simulations. In addition, in practical engineering applications, how to reasonably consider the influence of saturation and seismic stress on rock mechanical properties and apply them to rock engineering design and construction needs further research and exploration. Therefore, taking the phosphate rock strata in Yunnan Province as an example, this study processed the samples into three groups: Natural group, Water-saturated group, and “earthquake and water-saturated” group, and conducted in-depth research on the mechanical properties of the samples through triaxial compression tests, fatigue loading tests, ultrasonic wave tests, and other methods. Based on this, the variation patterns of rock mass mechanical characteristics under seismic stress disturbance and saturation conditions were explored, aiming to provide theoretical references for the stability research of water-rich tunnels under stress disturbance.
2 SAMPLE AND METHODS
2.1 Specimen preparation
Yunnan Phosphate Mines, located in Yunnan Province, China, is a rich phosphate resource production area (Figure 1), mainly including phosphorite, phosphorite rock, and phosphorus iron ore. Its phosphate ore reserves rank first in China, with approximately 9 billion tons, accounting for over 70% of China’s total phosphate ore reserves. The development and utilization of phosphate resources are mainly focused on the agricultural production sector, playing an important supporting role in Chinese and global agricultural production. At the same time, Yunnan Phosphate Mines have also achieved a series of achievements in technological innovation and environmental protection, realizing the transformation and upgrading from traditional mines to modern mines. In the future, Yunnan Phosphate Mines have broad prospects for development. With increasing population and growing demand for global agricultural production, phosphate fertilizer, as an essential nutrient for farmland, will continue to have high demand. (Xiao et al, 2022; Zhang et al, 2022).
[image: Figure 1]FIGURE 1 | Scope of Yunnan phosphorus miner area.
The rock sample in this paper is taken from the phosphorus block rock in the upper layer of phosphate mine roadway in Yunnan. The selected rock sample was cut and polished to make a standard cylindrical sample with diameter of 50 mm and height of 100 mm. Meanwhile, in order to avoid the influence of the end friction effect on the test, the flatness of the end face was controlled within 0.02 mm, the surface of the specimen was smooth without obvious joints and cracks, and the cylindrical specimen was manufactured in strict accordance with the standards of the International Society of Rock Mechanics, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Sample.
2.2 Testing device

1) Ultrasound Testing Device.The longitudinal wave velocity was carried out by the UTA-2000A intelligent ultra-sonic monitor (as shown in Figure 3A). The sampling frequency is 10 MHz; sensor frequency is 35 kHz, ac-curacy is 0.1 µs, and Vaseline cream as coupling agent is used between the sample and sensors.Measure the travel time t of the sound wave, and calculate the wave velocity v, of the rock ultrasonic wave according to the following formula:
[image: image]
where, [image: image], is longitudinal wave velocity, m/s; L is sample length, m; and [image: image] is wave’s travel time, [image: image].
2) Fatigue loading test and triaxial compression test were carried out on a QKX-YD-1000 electro-hydraulic servo rock dynamic fatigue test machine, which was produced by Qingdao Qiankunxing Intelligent Technology Co., Ltd., Qingdao, Shandong Province. As shown in Figures 3B, C. The maximum axial load of the system is 800 kN, the maximum loading speed is 800 mm/min, the fatigue frequency range is 0.5–50 Hz, and the maximum displacement is 50 mm (Wang, 2021).
[image: Figure 3]FIGURE 3 | Testing device. (A) UTA 2001A ultrasonic inspection monitor. (B) QKX-YD-1000 electro-hydraulic servo rock dynamic fatigue test machine. (C) Test schematic diagram.
2.3 Test methods

1) Grouping: The specimens are divided into three groups, labeled as Group A, Group B, and Group C, with 8 specimens in each group. Group A specimens undergo no treatment and are labeled as the natural group. Group B specimens are subjected to forced saturation in a vacuum saturation apparatus, and then sealed with plastic wrap, labeled as the saturated group. Group C specimens are first subjected to seismic wave simulation disturbance, and then subjected to forced saturation in a vacuum saturation apparatus, labeled as the post-seismic saturated group.
2) Measurement of physical properties: Calipers and an electronic balance are used to measure the dimensions and mass of the specimens, and calculate the density. The UTA-2000A Intelligent Ultrasonic Monitoring Instrument (Figure 3A) is used to conduct ultrasonic testing on the specimens. Based on the density and ultrasonic testing results, homogeneous specimens (density and wave velocity are both similar) are selected for further testing.
3) Fatigue loading test: Disturbance of seismic stress is applied to Group C specimens to simulate seismic loading. As seismic stress typically has a large initial amplitude and low frequency, followed by small amplitude and high frequency, a disturbance scheme with a reference of 0.5σc is developed as shown in Figure 4 (Fu, 2020; Pan et al, 2022). It is found through experiments that the uniaxial strength of the specimens used in this study is 92.4 MPa. As shown in Figure 4, the axial stress of the specimens is first loaded to 86 MPa, and then subjected to fatigue loading. The fatigue loading parameters are:
[image: image]
where, A represents the loading amplitude, and f represents the loading frequency.
4) Conventional triaxial tests: Conduct conventional triaxial tests on the A, B, and C groups of specimens to measure mechanical parameters such as peak strength (σ1), peak strain (εc), elastic modulus (E), cohesion (c), and angle of internal friction (f). In this experiment, the confining pressure for the three groups of specimens is set at 4, 6, 8, 10, and 12 MPa.
[image: Figure 4]FIGURE 4 | Fatigue loading stress path.
3 TEST RESULTS AND ANALYSIS
3.1 Sample characteristics
When the rock is saturation or loaded, cracks will occur. When the ultrasonic wave encounters cracks and defects in the propagation process, refraction, diffraction and other phenomena will occur. A decrease in waveguide performance and an increase in energy attenuation will lead to a decrease in P-wave velocity. Therefore, the mechanical deterioration characteristics of samples after saturation or loading can be indirectly reflected by ultrasonic testing of samples (Wei, 2020). Figure 5 shows the density and ultrasonic test results of the three groups of samples.
[image: Figure 5]FIGURE 5 | Physical properties. (A) ρ. (B) P-wave velocity.
As can be seen from Figure 5, the average apparent density of 8 natural samples (Group A) is 2.77 g/cm3, and the average longitudinal wave velocity is 3093 m/s. After 48 h of saturation, the average density of 8 samples in Group B was 2.818 g/cm3, and the average P-wave velocity was 2056 m/s, which increased by 1.72% and −29.7% compared with Group A, respectively. After simulated seismic stress loading and water saturation twice, the average density and p-wave velocity of 8 samples in Group C are 2.825 g/cm3 and 1379 m/s, respectively, which are reduced by 2.00% and −52.9% compared with Group A.
It can be seen from the above analysis that the average density of Group C samples under simulated seismic stress loading and saturated water treatment is the highest, and the average P-wave velocity is the lowest. This is because, compared with the natural group, due to the vacuum forced water saturation, water molecules enter the samples and fill the primary cracks and bedding, thus reducing the propagation velocity of longitudinal waves in the samples. The samples of Group C underwent simulated seismic stress loading first, and many new cracks were generated inside the samples. After being saturated with water, more water molecules entered into the samples, resulting in a further increase in the sample density compared with Group B, and a further decrease in the propagation velocity of P-wave. When ultrasonic wave meets water, cracks and defects in the propagation process, it has to undergo refraction and diffraction, and the weakening of waveguide property and the increase of energy attenuation will lead to the decrease of P-wave velocity. Therefore, density and ultrasonic testing of samples can not only eliminate abnormal samples and reduce the influence of rock anisotropy on mechanical test results, but also indirectly reverse simulate the seismic stress and mechanical deterioration characteristics of samples after saturation.
3.2 Deformation characteristics
Figure 6 shows the stress-strain curves of the samples in the conventional triaxial compression test. As can be seen from Figure 6, the variation law of stress-strain curve under conventional triaxial compression of samples of each group roughly went through four stages: compaction, elasticity, yield and failure. 1) Compaction stage. The original pores and cracks in the sample are slowly compressed, and the stress-strain curve is concave. 2) Elastic stage. The stress-strain curve is basically linear and follows Hooke’s law. 3) yield stage. As the axial stress continues to load, the material with low strength inside the sample first enters the yield failure stage, and the increase rate of axial stress decreases gradually. 4) failure stage. When the ultimate strength of the specimen is reached, macroscopic slip occurs along a fracture surface inside the specimen, and the bearing capacity of the specimen decreases rapidly with the increase of deformation.
[image: Figure 6]FIGURE 6 | Stress-strain curve of triaxial compression. (A) Nature group. (B) Water-Saturated group. (C) “Earthquake and water-saturated” group.
Among them, the stress-strain curves of Groups A and B showed good linear characteristics before the peak, with obvious peak points, but less jitter after the peak, showing no obvious plastic characteristics. After simulated seismic stress loading, the samples of Group C show obvious plastic characteristics, and the stress-strain curve jitter obviously after the peak, showing multiple steps, which is the result of crack dislocation and closure.
To further analyze the deformation characteristics of samples in each group, the circumferential strain and volume strain-stress curves of typical samples (σ3=4 MPa) in each group were plotted, as shown in Figure 7. As can be seen from Figure 7, during the loading process, the variation trend of the volume strain of the three groups of samples is quite different, and this difference is mainly determined by the circumferential deformation. At the initial stage of loading, the circumferential strain of Group A was almost zero, and the circumferential deformation did not begin to increase until the end of the elastic stage. After the specimen was broken, the increase rate of circumferential deformation began to increase, but it was still not much faster than the axial deformation at the same period. As a result, although the specimen showed signs of slight expansion within a period of time after the specimen was broken, it still showed a state of continuous compression on the whole.
[image: Figure 7]FIGURE 7 | Axial stress-volume strain curves of typical samples. (A) Nature group. (B) Water-Saturated group. (C) “Earthquake and water-saturated” group.
Sample B is similar to sample A in the initial loading stage, with small circumferential deformation. However, after the fracture of the sample, the annular deformation of Group B samples showed an explosive increase, and the volume of the sample rapidly changed from compression to expansion. After specimen fracture, the axial strain continues to increase, but with the rapid drop of axial stress, under the action of confining pressure, the increase trend of the circumferential strain of the specimen is restrained. The volume variation of the sample tends to be stable.
The deformation of the samples in Group C is significantly different from that in Groups A and B. The mechanical properties of the samples in Group C have deteriorated due to the influence of fatigue stress before loading, resulting in relatively large transverse deformation of the samples in the initial loading stage, and the growth rate of the transverse deformation gradually increases with the extension of time. After the compaction stage, the growth rate of the circumferential strain exceeds the axial deformation. In the elastic stage, the sample has entered the whole expansion stage until the sample cracks.
The above analysis shows that water saturation and fatigue stress loading have great influence on the deformation characteristics of the sample. The samples of the natural group were in the overall state of compression during the experiment, the samples of the water-saturated group were first compressed and then expanded, and the samples of the seismic stress disturbance and then saturated were in the overall state of expansion.
3.3 Strength characteristics
Observe the peak stress of samples in each group in Figure 6. For Group A, the peak strength of sample is 169.9 MPa when the confining pressure is 4 MPa. When the confining pressure is 6, 8, 10, and 12 MPa, the peak strength of each sample increases by 18.7%, 38.1%, 60.9%, and 87.1%, respectively. For the samples of Group B, the peak strength of the samples under the confining pressure of 4 is 91.5 MPa. Compared with that under the confining pressure of 4 MPa, the peak strength of the samples under the confining pressure of 6, 8, 10, and 12 MPa increases by 41.93%, 63.30%, 127.0%, and 154.7%, respectively. For the samples of Group C, the peak strength of the samples at the confining pressure of 4 is 84.17 MPa. Compared with that at the confining pressure of 4 MPa, the peak strength of the samples at the confining pressure of 6, 8, 10 MPa, and 12 MPa increases by 20.7%, 31.1%, 70.7%, and 113.0%, respectively. It can be seen that the peak strength of samples increases gradually with the increase of confining pressure, but the influence of confining pressure on the peak strength of samples varies greatly among all groups.
Meanwhile, the transverse comparison of samples of each group shows that the peak strength of samples of Group A is the largest, and the average peak strength of samples of Groups B and C under various confining pressure conditions is 32.2% and 48.3% lower than that of Group A, respectively, indicating that saturation water and simulated seismic stress loading have obvious deterioration effects on samples. The strength of the sample after seismic stress disturbance is lower, because the long-term fatigue loading promotes the expansion of the primary cracks and the initiation of new cracks in the sample, and the vacuum saturation after fatigue loading promotes the water molecules to enter these new cracks, causing secondary damage to the sample, leading to substantial deterioration of the mechanical properties of the sample.
The peak strength of samples under various confining pressures was plotted, as shown in the figure, from which it can be found that the approximate linear relationship between the two was in line with Coulomb strength criterion. According to Coulomb strength criterion, the maximum shear stress the sample can bear is determined by cohesion and internal friction Angle, which can be expressed as:
[image: image]
where, c is cohesion; [image: image] for internal friction coefficient, and [image: image], φ is the angle of internal friction, [image: image] is the normal stress on the failure surface. If expressed as principal stress, then:
[image: image]
where, σ1 is the peak strength; k and Q are material strength parameters, and the relationship between their value and the strength parameter (c, f) of the material is:
[image: image]
[image: image]
According to Eq. 4, the relationship between peak strength and confining pressure of samples was obtained by regression, as shown in Table 1; Figure 8.
TABLE 1 | Results of triaxial compression test.
[image: Table 1][image: Figure 8]FIGURE 8 | Relationship curve between peak strength and confining pressure of each group of samples under triaxial compression. (A) Nature group. (B) Water-Saturated group. (C) “Earthquake and water-saturated” group.
It can be seen that the influence coefficients of confining pressure of the samples are roughly 9–18.4, and the correlation coefficients are all greater than 0.94, indicating that the peak strength of triaxial compression of the samples of each group has a good correlation with the confining pressure, in line with the Coulomb strength criterion. According to Formula 5, 6, the cohesion and internal friction Angle of each group of samples are obtained, as shown in Table 1.
3.4 Failure characteristics
In order to explore the deterioration of samples caused by saturation water and seismic stress disturbance, CT scanning was performed on typical samples from Groups B and C. Figure 9 shows the failure morphology of samples under triaxial compression (Bohloli et al, 2007; Wood, 2015; Wang et al, 2023). Since the failure patterns of Groups A and B are similar, only the fracture scanning maps of Group B samples are listed to save space.
[image: Figure 9]FIGURE 9 | CT scanning and remapping of sample. (A) Group B. (B) Group C.
As can be seen from Figure 9, the failure characteristics of water-saturated samples are similar to those of traditional natural samples, showing shear failure. The shear plane starts from the edge of the sample end face and presents typical diagonal shear failure, and some powdery failure occurs at the junction of the failure plane and the bottom end face.
The failure characteristics of the samples disturbed by seismic stress are obviously different from those of the traditional samples. There are multiple fracture zones extending inward from the end of the sample, and multiple fracture zones extending inward from the side surface of the sample. From the side view, it can be seen that the sample has obvious transverse expansion, which is consistent with the analysis results of the bulk strain. This is because after the sample of this group experienced seismic stress disturbance, the primary cracks continued to develop and expand, and even produced new cracks. These cracks were saturated by vacuum water, resulting in secondary failure. The internal damage of the sample was significantly increased compared with that of the sample of this group. When triaxial compression test is carried out, it can still produce certain resistance to deformation under confining pressure. When the specimen is broken and the confining pressure is gradually discharged, the specimen will produce heavy shear and penetrating failure due to the fracture penetration, and then appear large transverse deformation.
4 CONCLUSION
In this paper, fatigue loading and conventional triaxial compression tests of natural samples, saturated samples and post-earthquake saturated samples was carried out, and the physical characteristics, degeneration characteristics, strength characteristics and failure characteristics were studied. The conclusions were as follows:
1) The average wave velocity of samples in water-saturated Group and ‘earthquake and water-saturated’ group is 29.7% and 52.9% lower than that in natural group, respectively, and the average peak strength under various confining pressure conditions is 32.2% and 48.3% lower than that in natural group, respectively, indicating that both seismic stress loading and saturation have deterioration effects on samples.
2) Continuous fatigue loading will lead to the expansion of original cracks and the initiation of new cracks in the sample, and a long time of vacuum water saturation will promote water molecules to enter these cracks. As a result, after the simulated seismic stress loading, the stress-strain curve of the “earthquake and water-saturated” group shakes obviously after the peak, and the steps appear frequently, showing obvious plastic characteristics.
3) Due to the different deterioration degrees of the samples, the samples of the natural group were in the overall state of compression during the triaxial test, while the samples of the water-saturated group were compressed before failure and expanded after failure. The sample of “earthquake and water-saturated” group is in the whole state of expansion.
4) The failure characteristics of natural samples and water-saturated samples are shear failure, and the shear plane starts from the edge of sample end face and presents a typical diagonal shear failure. The failure characteristics of “earthquake and water-saturated” samples are heavy shear and through failure. There are several fracture zones extending inward from the end of the sample, resulting in obvious transverse expansion.
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