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In situ stress is a natural phenomenon. According to the Mohr–Coulomb criterion, it is found that when the ratio of principal stress (the ratio of maximum principal stress to minimum principal stress) of crustal rock mass in a certain environment exceeds the critical value, the rock mass will change from an elastic state to a plastic state. This critical value is the extreme limit of the principal stress ratio, which is related to the cohesion and internal friction angle of rock mass, and the limit of the principal stress ratio in the shallow part is discrete. Although the principal stress of deep rock mass is large, the ratio limit is mainly related to the internal friction angle. The calculation results show that the principal stress ratio of deep rock mass is stable in a small range. By comparing and analyzing 574 groups of measured data, it is found that all the measured principal stress ratios are within the limit range of the theoretical ratio, which also shows the characteristics of shallow dispersion and deep stability, indicating that the theoretical analysis and the measured results are consistent with each other. In order to show the change process of in situ stress, a numerical model fitting plate motion is established, and the limits of the principal stress ratio in five periods in the past 500,000 years are compared. The results show that the maximum principal stress at measuring points at different depths shows a change law of “first increasing and then stabilizing.” In areas close to or exceeding the principal stress ratio, high shear strain zones appear in the rock mass, and the stress is released in the form of plastic failure or shear dislocation, making the main stress ratio finally stable between 6.0 and 8.0. Therefore, it is easy to judge the stability of regional strata by using the ratio of principal stress; the area with a small ratio of principal stress belongs to the area with good stability, and when the ratio of principal stress is close to the limit of the ratio, it is an unstable area. The measured data show that the area with a high ratio of principal stress is often the recent seismic activity area; therefore, the ratio of in situ stress may become a possible index for earthquake prediction.
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INTRODUCTION
Mohr–Coulomb criterion has good applicability in judging rock mass damage (Coulomb, 1773). In human engineering activities such as coal mining and dam construction, the engineering rock mass is buried shallow and in a low confining pressure environment. Technicians in the field of mining engineering can use the Mohr–Coulomb criterion to effectively judge the risks of rock mass, such as roof accidents and rock burst accidents (Li et al., 2018; Shi et al., 2020b). These accidents are often caused by the fracture of the rock mass. For shallow rock mass with small confining pressure, we often use the principal stress difference as an index to judge whether the rock mass is damaged, but in a deep high-stress environment, the principal stress difference will become very large and discrete, which is inconvenient for practical application. Deep rock mass activities such as earthquakes and volcanoes will bring disastrous consequences to human society, and we have not yet obtained effective prediction indicators of deep disasters. Coulomb stress is usually used as an index to predict earthquakes, but it describes the increment of in situ stress, which is still the shallow stress value (Wan, 2020), which is not enough to explain the mechanical mechanism of rock mass failure or fault dislocation. Therefore, earthquake prediction is still a worldwide problem (Huang et al., 2017). Therefore, we need to find a discriminant index that can meet both the shallow and the deep. According to the author’s previous research (Shi and Ma, 2018a; Shi et al., 2018b), when the local stress ratio reaches a certain critical value, the crustal rock mass begins to appear as a plastic zone or fault dislocation. In the same region, the limit value of the in situ stress ratio is basically similar, so the purpose of predicting the deep stress state can be achieved by monitoring the change of the shallow stress.
The distribution of crustal stress must follow certain rules. Brown and Hoek obtained the regression equation of in situ stress distribution on the basis of a large number of statistics and gave the general law of in situ stress distribution (Brown and Hoek, 1978). Based on the measured data of 1,780 two-dimensional hydraulic fracturing and stress releases in the Chinese Mainland, Wang Yanhua analyzed the regression relationship between multiple stress parameters and depth (Wang et al., 2012), and Yang Shuxin gave the variation characteristics of the lateral pressure coefficient in the Chinese Mainland with depth: discrete in the shallow, concentrated with the increase of depth (Yang et al., 2012). However, these laws are obtained on the basis of statistics, and their deep-seated mechanical mechanism has not been clarified. Xie Furen and others found through the “world stress diagram” that the direction of the maximum horizontal principal stress in most parts of the world is very consistent with the absolute motion trajectory of the plate, reflecting the close relationship between tectonic stress and plate motion (Xie et al., 2004) but failed to give the relationship between plate motion and stress increase. In fact, there is a limit to the increase of the maximum principal stress of the crustal rock mass, and when the maximum principal stress approaches the limit, the value is usually stable in a small range (Bak et al., 1987; Shi and Ma, 2018a; Shi et al., 2018b). When the ratio of the maximum principal stress to the minimum principal stress reaches the critical state, the failure range of the rock mass may increase exponentially. At this time, small stress variables may lead to sudden large-scale fracture of the rock (Ma et al., 2015; Guo et al., 2016). This feature is of great significance to the study of rock dynamic phenomena such as earthquakes. Taking the limit value of the in situ stress ratio as an index to judge regional stability has a good application prospect, and the in situ stress ratio may become a possible index to predict the occurrence of earthquakes.
THEORETICAL ANALYSIS METHOD
Mohr–Coulomb criterion is the most widely used strength criterion at present. The criterion expresses the mathematical relationship between shear stress and normal stress (Shi et al., 2020c), and yield occurs once the shear stress and normal stress meet the failure criterion. The Mohr–Coulomb yield function expressed by the maximum and minimum principal stress is as follows:
[image: image]
where σ1 and σ3 represent the maximum and minimum principal stresses of rock mass MPa, respectively, and the vertical stress of crustal rock mass is generally γH. γ is the average unit weight of rock mass, and H is the depth. Then, λ is the ratio of maximum and minimum principal stresses; φ represents the internal friction angle of rock mass; c is the cohesion of rock mass, MPa, and Eq. 1 can be rewritten as follows:
[image: image]
In Eq. 1, f =0 indicates that the rock mass is in a critical state; f > 0 indicates that the rock mass enters the plastic state and plastic flow occurs, resulting in the coordinated change of local in situ stress until f = 0 at this position; f < 0 indicates that the rock mass is in the elastic state. Therefore, f =0 is the critical value of the elastic-plastic state of rock mass (Stephansson et al., 1986). The ratio of principal stress in a critical state is its ratio limit λmax:
[image: image]
MEASURED DATA AND ANALYSIS OF IN SITU STRESS
The distribution of the stress state of rock mass in nature must follow a certain law. In most areas, two principal stresses are located in the horizontal or near horizontal plane. Hoek and Brown gave the hyperbolic relationship of σh max/σv value with depth by means of linear regression according to the measured data of in situ stress (Brown and Hoek, 1978). Stephensson et al. gave the linear relationship of the maximum horizontal principal stress and the minimum horizontal principal stress with depth in the Fennoscandian paleocontinent according to the measured results (Stephansson et al., 1986). Generally speaking, the distribution of principal stress in the shallow part of these results is relatively scattered. With the increase of depth, the maximum horizontal principal stress gradually shows a linear relationship, but the mechanical essence of this phenomenon has not been clarified. In this article, 452 measured in situ stress data at home and 122 foreign in situ stress data (Liao et al., 1985; Liang et al., 1991; Wang et al., 2000; Li et al., 2004; Li et al., 2007; Li et al., 2008; Wu et al., 2008; Chen et al., 2012; Du et al., 2013; Tan et al., 2014; Niu et al., 2015; Zhang et al., 2015; Song et al., 2018) are counted. The distribution of depth and stress ratio is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Distribution of measured results and the theoretical ratio of in situ stress. The black dot is the ratio of the maximum horizontal principal stress to the vertical stress when the cohesion is 30 MPa and the internal friction angle is 25°; the theoretical ratio limit calculated by Eq. 3 is indicated by a red line in the figure.
It can be seen from Figure 1 that the statistical data of 574 in situ stress measurement points basically fall within λh max. It shows that the in situ stress ratio has limited characteristics, and it can be seen that the in situ stress ratio in the shallow part is relatively dispersed. When the depth exceeds 1 km, the in situ stress ratio is close to 1.
NUMERICAL SIMULATION OF IN SITU STRESS EVOLUTION
This article selects FLAC3D5.0 numerical simulation software, which is suitable for dealing with large-scale and large deformation engineering and geological problems. The strike length of this model is designed to be 80 km; the height of the model is 40 km; the thickness of the model is 1 km. The boundary conditions and loading mode of the model are shown in Figure 2. The upper part of the model is a free boundary; the lower part of the model is simplified as a displacement boundary condition, which can move in the X direction and provide fixed support in the Z direction. On the right side of the model is the boundary of relative static motion, which is simplified as moving in the Z direction and providing fixed hinge support in other directions. Before the displacement is applied to the left boundary of the model, the gravity stress field is applied to the rock mass within the whole model to make the model have the initial stress environment. The vertical stress of the rock mass is roughly proportional to the depth and σx = σy = σz. The movement amount on the left side of the model is gradually applied according to the loading steps, that is, 1 mm/yr is applied in each loading step. If the relative movement speed of the block is 1 mm/step, each loading step is 1 year. In order to study the changes of principal stress at different positions in the model, tracking measuring points are set at different positions in the model to monitor the changes of principal stress. The measuring points are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Boundary conditions and loading of the calculation model.
Mohr–Coulomb criterion is selected for rock failure, and its basic physical and mechanical parameters include elastic modulus, Poisson’s ratio, cohesion, internal friction angle, dilatancy angle, and tensile strength. So far, there are not many studies on the mechanical properties of rocks in the deep crust, which are only limited to a few kilometers. It is generally believed that with the increase in depth, the rock mass becomes denser, and the density and elastic modulus of rock mass will increase with the increase in depth (Cai and Wang, 1997; Qin et al., 2012; Xiong et al., 2015). The elastic modulus of rock mass in the numerical simulation analysis model in this article refers to the value of granite. Taking deep granite as an example, its internal friction angle is generally 45°–60°, taking 50°; cohesion is generally 10–50 MPa, and the value here is 30 MPa. The physical and mechanical parameters of rock mass are shown in Table 1.
TABLE 1 | Rock mechanics parameter list.
[image: Table 1]It can be seen from Figure 3 that the maximum principal stress of measuring points at different depths increases with the increase in depth, which has experienced the process of first increasing and then stabilizing, but the shallow measuring points reach a stable state first. The ratio of each measuring point is basically stable between 6 and 8, and the variation range of the minimum principal stress is small, indicating that there are limits or limit ratios at measuring points at different depths. The minimum principal stress of deep rock mass can be close to γH. The vertical stress at 10 km depth is about 270 MPa, while the cohesion of granite generally does not exceed 50 MPa. According to Eq. 3, the cohesion of deep rock mass is far less than the minimum principal stress, and the main parameter determining the limit ratio of deep in situ stress is the internal friction angle of rock mass. At this time, the limit ratio is expressed as follows:
[image: image]
[image: Figure 3]FIGURE 3 | Curves of maximum principal stress at different depths. The depth of measuring point 1 is 39 km (A), the depth of measuring point 2 is 29 km (B), the depth of measuring point 3 is 19 km (C), and the depth of measuring point 4 is 9 km (D); the red line in the figure is the change curve of the maximum principal stress.
When φ = 50°, λmax = 7.54. The theoretical results are similar to the numerical simulation results, as shown in Figure 3. When φ = 34°, λmax = 3.54.
Spatial distribution characteristics of maximum and minimum principal stress ratio
It can be seen from Figure 4A that in 100 k years of plate movement, the maximum principal stress ratio in the deep is relatively small, close to 1.08, and the principal stress ratio near the surface in the shallow is relatively large, up to 15.9. At this time, the stress variable of the rock mass is at a low level, and the maximum stress variable is 1.59×10–7, as shown in Figure 4B. By 200 k years, the minimum ratio of maximum and minimum principal stresses in the deep is 2.6. As shown in Figure 4C, there is an inclined high shear strain zone in the shallow rock mass. The maximum and minimum ratio of principal stress in the high shear strain zone is 6.0–8.0, and the shear strain is 5.77×10–7, as shown in Figure 4D. By 300 k years, the maximum and minimum principal stress ratio in the deep is greater than 3.2, as shown in Figure 4E. At this time, there are several roughly parallel high shear strain zones in the shallow rock mass. The maximum and minimum principal stress ratio in the high shear strain zone is 6.0–8.0, and the maximum shear strain is 9.82×10–7, as shown in Figure 4F. By 400 k years, the minimum ratio of maximum and minimum principal stresses in the deep is 3.0, as shown in Figure 4G. At this time, there are multiple conjugate high shear strain zones in the shallow rock mass. The maximum and minimum ratio of principal stress in the high shear strain zone is 6.0–8.0, and the maximum shear strain is 16.8×10–7, as shown in Figure 4H. At 500 k years, the minimum ratio of maximum and minimum principal stresses in the deep is 2.5, as shown in Figure 4I. At this time, there are multiple conjugate high shear strain zones in the shallow rock mass. The maximum and minimum ratio of principal stress in the high shear strain zone is 6.0–8.0, and the maximum shear strain is 9.92×10–7, as shown in Figure 4J.
[image: Figure 4]FIGURE 4 | Spatial distribution of maximum and minimum principal stress ratio in different periods. The stress ratio and the maximum shear strain (A) (B) when the plate movement acts for 100 k years, the stress ratio and the maximum shear strain (C) (D) when the plate movement acts for 200 k years, the stress ratio and the maximum shear strain (E) (F) when the plate movement acts for 300 k years, the stress ratio and the maximum shear strain (G) (H) when the plate movement acts for 400 k years, and the stress ratio and the maximum shear strain (I) (J) when the plate movement acts for 500 k years.
From the abovementioned analysis, it can be seen that the ratio of the maximum and minimum principal stresses in the shallow part has great discreteness, while the maximum ratio in the deep part is mainly in the high shear strain zone, and its ratio is generally 6.0–8.0. According to the calculation of Eq. 3, λmax at a depth of 20 km is 7.8, which is roughly consistent with the simulation results.
DISCUSSION
Relationship between in situ stress and principal stress
Generally speaking, the measured maximum horizontal stress, minimum horizontal stress, and vertical stress are basically similar to the magnitude and direction of the principal stress. Set maximum horizontal stress σhmax=k1γH, minimum horizontal stress σhmin = k2γH, and vertical stress σv = γH. So, k1 = σhmax/γH and k2 = σhmin/γH。
When k2>1, k2γH > γH, that is, σ3=γH, and σ1=λmaxγH;
When k2=1, σ3=γH and σ1=λmaxγH;
When k2<1, σ3=k2γH and σ1=λmaxσ3.
When the calculation result is σhmax/σv<1 according to Eq. 3, that is, the maximum principal stress is the vertical stress. The relationship between K2 value and in-situ stress environment is shown in Table 2.
TABLE 2 | In situ stress environment analysis.
[image: Table 2]If k2 takes 1, we can get a relationship between λmax and H as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Relationship between limit and depth of principal stress ratio.
When k2 value is less than 1, it indicates that the minimum principal stress at this time is less than the vertical stress, that is, σ3 = k2γH. Substitute into Eq. 3 to calculate the limit of the ratio of the principal stress as shown in Figure 6. At the same time, we can get that with the increase of k2 value, the maximum ratio of the principal stress at different depths decreases with the increase of depth but gradually converges.
[image: Figure 6]FIGURE 6 | Distribution of principal stress ratio under different k2.
Similarly, when k1 is determined and k1 > 1, the maximum principal stress σ1 = k1γH and σ3 = λminγH. Eq. 1 can be written as follows:
[image: image]
The minimum ratio limit of principal stress (λmin) can be calculated by Eq. 5.
The influence of cohesion and friction angle on the limit of principal stress ratio
As can be seen from Figure 7, since the value of k is 1.0, that is, the minimum principal stress at this time is the vertical stress. When other parameters are determined and only the internal friction angle of rock mass is changed, the limit value of the ratio of principal stress of rock mass tends to a certain value with the increase in depth, and the limit value decreases with the decrease of internal friction angle of rock, from 7.88 with an internal friction angle of 60° to 1.34 with an internal friction angle of 20°. When other parameters are determined and only the cohesion of rock mass is changed, with the increase in depth, the limit of principal stress ratio of rock mass with different cohesion is relatively discrete in the shallow part, up to 24, while the limit of principal stress ratio in the deep part gradually approaches a fixed value, that is, for rock mass with the cohesion of 10–50 MPa and a depth of 20 km, the ratio limit of principal stress is close to 4.3–4.7. In other words, the internal friction angle has a great influence on the limit of principal stress ratio in shallow and deep parts; cohesion has a great influence on the limit of principal stress ratio of shallow rock mass and less on deep rock mass, as shown in Figure 8.
[image: Figure 7]FIGURE 7 | Distribution of stress limit ratio at different internal friction angles.
[image: Figure 8]FIGURE 8 | Distribution of stress limit ratio under different cohesion.
Discrimination of critical state of regional rock mass
When the ratio of in situ stress in a region approaches the ratio limit, the crustal rock mass in the region will be in an unstable critical state, resulting in a wide range of plastic zones, forming faults, and even dynamic phenomena such as earthquakes (Ma and Guo, 2014; Ma et al., 2019; Qiao et al., 2019).
When there is a large fault in this area, the large in situ stress will cause the fault to dislocate, so as to release the stress accumulated due to plate movement and make the maximum principal stress fluctuate in a small range, and when this release occurs in a short time, it may cause a seismic effect (Shi et al., 2020a). When the local stress ratio approaches the limit and there is no pre-existing fault in this area, a plastic zone with a certain direction is formed in the crustal rock mass, as shown in Figure 4, under continuous plate compression, plastic dislocation occurs in the rock mass, which can also maintain a relatively stable state of the maximum principal stress of the rock mass. When the lateral pressure coefficient approaches the limit, the rock stratum in this area will be in an unstable critical state, and taking the in situ stress ratio of λH > 2.8 from Figure 1 obtains the results shown in Table 3. For example, the values of lateral pressure coefficients near Erlang Mountain of Sichuan Tibet highway, Pingwu and Panlong near Longmen Mountain, and Zhangbei of Hebei Province are obviously high. When the measured results are close to the theoretical limit of the lateral pressure coefficient, the region may be in an unstable state. According to the variation law of in situ stres, the author inferred that the principal stress near the Longmenshan fault zone will be in a critical state for a long time. In the actual tectonic dynamic environment, the Longmenshan fault zone is in a seismic cycle of “stress accumulation—entering a critical state—earthquake generation-new stress accumulation” for a long time.
TABLE 3 | Regional distribution of measured results close to the theoretical ratio limit.
[image: Table 3]CONCLUSION
Through theoretical derivation, numerical simulation, and calculation, combined with the actual measurement results, it is proved that it is feasible to judge the stability of crustal rock mass by taking the in situ stress ratio as an index, which can become a unified discrimination index for shallow and deep parts, and provides a new idea for predicting the occurrence of earthquakes.
(1) The difference between the maximum principal stress and the minimum principal stress is usually used to judge whether the rock mass is damaged, but this method is suitable for a low confining pressure environment. As the depth increases, the difference will become very large, resulting in inconvenience in the application. However, the principal stress ratio of deep rock mass is easier to constrained in a small range, which is convenient for application.
(2) According to the theoretical analysis, the shallow in situ stress ratio is relatively dispersed, while the limit of in situ stress ratio of deep rock mass is mainly related to the internal friction angle of rock mass, and the limit of in situ stress ratio is close to λmax = (1+sinφ)/(1-sinφ).
(3) Under the plate compression, the in situ stress increases linearly in the early stage, and the high shear strain zone appears in the late stage because the rock mass reaches the strength limit. After that, the in situ stress stabilizes in a small range.
(4) Our research provides a useful index for exploring earthquake precursors. When the principal stress ratio is close to 1, the stratum in this area is relatively stable. When the ratio of principal stress is close to the ratio limit, the crustal rock mass in this area will be in an unstable critical state. The application of the principal stress ratio to analyze the stability of regional rock mass is very convenient.
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