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Fault dislocation occurs under certain stress conditions. Based on the mechanical relationship between the direction of crustal stress and fault occurrence, three criteria – fault dislocation trend, fault strike dislocation trend, and dip dislocation trend – are put forward. According to these three criteria, the fault slip and the type of slip can be inferred. The parameters that have great influence on the characteristics of fault slip are fault dip angle, angle between horizontal principal stress and fault strike, depth, lateral pressure coefficient, internal friction angle, and cohesion of fault plane. Fault slip is more likely to occur in the environment of high deviation stress, low friction angle, and dip angle of about 40°. Fault rupture is a point-to-surface and deep-to-shallow process. When the criterion value of the local position of the fault is greater than 0, it will lead to the slip of the nearby fault. When the slip range of the fault extends to the surface, it will cause large earthquakes with large-scale surface rupture. The theoretical calculation is basically consistent with the numerical simulation results. According to the theory in this paper, the slip instability state of Longmen Mountain Fault Zone under different stress conditions is calculated, and the results show that when the lateral pressure coefficient is greater than 2.5, dislocation occurs in the deep part of the fault.
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INTRODUCTION

How did the earthquake happen? What are the physical mechanisms of fault dislocation and fracture conduction and energy release? This is one of the pressing problems in seismology (Shearer, 2009; Lu et al., 2014). People have gone through a long process of understanding earthquakes; when earthquakes occur, they are often accompanied by fault slip or other phenomena. After the San Francisco earthquake in 1906, Lawson thought that the earthquake was caused by the sudden dislocation of the fault (Lawson and Reid, 1908). The theory of elastic rebound is put forward because of the fault dislocation under the action of in-situ stress (Reid, 1910; Liu, 2014). The coupling source theory is a hypothesis of source mechanics, which provides a theoretical basis for determining the initial fault dislocation position (Nakano, 1923). The theory of plate tectonics can explain that earthquakes are caused by the dislocation of plate margin faults (Le Pichon et al., 1973). Seismic models based on fault activity have been proposed successively, such as the finite moving source model, the source model of double couple equivalent to fault dislocation (Haskell, 1964), the crack propagation model (Starr, 1928; Burridge and Knopoff, 1964), and the obstacle and convex body models (Das and Aki, 1977; Wyss et al., 1981), which describe the fault rupture process. Based on the butterfly plastic zone theory, Ma Nianjie et al. proposed a conjugate fault-seismic composite model, which partly explained the cause of earthquake (Ma et al., 2019a, b; Qiao et al., 2019).

A critical state of stress is a necessary condition for earthquake occurrence, such as the change of additional normal stress and shear stress caused by tidal action on fault plane (Li and Chen, 2018; Moncayo et al., 2019), which may lead to earthquake; the change of static Coulomb rupture stress caused by earthquake can affect the seismicity nearby (King et al., 1994; Stein, 1999; Wan et al., 2002). Coulomb stress explains the mechanical mechanism of fault dislocation to some extent, but it only pays attention to the stress increment part, ignoring the stress environment of the fault itself (Zhu and Miao, 2016). Under the continuous action of plate movement, faults will inevitably dislocate (Shi and Ma, 2018). In the Wenchuan earthquake, fault rupture propagation occurred (Chen and Li, 2018; Li et al., 2019). Experiments have suggested that earthquakes may be caused by dislocation due to overcoming fault friction under certain stress conditions (Zheng et al., 2019). According to the state of in situ stress and the occurrence of fault, the critical value of fault dislocation and the criterion value of fault dislocation type are calculated. By using the criterion of fault dislocation, whether fault dislocation occurs and the type of fault dislocation can be directly determined, and these criteria are applied to the judgment of fault dislocation of Longmenshan fault zone.



MECHANICAL ANALYSIS OF FAULT DISLOCATION

We consider a planar fault surface (Figure 1). We adopt a coordinate system, and the direction of the maximum horizontal principal stress, the direction of the minimum horizontal principal stress, and the direction of the vertical stress represent the x axis, the y axis, and the z axis, respectively. The relationship between fault plane and in situ stress is shown in Figure 1.
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FIGURE 1. Corresponding relationship between fault occurrence and principal stress direction. OA is the direction of maximum principal stress, OB is the direction of minimum principal stress, OC is the direction of vertical stress, of is the direction of resultant stress of OA and OB and OC acting on surface ABC, OO′ is the direction of normal resultant stress of three-dimensional stress acting on fault surface, O′F is the direction of tangential resultant stress of three-dimensional stress acting on fault surface, and O″F′ is the projection direction of O′F on the horizontal plane. The angle between the strike and horizontal principal stress direction of the fault slope is φ and the dip angle is θ; the maximum and minimum horizontal principal stress and vertical stress are σH, σh, and σv, respectively, and plane ABC is the unit plane on the fault plane.


Let the basic equation of the fault plane be:

[image: image]

When the dip of the fault plane is θ, it is the angle between the fault plane and the horizontal plane.

The horizontal equation passing through the origin is: z = 0.

Then,
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Set the strike of fault plane to ϕ, when z = 0. That is to say, the equation of the line AB on the plane is:
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By calculating formulas (2) and (3), then formula (4):
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The plane equation of the fault plane can be obtained as follows:
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The unit vector of line OO′ is:
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As can be seen from Figure 1, the normal vector of surface OBC is:
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The normal vector of the surface OAC is:
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The normal vector of the plane OAB is:
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The angles between plane ABC and plane OBC, OAC, and OAB are a, β, and γ, respectively. According to formula (5):
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The stress of three principal stresses acting on plane ABC is as follows:
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The resultant stress is:
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OF indicates the direction of the resultant stress, and the magnitude of the resultant stress is:
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Then, the angle between σOF and the normal vector of surface ABC is:
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As shown in Figure 1, σOO′ and σO′F represent the normal stress component and tangential stress component of σOF in plane ABC, respectively:
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Because
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Then, σO′F can be obtained.
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Simplifying Eq. 25:
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Whether a fault slips depends on the friction angle and cohesion of the fault plane, and the normal stress value of ABC on the fault plane is |σO′O|.

The tangential stress value σs is |σO′F|. The following relationships can be obtained:
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In formula (30), C is the cohesion of fault plane. When f1 > 0, the fault slips, and when f1 < 0, the fault does not slip, so f1 can be used as the criterion of strike slip.

In Eq. 29, n is the vertical component of σO′F, and the n value is related to the fault dislocation in the vertical direction; when n > 0, the fault has a downward slip trend. When n = 0, the fault has no vertical slip trend. When n < 0, the fault has an upward slip trend. n can be used as a criterion for normal and reverse fault slip.

In order to judge the fault movement trend in horizontal direction, calculate the combined stress of σO^′F in the horizontal plane:
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In order to obtain the relationship between direction and fault strike, rotating σO″F′ counterclockwise at φ, [image: image].
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At this time, the vector i is consistent with the fault strike.
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When f2 > 0, fault sinistral slip. When f2 = 0, the fault has no strike slip trend. When f2 < 0, fault dextral dislocation. Therefore, f2 can be used as the criterion of strike slip.

Then, when f1 ≤ 0, the fault is relatively stable, and when f1 > 0, the fault is dislocation. The dislocation trend between faults can be judged by n value and f2 value:


(1)When n > 0, f2 > 0, the faults tend to move downward and leftward, that is, normal faults and leftward faults.

(2)When n > 0, f2 = 0, there is a downward dislocation trend on the wall of the fault plane, i.e., normal fault-type dislocation.

(3)When n > 0, f2 < 0, there is a downward and leftward dislocation trend on the wall of the fault plane, that is, normal fault and dextral dislocation.

(4)When n = 0, f2 > 0, there is a right-lateral dislocation on the wall of the fault plane, i.e., left-lateral dislocation.

(5)When n = 0, f2 = 0, there is no dislocation trend on the wall of the fault plane.

(6)When n = 0, f2 < 0, there is a trend of left-lateral dislocation on the wall of the fault plane, that is, right-lateral dislocation.

(7)When n < 0, f2 > 0, the faults tend to move upward and right, i.e., reverse faults and sinistral faults.

(8)When n < 0, f2 = 0, the fault has upward dislocation trend, i.e., reverse fault type dislocation.

(9)When n < 0, f2 < 0, the faults tend to move upward and left, i.e., reverse faults and right-handed faults.





INFLUENCING FACTORS OF FAULT DISLOCATION

There are many parameters affecting fault dislocation. As shown in Figure 2, fault dip angle, principal stress, fault strike angle, and depth are fixed parameters in a certain period of plate movement, while cohesion of fault plane has relatively little influence on fault plane slip. The influence of lateral pressure coefficient and internal friction angle is relatively large, and these two parameters are variable parameters, such as plate movement, long-range earthquake, tidal induction, and so on, which will cause minor changes in local geostress. For faults in critical state, such as f1 value approaching 0, minor changes in geostress may prompt instantaneous slip of faults and cause earthquakes. Mining and mining activities cause a large amount of water to enter the fault, and the friction coefficient of the fault surface decreases, which leads to earthquakes.
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FIGURE 2. Numeric diagram of fault slip criterion under different parameters. Given a set of data, the dip angle of the fault is θ = 45°, the angle between the direction of principal stress σ1 and the strike of the fault is φ = 25° degrees, the depth H = 10 km, the lateral pressure coefficient is λ = 3, the friction angle in the fault plane is φ = 20°, the cohesion force is 2 MPa, σ3 = γH, and σ2 = 0.5 (1 + λ) σ3. (A) Fault dislocation criterion under different lateral pressure coefficients, (B) fault dislocation criterion under different fault dip angles, (C) fault dislocation criterion under different included angles, (D) fault dislocation criterion under different depth, (E) fault dislocation criterion under different internal friction angles, (F) fault dislocation criterion under different cohesions.


As shown in Figure 2A, when the lateral pressure coefficient is 0.1, f1 > 0, n > 0, and f2 < 0, indicating that normal fault and right-lateral slip can occur at this time, when the lateral pressure coefficient is 0.1; when the lateral pressure coefficient is between 0.1 and 2.8, f1 < 0, indicating that the fault does not slip; when the lateral pressure coefficient is greater than 2.8, f1 > 0, n < 0, and f2 > 0, indicating that the fault can produce both normal fault and left-lateral slip, thus indicating a high deviational stress environment. Faults are more prone to slip.

As shown in Figure 2B, when the dip angle of the fault is less than 24° or more than 56°, f1 < 0 indicates that the fault does not slip; when the dip angle of the fault is between 24° and 56°, f1 > 0, n < 0, and f2 > 0, indicating that the fault can produce reverse fault and dextral dislocation, which indicates that the fault is more likely to slip at the dip angle of 40°.

As shown in Figure 2C, when the angle between the maximum horizontal principal stress and the fault is greater than 15°, f1 > 0 and the fault plane slips, of which n < 0, indicating thrusting slip of the fault, while f2 > 0 when the angle between the maximum horizontal principal stress and the fault is 15°–26°, 38°–52°, and 64°–78°, indicating right slip of hanging wall, i.e., thrusting and left-lateral slip, when the angle is 26°–38°, 52°–64°, and 78°–90°, f2 < 0, indicating the fault. The hanging wall slips to the left, i.e., thrust and dextral slip.

As shown in Figure 2D, when the depth is greater than 1 km, f2 > 0, n < 0, and f2 > 0, indicating that thrusting and sinistral slip occur in faults, but the effect of depth on f1 value is relatively small, which indicates the dispersion of focal depth.

As shown in Figure 2E, when the friction angle of the fault plane is less than 23°, f1 > 0, n < 0, and f2 > 0, indicating that thrust and sinistral slip occur on the fault. When the friction angle of the fault plane is greater than 23°, f1 < 0, indicating that no slip occurs on the fault. It shows that the friction angle of the fault plane has a great influence on the slip of the fault.

As shown in Figure 2F, cohesion between fault planes is relatively small. When cohesion varies from 0 to 5.1 MPa, the variation range of f1, n, and f2 is relatively small, which indicates that the value has little influence on fault slip. Therefore, for deep faults, the effect of cohesion on fault plane can be neglected (Goodman, 1989).

According to f1, n, and f2, we can infer whether the fault is dislocated and its type. The parameters that have great influence on the characteristics of fault slip are fault dip angle, angle between horizontal principal stress and fault strike, depth, lateral pressure coefficient, internal friction angle, and cohesion of fault plane. Faults with dislocation generally have the following characteristics: firstly, in high deviational stress environment, if the lateral pressure coefficient is less than 0.1 or more than 2.8, but there is no fault dislocation in the area where the lateral pressure coefficient approaches 1; secondly, the fault is more prone to slip at the dip angle of 40°; thirdly, the fault surface with low friction angle is more prone to slip.



DISCUSSION


(1)Five groups of simulation schemes are designed. The occurrence and mechanical parameters of faults and the state of regional principal stress are shown in Table 1. The values of fault slip criteria f1, n, and f2 can be obtained by substituting the parameters into formulas (1)–(36) in turn. According to the theoretical calculation results, the faults in schemes 1 and 2 have not yet produced slip, while those in schemes 3–5 have slip, and n < 0 and f2 > 0. It can be judged that thrusting sinistral slip occurs in faults. The simulation results are basically consistent with the theoretical calculation criteria, as shown in Figure 3, and the slip trend of schemes 3–5 is consistent with the theoretical calculation results. As shown in Figure 4, the upper wall of the fault produces upward and right displacement, indicating that the fault has thrusting left-lateral dislocation (Liu and Song, 1999; Huang et al., 2017).




TABLE 1. Summary of simulation schemes and calculation results.
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FIGURE 3. Fault slip simulation under different schemes. The simulation scheme is listed in Table 1, and (A) shows that the fault of simulation scheme 1 has no dislocation, (B) shows that the fault of simulation scheme 2 has no dislocation, (C) shows that the fault of simulation scheme 3 has no dislocation, (D) shows that the fault of simulation scheme 4 has dislocation, (E) shows that the fault of simulation scheme 5 has dislocation.



[image: image]

FIGURE 4. Thrust left-handed slip diagram of scheme 3. (A) Shows the upward slip of the hanging wall of the fault in scheme 3, (B) shows that the hanging wall of scheme 3 fault slides to the right.



(2)Taking Longmenshan fault zone as an example, the vertical stress is calculated by γH, and γ is 27 KN/m3. The in situ stress data are shown in Table 2 (Chen et al., 2012; Qin et al., 2018); the lateral pressure coefficient is 1.0–5.0, the angle between maximum horizontal principal stress and fault strike is about 80°, the cohesion of Longmenshan fault zone is 2MPa, the internal friction angle is 20°, and the Longmenshan fault zone is a typical shovel thrust fault. The relationship between dip and depth is shown in Figure 5. The slip of faults under different lateral pressure coefficients can be calculated, as shown in Figure 6, when the lateral pressure coefficient is less than 2; no slip occurs on the fault plane. When the lateral pressure coefficient is greater than 2.5, slip occurs at the depth of 12 km. With the increase of the lateral pressure coefficient, the range of slip increases, but the shallow part of the fault is still locked. At this time, the values of n and f2 are less than 0, which indicates that when the lateral pressure coefficient is greater than 2.5, the fault will undergo thrusting and dextral slip or earthquake. Therefore, when a small stress variable is applied to a fault in the critical state, the lateral pressure coefficient will change, and the fracture range of the fault will expand accordingly. It is possible for an earthquake to be triggered by a small stress change (Shi et al., 2019). The triggering stress includes dynamic and static (Ma, 2010). For example, plate movement and other tectonic processes can cause slow and stable changes in tectonic stress. Solid tidal force, reservoir water level change, celestial tidal force, and strong earthquake stress wave can cause dynamic stress changes (Huang and Ma, 2008).




TABLE 2. Stress measurement values of the Longmen mountain fault zone QQ (Chen et al., 2012; Qin et al., 2018).
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FIGURE 5. Diagram of occurrence of Longmenshan fault.
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FIGURE 6. f1 value of Longmenshan fault zone under different side pressure coefficients.



(3)Fault rupture is a process from point to surface, from deep to shallow. When the slip criterion f2 of a deep point of fault is greater than 0, the point will dislocate, which will lead to the increase or decrease of tangential stress around the point, and then the fault near the point will slip. When the fault slip range is small, it can cause small earthquakes. When the fault slip range extends to the surface, it can cause large earthquakes with large-scale surface rupture (Hu and Wang, 2008; Wang et al., 2012). When a fault dislocation occurs, it will inevitably lead to volume expansion, stress reduction, and energy release of local rock mass near the fault. The strain energy released may become the energy source of the earthquake. For example, the rupture process of Wenchuan earthquake is initiated by the NW-trending Xiaoyudong fault, which triggered the Beichuan-Yingxiu fault and the Pengguan fault, and resulted in the cascade rupture of the Beichuan-Yingxiu fault in NE direction (Qian and Han, 2010).





CONCLUSION

Fault dislocation occurs under a certain mechanical mechanism. According to the relationship between in situ stress and fault occurrence, three criteria are put forward in this paper, i.e., fault tendency dislocation trend criterion n, strike dislocation trend criterion f1, and fault occurrence dislocation criterion f1. According to these criteria, the stability of fault can be evaluated directly. If f1 approaches zero, the fault has the risk of dislocation. Fault dislocation is usually a process from deep to shallow, which is characteristic of the fault rupture process of Wenchuan earthquake. Using the mechanical model in this paper, we can calculate the dislocation criteria of different depths of major faults and evaluate the stability of faults. For unstable faults, we should further monitor the changes of in situ stress. However, our work in this measurement can be as a reference for enhancing the stress/strain monitoring network in both precision and density of observation station.
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