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Borehole strain observations are widely used to research slow earthquakes, volcanic activity and seismic precursors. Due to the high resolution and sensitivity, borehole strain monitoring records not only tectonic signals, but also signals from environmental disturbances. Based on the analytical solution of the displacement caused by the punctate load model, this paper derives the equation of the peripheral strain field, which provides a theoretical basis for the quantitative calculation of the load effect of borehole strain observation, and proposes a method for calculating the strain effect of two-dimensional and three-dimensional irregularly shaped loads. The results show that, 1) For the two-dimensional irregular shape load model, we can calculate it by vector superposition after load scattering. 2) For the three-dimensional irregular shape load model, we can calculate by assigning different weights to the scattering points after load scattering using two-dimensional irregular shape load method. The convergence process during the vector superposition shows the correctness and feasibility of the method, and the study can provide a research basis for the quantitative analysis of the influence of peripheral load disturbance in borehole strain observation.
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1 INTRODUCTION
Borehole strain observation is one of the most important observations for obtaining information on crustal stress changes prior to earthquakes. A borehole strain observation network has been established in the Plate Boundary Observation (PBO) project in the United States (David et al., 2002). The main advantage of drilling strain observation is its high accuracy and the fact that the data can be self-checked (Chi, 1993; Li et al., 2004; Ouyang et al., 2009). Since 1990, more than 100 strain observation points have been built in Chinese earthquake precursor observation system, providing a large amount of data support for crustal deformation monitoring. Many researchers have explored the deformation characteristics before earthquakes (Zhang et al., 2009; Qiu et al., 2010; Niu et al., 2012; Qiu, 2014). In addition, the borehole strain observations provide important data support for volcano monitoring, volcanic process detection and eruption modeling (Bonaccorso et al., 2016; Linde et al., 2016; Currenti et al., 2017; Laiolo et al., 2019). However, the observation data are greatly disturbed by the economic construction around the observatory, such as the construction of buildings, reservoir storage, and the accumulation of rocks.
Theoretical analysis of the influence of load on the observation of surrounding deformation is of great research significance in the observation of earthquake precursors monitoring (Yang et al., 2002; Huang, 2005; Zhang, 2013). Since the actual loads are mostly irregular in shape, many researchers use numerical analysis to discuss the displacements and strains in the near field around the loads (Wang, 2000; Wang et al., 2002; Du et al., 2004). Some other researchers have obtained an approximate analytical solution to this problem by reducing the model to a punctate load model (Hu et al., 2002; Qiu, 2004; Li et al., 2007; Luo et al., 2008). Since the simplified model can only provide approximate solutions in the near field, this paper focuses on the exact solution of the strain field due to irregularly shaped loads. This paper gives the calculation of the strain field around the point load based on the analytical solution of the displacement caused by the point load model, and provides the calculation of the strain field caused by irregularly shaped loads in two and three dimensions. The strain sign obeys the elasticity rule, i.e., the tension is positive and the pressure is negative.
2 ANALYTICAL SOLUTION OF STRAIN AND ITS DISTRIBUTION CHARACTERISTICS FOR PUNCTATE LOAD MODEL
When a vertical force P is applied to the surface of a uniform, isotropic semi-infinite elastomer (Figure 1), the vertical normal stress and horizontal displacement at any point M(x,y,z) can be calculated using the Boussinesq (Boussinesq, 1885) solution.
[image: Figure 1]FIGURE 1 | The sketch map of punctate load model’s coordination system.
The x-direction linear stress σx, y-direction linear stress σy, x-direction displacement u and y-direction horizontal displacement v of point M(x,y,z) can be expressed as follows.
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Among them, R is the distance from point M to point P, E is Young's modulus and μ is Poisson's ratio, and the relationship between R and the coordination can be described as Eq. 5.
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According to the relationship between displacement and linear strain, the linear strain in the x and y directions can be calculated from the first-order derivatives of the displacements u and v, respectively.
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According to the relationship between area strain and two orthogonal linear strains, the area strain εs can be expressed as Eq. 8.
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Eqs. 6–8 are analytical solutions for the strain field around the punctate load model, and we can use them to solve for the strain parameters at any point around the location of the force P.
Taking sandy soil (Capar and Ishibashi, 2010) as an example, Young's modulus E=4×107Pa, Poisson's ratio μ=0.25 and load force P=2×104N, the spatial distribution of strain field of horizontal slices at depth of 0.1m can be calculated. The results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The strain field distribution around the punctate load model of horizontal slices at depth of 0.1 m (A) The linear strain εx; (B) The linear strain εy; (C) The area strain εs.
As can be seen in Figure 2, the linear strain distribution exhibits tensile strain (positive values) in a small area close to the load center, while it exhibits compressive strain (negative values) far from the load center (Figures 2A,B). The regional strain distribution shows the phenomenon of expansive strain close to the load center and compressive strain far from the load center (Figure 2C).
3 ANALYTICAL SOLUTION OF STRAIN AND ITS DISTRIBUTION CHARACTERISTICS FOR IRREGULAR LOAD MODEL
Since point load is an ideal simplified model, and the actual load is often irregular in shape, it is necessary to discuss the calculation method of irregular shape load model when analyzing the actual model. In this paper, the irregular loads are classified as two-dimensional irregular and three-dimensional irregular shape loads.
3.1 Two-dimensional model
According to the superposition principle, for the two-dimensional irregularly shaped load model, the total force P can be dispersed as Pi assuming that the number of scattered meshes is n. The analytical solution of the scattered strain for the two-dimensional irregular load model can be calculated using Eqs. 6, 7, and the relationship between the variables is as follows.
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The process of scattering the irregular load is shown in Figure 3. In the calculation of the actual load, the linear strains εxi, εyi at each scattering point of M can be calculated using Eqs. 6, 7, respectively, and then the vector superposition strains εx, εy can be calculated using Eqs. 10, 11.
[image: Figure 3]FIGURE 3 | The scattering process diagram of two dimensional irregular load model. (A) Original irregular load shape; (B) the irregular Load shape after scattering.
Because of the scattered processing, it is necessary to verify the convergence characteristics of the calculated results with the change of number of grids n. Figure 4 shows the horizontal displacements and linear strains at point M (1.5m, -1.5m, -0.2m) versus the number of grids n for Young's modulus E=4×107Pa, Poisson's ratio μ=0.25, and total load force P=2×104N.
[image: Figure 4]FIGURE 4 | The relationship between the horizontal displacement and linear strain and the change of grid count n in the point of M(1.5 m, −1.5 m, −0.2 m) using the model of two dimensional irregular load (A) the relationship between displacement u and number of grids n; (C) the relationship between displacement v and number of grids n; (E) the relationship between linear strain εx and number of grids n; (G) the relationship between linear strain εy and number of grids n; (B),(D),(F),(H) are the first-order differences of data of (A),(C),(E),(G) respectively.
It can be seen from Figure 4 that the displacements u and v converge to 1.159 × 10-5 m and -1.2244 × 10-5 m, respectively, as the grid number n increases (Figures 4A,C). The linear strains εx and εy converge to 1.8997×10-6 and 1.2401×10-6, respectively (Figures 4E,G). The first-order differences of the above parameters all converge to 0, indicating that the scattering method is correct and feasible for calculating the load model with two-dimensional irregular shapes.
For the two-dimensional irregular shape load shown in figure 3, taking sand-rock as an example (Young's modulus E = 107 Pa, Poisson's ratio μ = 0.25, load force P = 10 N), the spatial distribution of horizontal strain field at 0.2m depth is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The strain field displacement around the 2D irregular load model in the depth of 0.2 m (A) The linear strain εx; (B) The linear strain εy; (C) The area strain εs; the white polygon represents the shape of irregular load.
As can be seen in Figure 5, the strain field around the two-dimensional irregular load is compressed (negative values). In the near field, the regional strain εs is related to the shape of the load. In the far field, the strain field is almost circular, which indicates that in the far field, the irregular load can be reduced to a point-like load model. In other words, when the irregular load is close to the borehole strain gauge, we cannot reduce the whole load to a point-like load model for calculation.
3.2 Three-dimensional model
The method for solving the effects of 3D irregular loads is essentially similar to that of the 2D load model. It is also based on the scattering of irregularly shaped loads (Figure 6). The differences between the two are as follows. 1) for 3D irregular shape loads with uniform density, the height Hi of the scattered points is redistributed to the total load P as weights (Figure 7); 2) for 3D irregular shape loads with non-uniform density, the scattered height Hi and density ρi can be used as weights to redistribute the load.
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[image: Figure 6]FIGURE 6 | The scatter process diagram of three dimensional irregular load model in different grid count n. (A) n = 30; (B) n = 40; (C) n = 50; (D) n = 60.
[image: Figure 7]FIGURE 7 | The height distribution of three dimensional irregular load model.
Since there is no obvious difference between the inhomogeneous and homogeneous densities in the processing, in order to illustrate the method of load modeling clearly, this paper focuses on the method of establishing the 3D load model with homogeneous density. Similar to the two-dimensional irregular shape load model, due to the existence of the scattering process, the convergence characteristics of the computational results with the number of grids n need to be verified, and the computational results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | The relationship between the horizontal displacement and linear strain and the change of number of grids n in the point of M(1.5 m, −1.5 m, −0.1 m) using the model of three dimensional irregular load (A) the relationship between displacement u and number of grids n; (C) the relationship between displacement v and number of grids n; (E) the relationship between linear strain εx and number of grids n; (G) the relationship between linear strain εy and number of grids n; (B),(D),(F),(H) are the first-order differences of data of (A),(C),(E),(G) respectively.
Figure 8 shows the horizontal displacements and strains at point M (1.5m, -1.5m, -0.1m) versus the number of grids n using a three-dimensional irregular load model with Young's modulus E=4×107 Pa, Poisson's ratio u=0.25, and total load P=2×104 N. It can be seen that the displacements u and v converge to 1.7132×10-5m and -1.8394×10-5m, respectively, as the number of grids n increases (Figure 6a, c). The linear strains εx and εy converge to 5.3573×10-7 and -1.2242×10-7, respectively (Fig. 6e,g). The first-order differences of the above parameters all converge to 0, indicating that it is correct and feasible to calculate the three-dimensional irregular shape load model by the scattering method.
For the three-dimensional irregular shape load shown in Figure 6, the spatial distribution of the horizontal strain field at a depth of 0.2 m for sandstone, for example, is shown in Figure 9.
[image: Figure 9]FIGURE 9 | The strain field displacement around the 3D irregular load model in the depth of 0.2 m (A) The linear strain εx; (B) The linear strain εy; (C) The area strain εs; the white polygon represents the shape of irregular load.
As can be seen from Figure 9, the spatial distribution of the strain field in the 3D irregular load model is more complex than that in the 2D irregular load model. This inhomogeneity is not only related to the irregular distribution of the planar projection shape of the irregular load, but also to the inhomogeneity of its elevation distribution.
We summarize the procedure for calculating the strain field around irregular loads in two and three dimensions (Figure 10). First, we spread out the irregularly shaped loads. Using the point load model (Eqs. 6, 7), we calculated the strains in the x and y directions caused by each scattered point to the point of calculation. After vector superposition, the strain value of the irregular load model at that point can be obtained.
[image: Figure 10]FIGURE 10 | The calculation process of the strain field around the irregular loads.
4 CONCLUSION
Quantitative analysis of the effect of load is important for the analysis of high-precision borehole strain observation data. Different from the previous methods of simplifying the irregular load model to a punctate model, this paper proposes a method to obtain the exact solution of the strain field around the irregular load. In fact, we can simplify the irregularly shaped load to a punctate load only under the assumption that the distance is long enough. However, when the distance is long, the magnitude of the load effect also decreases nonlinearly. Therefore, the point-like simplified model cannot accurately solve the effect of short-distance loads on the observed strain in the borehole.
This paper gives quantitative calculation methods and analytical solution examples for borehole strain observations due to irregular loads in two and three dimensions. The work is carried out to provide a theoretical analysis of the effect of peripheral loads on borehole strain observations. The in-hole strain observation includes both volumetric and line strains, and this work is targeted to quantitatively analyze the load-on-line strain observation data caused by environmental factors.
Through the above calculation and analysis, we can get the following conclusions.
1) The effect of the punctate load on the observed strain in the borehole can be calculated by Eqs. 6, 7. The characteristics of the strain field around the point-like load can be described as follows. Tensile strain occurs in a small area at the center of the compressive load, compressive strain occurs away from this area, and the strain value decreases rapidly with increasing distance.
2) The calculation process of the strain field around irregular loads in two and three dimensions can be described as follows. Based on the dispersed irregularly shaped loads, using the point load model, we can calculate the strains in the x and y directions. After vector superposition, we can get the strain values of the irregular load model.
3) The relationship between horizontal displacement, linear strain and grids number variation shows that it is correct and feasible to calculate two-dimensional and three-dimensional irregular shape load models by scattering method.
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